
96 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

Êîñìè÷åñêèé àïïàðàò «Ìèëëèìåòðîí» ïðåä-
ñòàâëÿåò ñîáîé êîñìè÷åñêóþ îáñåðâàòîðèþ ìèë-
ëèìåòðîâîãî è èíôðàêðàñíîãî äèàïàçîíîâ äëèí
âîëí ñ êðèîãåííûì òåëåñêîïîì. Îáñåðâàòîðèÿ
ïðåäíàçíà÷åíà äëÿ ïðîâåäåíèÿ èññëåäîâàíèé àñ-
òðîíîìè÷åñêèõ îáúåêòîâ âî Âñåëåííîé â äàëüíåì
èíôðàêðàñíîì, ñóáìèëëèìåòðîâîì è ìèëëèìåòðî-
âîì äèàïàçîíàõ ñïåêòðà ýëåêòðîìàãíèòíîãî èçëó-
÷åíèÿ ñî ñâåðõâûñîêîé ÷óâñòâèòåëüíîñòüþ â ðå-
æèìå îäèíî÷íîãî òåëåñêîïà è ðåêîðäíî âûñîêèì
óãëîâûì ðàçðåøåíèåì â ðåæèìå íàçåìíî-êîñìè-
÷åñêîãî èíòåðôåðîìåòðà. Ïðåäïîëàãàåòñÿ, ÷òî òå-
ëåñêîï ñìîæåò ðàáîòàòü êàê â ðåæèìå îäèíî÷íî-
ãî òåëåñêîïà, òàê è â ñîñòàâå èíòåðôåðîìåòðà ñ
áàçàìè «Çåìëÿ—Êîñìîñ» (ñ íàçåìíûìè òåëåñêî-
ïàìè). Ðàáî÷èé äèàïàçîí òåëåñêîïà îò 20 ìêì äî
17 ìì [6—8].
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Ðàññìàòðèâàåòñÿ ìåòîä ïðèíÿòèÿ êîíñòðóêòîðñêîãî ðåøåíèÿ ïî ïðîåêòèðîâàíèþ ñèñòåìû ïàññèâíîãî îõëàæ-
äåíèÿ áîðòîâîãî êîìïëåêñà êîñìè÷åñêîãî àïïàðàòà íà îñíîâå àíàëèçà ñõåì è îñîáåííîñòåé òåïëîâîãî ðàñ÷åòà
ñèñòåìû òåðìîðåãóëèðîâàíèÿ îáñåðâàòîðèè «Ìèëëèìåòðîí». Ñèñòåìà îõëàæäåíèÿ ïðåäíàçíà÷åíà äëÿ ïîääåðæà-
íèÿ íà ðåôëåêòîðå îáñåðâàòîðèè òðåáóåìîé ðàáî÷åé òåìïåðàòóðû 4,5 Ê. Ââèäó òàêèõ íèçêèõ çíà÷åíèé òåìïåðà-
òóð äàííàÿ çàäà÷à ÿâëÿåòñÿ ñëîæíîé è òðåáóåò êà÷åñòâåííî ïðîðàáîòàííîãî ïðîåêòíîãî ðåøåíèÿ. Ïðè ïðîåêòè-
ðîâàíèè ñèñòåìû ïàññèâíîãî òåðìîðåãóëèðîâàíèÿ èñïîëüçîâàíû ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ è ðàñ÷åòà
õàðàêòåðèñòèê ñèñòåìû îõëàæäåíèÿ.

Â öåëÿõ îáåñïå÷åíèÿ îïòèìàëüíûõ ïàðàìåòðîâ òåïëîâîãî ñîñòîÿíèÿ ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ òåïëîôè-
çè÷åñêàÿ ìîäåëü, íåîáõîäèìàÿ äëÿ èíæåíåðíûõ ðàñ÷åòîâ ëó÷èñòîãî è êîíäóêòèâíîãî òåïëîîáìåíà ìåæäó êîíñò-
ðóêöèåé ïàññèâíûõ ýêðàíîâ, êîíñòðóêöèåé êðèîýêðàíà è ðåôëåêòîðîì (ãëàâíûì çåðêàëîì).

Êëþ÷åâûå ñëîâà: êîñìè÷åñêèé àïïàðàò, êîñìè÷åñêèé òåëåñêîï, ñèñòåìà òåðìîðåãóëèðîâàíèÿ, ðåôëåêòîð, ãå-
ëèåâûå òåìïåðàòóðû, êðèîãåííûé ýêðàí, êîíäóêòèâíûé è ðàäèàöèîííûé òåïëîîáìåí, êðèîãåííûå óñòàíîâêè,
ïàññèâíûå ýêðàíû.

Â ñîâðåìåííûõ êîñìè÷åñêèõ ïëàòôîðìàõ [1] â
ñèñòåìàõ òåðìîðåãóëèðîâàíèÿ, îáåñïå÷èâàþùèõ
òåïëîâîé ðåæèì [2], ÷àñòî èñïîëüçóåòñÿ [3] îáî-
ðóäîâàíèå óðîâíÿ êðèîãåííûõ è ãåëèåâûõ òåìïå-
ðàòóð, íåîáõîäèìûõ äëÿ îáåñïå÷åíèÿ øòàòíûõ óñ-
ëîâèé ýêñïëóàòàöèè [4, 5], õàðàêòåðíûõ äëÿ ãëó-
áîêîãî êîñìîñà, âíåøíèõ ñîëíå÷íûõ è ïðèáîðíî-
àïïàðàòíûõ ýëåêòðîìàãíèòíûõ èçëó÷åíèé.

Ïëàíèðóåòñÿ, ÷òî îáñåðâàòîðèÿ áóäåò ðàáîòàòü
â òå÷åíèå 3 ëåò ñ òåìïåðàòóðîé ðåôëåêòîðà 4,5 Ê
è çàòåì åùå 7—10 ëåò ñ îáùåé òåìïåðàòóðîé 50 Ê
[9]. Ñðîê àêòèâíîãî ñóùåñòâîâàíèÿ îáñåðâàòîðèè
– 10 ëåò. Ïîääåðæàíèå òåïëîâîãî ðåæèìà ðåôëåê-
òîðà îñóùåñòâëÿåòñÿ ñèñòåìîé îõëàæäåíèÿ îáñåð-
âàòîðèè, ñîñòîÿùåé èç ïàññèâíûõ ýêðàíîâ è êðè-
îãåííûõ ìàøèí Ñòèðëèíãà è Äæîóëÿ—Òîìñîíà.



97Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

Êîíñòðóêöèÿ ñèñòåìû òåðìîðåãóëèðîâàíèÿ
êîñìè÷åñêîãî àïïàðàòà

Êîíñòðóêòèâíî ñèñòåìà îõëàæäåíèÿ ñîñòîèò èç
ñåðèè ïàññèâíûõ ýêðàíîâ, ýêðàíà èç ýêðàííî-âà-
êóóìíîé òåïëîèçîëÿöèè (ÝÂÒÈ), êðèîãåííîãî ýê-
ðàíà è òåïëîâûõ ïëîùàäîê, çàõîëàæèâàåìûõ êðè-

îãåííûìè ìàøèíàìè. Ñòðóêòóðà îáñåðâàòî-
ðèè «Ìèëëèìåòðîí» ïîêàçàíà íà ðèñ. 1.

Êîíôèãóðàöèÿ ëåïåñòêîâ â ýêðàíàõ ìî-
æåò áûòü ðàçëè÷íîé: â êîíñòðóêöèè ÎÀÎ
«ÈÑÑ» ïðåäóñìîòðåíî âîñåìü ëåïåñòêîâ, â
êîíñòðóêöèè ÀÊÖ ÔÈÀÍ — 12. Êîíñòðóê-
öèÿ ñèñòåìû ïàññèâíûõ ýêðàíîâ, êðèîýêðà-
íà è ðåôëåêòîðà ïðåäñòàâëåíà íà ðèñ. 2.

Ïðîåêòèðîâàíèå ñèñòåìû
òåðìîðåãóëèðîâàíèÿ íà îñíîâå ìåòîäà
òåïëîôèçè÷åñêîé ìîäåëè

Ðàñ÷åò ñèñòåìû îõëàæäåíèÿ îñëîæíÿåò-
ñÿ ñëåäóþùèìè ôàêòîðàìè:

— ñëîæíàÿ ãåîìåòðèÿ ïàññèâíûõ ýêðàíîâ
è êðèîýêðàíà, èõ ïîëîæåíèå â ïðîñòðàíñòâå
è îòíîñèòåëüíî äðóã äðóãà, çàòðóäíÿþùèå
ðàñ÷åò ëó÷èñòîãî òåïëîîáìåíà [10—12];

— áîëüøèå ãðàäèåíòû òåìïåðàòóð ìåæäó ýëå-
ìåíòàìè — îò 320 äî 4,5 Ê, ïðèâîäÿùèå ê òåìïå-
ðàòóðíûì äåôîðìàöèÿì ýëåìåíòîâ êîíñòðóêöèè;

— ñèëüíàÿ çàâèñèìîñòü òåðìîîïòè÷åñêèõ êî-
ýôôèöèåíòîâ, òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê
ýëåìåíòîâ îò òåìïåðàòóðû;

Ðèñ. 2. Ñîñòàâ ñèñòåìû ïàññèâíîãî îõëàæäåíèÿ îáñåð-
âàòîðèè «Ìèëëèìåòðîí»

Ðèñ. 1. Ñòðóêòóðà îáñåðâàòîðèè «Ìèëëèìåòðîí»



98 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

— íàëè÷èå òðåõ ðàçëè÷íûõ ìåõàíèçìîâ òåðìî-
ðåãóëèðîâàíèÿ: ïàññèâíàÿ çàùèòà ñ ïîìîùüþ êðè-
îãåííûõ ýêðàíîâ è îõëàæäåíèå êðèîãåííûìè
ìàøèíàìè ðàçëè÷íûõ òåìïåðàòóðíûõ óðîâíåé.

Ýòè ïðè÷èíû îáóñëîâëèâàþò íåîáõîäèìîñòü
ðàçâåðíóòîãî òåïëîâîãî àíàëèçà ñèñòåìû îõëàæ-
äåíèÿ ñ ïîñòðîåíèåì ìàòåìàòè÷åñêîé ìîäåëè äëÿ
îïðåäåëåíèÿ ýôôåêòèâíîñòè îõëàæäåíèÿ è òåìïå-
ðàòóðíûõ ïîëåé ýëåìåíòîâ ñèñòåìû.

Èäåíòèôèêàöèÿ òåïëîâûõ ñâÿçåé íåîáõîäèìà
äëÿ êîððåêòíîãî ïîñòðîåíèÿ ìàòåìàòè÷åñêîé ìî-
äåëè è ïîëó÷åíèÿ ÷èñëåííûõ õàðàêòåðèñòèê ñèñ-
òåìû îõëàæäåíèÿ. Èññëåäóåìàÿ êîíñòðóêöèÿ ñî-
ñòîèò èç îòäåëüíûõ ýëåìåíòîâ – ëåïåñòêîâ ýêðà-
íîâ, êðèîýêðàíà, ðåôëåêòîðà, êàðêàñà è ò.ä. Êàæ-
äûé ýëåìåíò ñèñòåìû îáëàäàåò òåïëîâûìè ñâÿçÿ-
ìè:

— èçëó÷åíèå;
— âíóòðåííÿÿ òåïëîïðîâîäíîñòü, îáóñëîâëåí-

íàÿ íàëè÷èåì ãðàäèåíòîâ òåìïåðàòóð â ïðåäåëàõ
ñàìîãî ýëåìåíòà;

— òåïëîïðîâîäíîñòü ïîñðåäñòâîì êàðêàñà èëè
òåïëîâûõ ìîñòîâ ñ ñîñåäíèìè ýëåìåíòàìè.

Ñèñòåìàòèçàöèÿ îñíîâíûõ òåïëîâûõ ñâÿçåé
ïðåäñòàâëåíà â òàáë. 1.

Äàííûå òåïëîâûå ñâÿçè óñòàíàâëèâàþò íà-
ïðàâëåíèå è èíòåíñèâíîñòü òåïëîâûõ ïîòîêîâ â
ñèñòåìå [13—16]. Ïîñêîëüêó íàëè÷åñòâóþò äâà
ñòîêà òåïëà ñ ðàçëè÷íûìè òåìïåðàòóðàìè, ïðè
òåïëîâîì ðàñ÷åòå ñèñòåìû íåîáõîäèìî ðàññìîò-
ðåòü áàëàíñû ñèñòåìû, êëàññèôèöèðîâàâ èõ ïî
äâóì ñòîêàì:

— ñòîê 4.5 Ê;
— ñòîê 20 Ê.

Ìåæäó ýòèìè äâóìÿ ñòîêàìè ñóùåñòâóåò ñâÿçü
– ðàäèàöèîííûé òåïëîîáìåí ìåæäó êðèîýêðàíîì
è ðåôëåêòîðîì.

Â ðàñ÷åòíóþ ñõåìó ñèñòåìû òåðìîðåãóëèðîâà-
íèÿ ïî ñòîêó òåïëà 20 Ê (ðèñ. 3) âõîäÿò ïàññèâ-
íûå ýêðàíû, êðèîýêðàí è òåïëîâîå êîëüöî, ñîåäè-
íåííîå ñ êðèîãåííîé ìàøèíîé, à òàêæå ïðèáîð-
íûé îòñåê.

Òàáëèöà 1

Òåïëîâûå ñâÿçè

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà ñèñòåìû ïî ñòîêó 20 Ê

Ýëåìåíò Òåïëîâûå ñâÿçè 

ÝÂÒÈ  

(íàðóæíûé ïàññèâíûé ýêðàí) 

Èçëó÷åíèå (ñî ñòîðíû êîñìîñà) 

Èçëó÷åíèå (íà ñîñåäíèé ýêðàí) 

Òåïëîïðîâîäíîñòü (÷åðåç ñëîè ÝÂÒÈ) 

Ïàññèâíûå ýêðàíû  Èçëó÷åíèå (íà ñîñåäíèé ýêðàí) 

Êðèîýêðàí Èçëó÷åíèå (îò ñîñåäíåãî ýêðàíà) 

Èçëó÷åíèå (íà ðåôëåêòîð) 

Òåïëîïðîâîäíîñòü (íà òåïëîâîå êîëüöî) 

Ðåôëåêòîð Èçëó÷åíèå (ñî ñòîðîíû êðèîýêðàíà) 

Òåïëîïðîâîäíîñòü (íà òåïëîâîå êîëüöî) 
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Êðàåâûå óñëîâèÿ çàäà÷è ìîæíî ñôîðìóëèðî-
âàòü ñëåäóþùèì îáðàçîì:

— çàäà÷à ñòàöèîíàðíà;
— íà ïîñëåäíèé ñëîé ïàññèâíîãî ýêðàíà

(ÝÂÒÈ) äåéñòâóåò ñîëíå÷íîå èçëó÷åíèå èíòåíñèâ-
íîñòüþ 1380 Âò/ì2;

— òåïëîâîå êîëüöî èìååò ñòîê òåïëà ñ ïîñòî-
ÿííîé òåìïåðàòóðîé 20 Ê;

— òåðìè÷åñêîå ñîïðîòèâëåíèå êîíòàêòà êðè-
îãåííîãî ýêðàíà è òåïëîâîãî êîëüöà 15 Âò/ì.

Â çàäà÷ó ðàñ÷åòà ñèñòåìû ïî ñòîêó 20 Ê âõî-
äèò îïðåäåëåíèå ïåðåïàäà òåìïåðàòóð íà ïàññèâ-
íûõ ýêðàíîâ è íåîáõîäèìîé ïðîèçâîäèòåëüíîñòè
êðèîãåííûõ ìàøèí.

Â ðàñ÷åòíóþ ñõåìó ñèñòåìû ïî ñòîêó 4,5 Ê
(ðèñ. 4) âõîäÿò ðåôëåêòîð, êðèîýêðàí è òåïëîâîå
êîëüöî, ïîäêëþ÷åííîå ê êðèîãåííîé ìàøèíå, à
òàêæå ïðèáîðíûé îòñåê. Íà ðåôëåêòîð äåéñòâóåò
èçëó÷åíèå ñî ñòîðîíû îòêðûòîãî êîñìîñà è òåï-
ëîâîå èçëó÷åíèå ñî ñòîðîíû êðèîýêðàíà.

Òåïëîâîé ñòîê 4,5 Ê ðàñïîëîæåí â öåíòðå
êîíñòðóêöèè. Íà ñòîê èäóò òåïëîâûå ïîòîêè, ñî-
áðàííûå ðåôëåêòîðîì, è òåïëîâûå ïîòîêè ñî ñòî-
ðîíû ïðèáîðíîãî îòñåêà 4,5 Ê.

Êðàåâûå óñëîâèÿ çàäà÷è ìîæíî ñôîðìóëèðî-
âàòü ñëåäóþùèì îáðàçîì:

— çàäà÷à ñòàöèîíàðíà;
— ðåôëåêòîð îáðàùåí â îòêðûòûé êîñìîñ;
— íà ðåôëåêòîð äåéñòâóåò òåïëîâîå èçëó÷åíèå

ñî ñòîðîíû êðèîýêðàíà ñ òåìïåðàòóðîé 20 Ê;
— òåïëîâîå êîëüöî èìååò ñòîê òåïëà ñ ïîñòî-

ÿííîé òåìïåðàòóðîé 4,5 Ê;
— òåðìè÷åñêîå ñîïðîòèâëåíèå êîíòàêòà êðè-

îãåííîãî ýêðàíà è òåïëîâîãî êîëüöà 15 Âò/ì.

Ïðè ðàñ÷åòå êîíñòðóêöèè íåîáõîäèìî ó÷èòû-
âàòü îäíîâðåìåííîå äåéñòâèå äâóõ ìåõàíèçìîâ
ïåðåäà÷è òåïëà: èçëó÷åíèÿ ìåæäó ïàññèâíûìè
ýêðàíàìè, êðèîýêðàíîì è ðåôëåêòîðîì è òåïëî-
ïðîâîäíîñòè ñàìîãî êðèîýêðàíà, ðåôëåêòîðà è
òåïëîâûõ êîëåö, ïîäêëþ÷åííûõ ê êðèîãåííûì
ìàøèíàì. Ðàññìîòðèì îñîáåííîñòè îïðåäåëåíèÿ
õàðàêòåðèñòèê òåïëîîáìåíà èçëó÷åíèåì è òåïëî-
ïðîâîäíîñòè ïðèìåíèòåëüíî ê íàñòîÿùåé çàäà÷å.

Êîëè÷åñòâî òåïëîòû, ïåðåõîäÿùåé îò áîëåå
íàãðåòîãî òåëà ê ìåíåå íàãðåòîìó ïîñðåäñòâîì
èçëó÷åíèÿ, îïðåäåëÿåòñÿ ïî óðàâíåíèþ [17—19]:

4 4
1 2

ë 1 2 ,
100 100

T T
Q Ñ F-

È ˘Ê ˆ Ê ˆÍ ˙= ◊ -Á ˜ Á ˜Ë ¯ Ë ¯Í ˙Î ˚

ãäå Që – êîëè÷åñòâî òåïëîòû, ïåðåäàâàåìîé èçëó-
÷åíèåì â åäèíèöó âðåìåíè, Âò; F – ïëîùàäü ïî-
âåðõíîñòè èçëó÷åíèÿ, ì2; C1–2 – êîýôôèöèåíò
èçëó÷åíèÿ, Âò/(ì2·Ê4); T1 – òåìïåðàòóðà ïîâåðõ-
íîñòè áîëåå íàãðåòîãî òåëà, Ê; Ò2 – òåìïåðàòóðà
ïîâåðõíîñòè ìåíåå íàãðåòîãî òåëà, Ê.

Êîýôôèöèåíò èçëó÷åíèÿ C1–2 çàâèñèò îò âçà-
èìíîãî ðàñïîëîæåíèÿ è ñòåïåíè ÷åðíîòû ε  èçëó-
÷àþùèõ ïîâåðõíîñòåé, èìåþùèõ òåìïåðàòóðû Ò1
è T2.

Âçàèìíîå ðàñïîëîæåíèå äâóõ ïîâåðõíîñòåé
ïðè èçëó÷åíèè îïðåäåëÿåòñÿ óãëîâûì êîýôôèöè-
åíòîì. Â íàñòîÿùåå âðåìÿ â ëèòåðàòóðå îïèñàíû
òðè îñíîâíûõ ìåòîäà ðàñ÷åòà óãëîâûõ êîýôôèöè-
åíòîâ äëÿ ñåðûõ äèôôóçíûõ ïîâåðõíîñòåé [20]:

 — ïðÿìîå ÷èñëåííîå èíòåãðèðîâàíèå âûðàæå-
íèé äëÿ óãëîâûõ êîýôôèöèåíòîâ;

 — ãåîìåòðè÷åñêèå ìåòîäû;
 — ìåòîäû Ìîíòå-Êàðëî.
Èñòîðè÷åñêè ïåðâûì áûë ïðåäëîæåí è ðåàëè-

çîâàí ïðÿìîé ìåòîä, íåïîñðåäñòâåííî ñëåäóþùèé
èç óðàâíåíèé ëó÷èñòîãî òåïëîîáìåíà.

Ìåòîä ïðÿìîãî ÷èñëåííîãî èíòåãðèðîâàíèÿ
áàçèðóåòñÿ íà çàêîíå Ëàìáåðòà [21, 22] äëÿ èçëó-
÷åíèÿ. Ñîãëàñíî çàêîíó Ëàìáåðòà êîëè÷åñòâî ëó-

÷èñòîé ýíåðãèè â åäèíèöó âðåìåíè (â âàòòàõ) dQϕ

çàâèñèò îò ïðîñòðàíñòâåííîãî óãëà dΩ  (ðèñ. 5),
â êîòîðûé ïðîèñõîäèò èçëó÷åíèå, è îòíîñèòåëü-
íîãî óãëà íàêëîíà èñòî÷íèêà è ïðèåìíèêà ϕ :

cos ,ndQ E d dFϕ Ω ϕ= Âò,

ãäå En — ïîâåðõíîñòíàÿ ïëîòíîñòü ïîòîêà èçëó-
÷åíèÿ ïî íàïðàâëåíèþ ê íîðìàëè èçëó÷àþùåé ïî-
âåðõíîñòè, Âò/ì2;

Ðèñ. 4. Ðàñ÷åòíàÿ ñõåìà ñèñòåìû ïî ñòîêó 4,5 Ê
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dF — ïëîùàäü ïîãëîùàþùåé ïîâåðõíîñòè ýê-
ðàíà, ì2.

ϕ  — îòíîñèòåëüíûé óãîë íàêëîíà èñòî÷íèêà

è ïðèåìíèêà òåïëîâîãî èçëó÷åíèÿ.

dΩ  — ïðîñòðàíñòâåííûé óãîë äëÿ ïëîùàäè dF,
â êîòîðûé ïðîèñõîäèò èçëó÷åíèå.

Äëÿ äâóõ ýëåìåíòàðíûõ ïëîùàäîê, ó÷àñòâóþ-
ùèõ â òåïëîîáìåíå èçëó÷åíèåì è ðàñïîëîæåííûõ

ïîä óãëàìè 1 2cos cosβ β  äðóã ê äðóãó, çàêîí Ëàì-

áåðòà ïîçâîëÿåò îïðåäåëèòü òåïëîâûå ïîòîêè ñëå-
äóþùèì îáðàçîì:

( )4 4 1 2
1 2 1 2 1 22

cos cos
.d ddQ T T dA dA
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β β
σε

π´ = -

Äëÿ ïëîùàäêè êîíå÷íîãî ðàçìåðà íàõîæäåíèå
òåïëîâîãî ïîòîêà âåäåòñÿ ÷åðåç èíòåãðèðîâàíèå ïî
ïëîùàäè ïîâåðõíîñòè:

( )4 4 1 2
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Äëÿ ïðîñòûõ ïîâåðõíîñòåé ýòîò ìåòîä ïîçâî-
ëÿåò ïîëó÷èòü êîíå÷íûå ðàñ÷åòíûå ôîðìóëû ñ
âûñîêîé ñòåïåíüþ òî÷íîñòè.

Ñëîæíîñòü âû÷èñëåíèé ïî ýòîìó ìåòîäó êâàä-
ðàòè÷íî çàâèñèò îò êîëè÷åñòâà àíàëèçèðóåìûõ
ïîâåðõíîñòåé. Äëÿ ïîëó÷åíèÿ ïðèåìëåìîé òî÷íî-
ñòè íåîáõîäèìî ïðîâîäèòü çíà÷èòåëüíîå êîëè÷å-
ñòâî âû÷èñëåíèé. Èç òðåõ îïèñàííûõ ìåòîäîâ ýòîò
ÿâëÿåòñÿ íàèáîëåå ðåñóðñîåìêèì è áîëüøîãî ðàñ-
ïðîñòðàíåíèÿ íå ïîëó÷èë. Îäíàêî îí â ïîëíîé

ìåðå îòðàæàåò ôèçè÷åñêóþ êàðòèíó ðàñ÷åòà òåï-
ëîîáìåíà èçëó÷åíèåì.

Â íàñòîÿùåå âðåìÿ äëÿ ÷èñëåííûõ ðàñ÷åòîâ ñ
èñïîëüçîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ øè-
ðîêî ïðèìåíèì ìåòîä Ìîíòå-Êàðëî.

Äëÿ ðàñ÷åòà êîíäóêòèâíîãî òåïëîîáìåíà èñ-
ïîëüçóåòñÿ óðàâíåíèå òåïëîïðîâîäíîñòè:

( ) ( )( , )
( ) ,

cT x t
T x

t
ρ λ
∂

= — —
∂

ãäå x — òî÷êà îáëàñòè; t — âðåìÿ; T — òåìïåðà-
òóðà â òî÷êå x; c — óäåëüíàÿ òåïëîåìêîñòü; ρ  —

ïëîòíîñòü; λ  — êîýôôèöèåíò òåïëîïðîâîäíîñòè.
Îïðåäåëÿþùèì êîýôôèöèåíòîì â óðàâíåíèè

ÿâëÿåòñÿ êîýôôèöèåíò òåïëîïðîâîäíîñòè, îò êî-
òîðîãî çàâèñèò ðàñïðåäåëåíèå òåìïåðàòóðû â
îáúåìå ìàòåðèàëà.

Äëÿ ðàñ÷åòà ñîñòàâíîé ÷àñòè ñèñòåìû ïàññèâ-
íîãî îõëàæäåíèÿ íà ñòîê 20 Ê â ñâÿçè ñ åå ñëîæ-
íîé ñòðóêòóðîé ïðèìåíÿëîñü ñïåöèàëèçèðîâàííîå
ïðîãðàììíîå îáåñïå÷åíèå, äàþùåå âîçìîæíîñòü
ó÷èòûâàòü ðàäèàöèîííûé òåïëîîáìåí è òåïëîïðî-
âîäíîñòü. Â êà÷åñòâå ãåîìåòðè÷åñêèõ èñõîäíûõ
äàííûõ èñïîëüçîâàëñÿ âàðèàíò êîíñòðóêöèè ÎÀÎ
«ÈÑÑ», ñîñòîÿùèé èç ÷åòûðåõ ñäâîåííûõ ïàññèâ-
íûõ ýêðàíîâ, âîñåìü ëåïåñòêîâ êàæäûé, êðèîãåí-
íîãî ýêðàíà è òåïëîâîãî ñòîêà 20 Ê â âèäå êîëü-
öà, êðåïÿùåãîñÿ ê îáîäó ýêðàíà. Ïàññèâíûå ýê-
ðàíû íóìåðîâàëèñü îò êðèîýêðàíà ê ÝÂÒÈ, â ðå-
çóëüòàòå ïîëó÷èëîñü âîñåìü ýêðàíîâ: ïåðâûé ñðàçó
ïîñëå êðèîýêðàíà, âîñüìîé ïðåäñòàâëÿåò ñîáîé
ÝÂÒÈ. Ñòðóêòóðà êîíñòðóêöèè ïðåäñòàâëåíà íà
ðèñ. 6.

Â êà÷åñòâå ñâîéñòâ ìàòåðèàëà èñïîëüçîâàëèñü
ñëåäóþùèå äàííûå:

— äëÿ ýêðàíîâ 1...7: ñòåïåíü ÷åðíîòû 0,04;
— äëÿ ýêðàíà 8 (ÝÂÒÈ) ñòåïåíü ÷åðíîòû íà

ñòîðîíå, îáðàùåííîé ê ñîëíöó, 0,8, íà äðóãîé ñòî-
ðîíå – 0,04. Òåðìè÷åñêîå ñîïðîòèâëåíèå ýêðàíà
50 ì2·Âò/Ê;

— äëÿ êðèîýêðàíà, âûïîëíåííîãî èç àëþìè-
íèÿ âûñîêîé ñòåïåíè î÷èñòêè, ñòåïåíü ÷åðíîòû
0,04, òåïëîïðîâîäíîñòü 1000 Âò/(ì·Ê);

— äëÿ ðåôëåêòîðà ñòåïåíü ÷åðíîòû 0,04, òåï-
ëîïðîâîäíîñòü 1000 Âò/(ì·Ê);

— ðåôëåêòîð ñîåäèíåí òåïëîâûì êîíòàêòîì ñî
ñòîêîì òåïëîòû 20 Ê, òåïëîâîå ñîïðîòèâëåíèå
êîíòàêòà 0,01 ì2·Âò/Ê.

Â êà÷åñòâå ãðàíè÷íûõ óñëîâèé èñïîëüçîâàëèñü
ñëåäóþùèå äàííûå:

— íà âíåøíþþ ñòîðíó âîñüìîãî ïàññèâíîãî
ýêðàíà äåéñòâóåò ñîëíå÷íîå èçëó÷åíèå 1380 Âò\ì2;

Ðèñ. 5. Ê çàêîíó Ëàìáåðòà
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— òåïëîâîå êîëüöî èìååò ïîñòîÿííóþ òåìïå-
ðàòóðó 20 Ê.

Â êà÷åñòâå óñëîâèé ñâÿçè èñïîëüçîâàëèñü ñëå-
äóþùèå äàííûå:

— ðàäèàöèîííûé òåïëîîáìåí ìåæäó âñåìè
ýëåìåíòàìè êîíñòðóêöèè, çà èñêëþ÷åíèåì òåïëî-
âîãî êîëüöà;

— êîíäóêòèâíûé òåïëîîáìåí ìåæäó êðèîýê-
ðàíîì è òåïëîâûì êîëüöîì.

Äëÿ ðåøåíèÿ çàäà÷è ÷èñëåííî áûëà ïîñòðîå-
íà ñåòêà. Êîíå÷íûå ýëåìåíòû ïðåäñòàâëÿëè ñîáîé
ïîâåðõíîñòè ëåïåñòêîâ ïàññèâíûõ ýêðàíîâ è êðè-
îýêðàíà. Èíôîðìàöèÿ î êîíå÷íûõ ýëåìåíòàõ
ïðåäñòàâëåíà â òàáë. 2.

Ðàçáèåíèå ñåäüìîãî ýêðàíà íà êîíå÷íûå ýëå-
ìåíòû ïîêàçàíî íà ðèñ. 7.

Ïðîãðàììíî âû÷èñëÿëèñü êîýôôèöèåíòû âè-
äèìîñòè, òåïëîâûå ïîòîêè è òåìïåðàòóðû äëÿ
êîíå÷íûõ ýëåìåíòîâ êîíñòðóêöèè.

Äèàãðàììà ðàñïðåäåëåíèÿ òåìïåðàòóð íà
îáúåêòå èññëåäîâàíèÿ ïðåäñòàâëåíà íà ðèñ. 8.

Ðèñ. 6. Ñòðóêòóðà ðàñ÷åòíîé ìîäåëè

Ðèñ. 7. Ðàçìåòêà ñåòêè íà ïàññèâíîì ýêðàíå ¹ 7
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Òàáëèöà 2

Ðàçáèòåíòå îáúåêòà íà êîíå÷íûå ýëåìåíòû

Îáúåêò Íîìåðà ýëåìåíòîâ Âñåãî ýëåìåíòîâ 

Âîñüìîé ïàññèâíûé ýêðàí ¹¹ 100-800 8 

Ñåäüìîé ïàññèâíûé ýêðàí ¹¹ 900-1600 8 

Шåñòîé ïàññèâíûé ýêðàí ¹¹ 1700-2500 8 

Ïÿòûé ïàññèâíûé ýêðàí ¹¹ 2600-3200 8 

Чåòâåðòûé ïàññèâíûé ýêðàí ¹¹3300-4000 8 

Òðåòèé ïàññèâíûé ýêðàí ¹¹ 4100-4800 8 

Âòîðîé ïàññèâíûé ýêðàí ¹¹ 4900-5600 8 

Ïåðâûé ïàññèâíûé ýêðàí ¹¹ 5700-6400 8 

Êðèîýêðàí ¹¹ 6500-11200 47 

Òåïëîâîå êîëüöî ¹ 11300 1 

Âñåãî  112 

Ðèñ. 8. Ðàñïðåäåëåíèå òåìïåðàòóð íà îáúåêòå èññëåäîâàíèÿ
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Çíà÷åíèÿ òåìïåðàòóð áûëè ïîëó÷åíû äëÿ êàæ-
äîãî ýëåìåíòà êîíñòðóêöèè. Íî â ïðåäåëàõ îäíîãî
ýêðàíà îíè ðàçëè÷àþòñÿ íå áîëåå ÷åì íà 1 Ê,  òàê
êàê ìîäåëü öåíòðàëüíî ñèììåòðè÷íà. Ðàçëè÷èå
îáúÿñíÿåòñÿ ïîãðåøíîñòüþ âû÷èñëåíèé.

×èñëåííûå çíà÷åíèÿ òåìïåðàòóð ïðåäñòàâëå-
íû â òàáë. 3.

Äàííûå çíà÷åíèÿ òåìïåðàòóð ïîçâîëÿþò îöå-
íèòü ýôôåêòèâíîñòü ïàññèâíîé ñèñòåìû îõëàæ-
äåíèÿ. Îäíàêî äëÿ òî÷íûõ ïðîãíîçîâ ðàñ÷åòû
íåîáõîäèìî ñêîððåêòèðîâàòü, óâåëè÷èâ êîëè÷å-
ñòâî êîíå÷íûõ ýëåìåíòîâ, ðàññìîòðåâ òåïëîïðî-
âîäíîñòü ìàòåðèàëà ïàññèâíûõ ýêðàíîâ è ñëîæ-
íóþ ñòðóêòóðó òåïëîâûõ ìîñòîâ.

Âûâîäû

Ñïðîåêòèðîâàíà ñèñòåìà òåðìîðåãóëèðîâàíèÿ
êîñìè÷åñêîãî àïïàðàòà ñ ðàñïîëîæåííîé íà íåì
îáñåðâàòîðèåé «Ìèëëèìåòðîí», îáåñïå÷èâàþùàÿ
òðåáóåìóþ ðàáî÷óþ òåìïåðàòóðó ðåôëåêòîðà 4,5 Ê.
Ïðè ïðîåêòèðîâàíèè íà äàííîì ýòàïå ðàáîòû
èñïîëüçîâàíà ìàòåìàòè÷åñêàÿ òåïëîôèçè÷åñêàÿ
ìîäåëü äëÿ èíæåíåðíûõ ðàñ÷åòîâ ëó÷èñòîãî è êîí-
äóêòèâíîãî òåïëîîáìåíà ìåæäó êîíñòðóêöèåé
ïàññèâíûõ ýêðàíîâ, êîíñòðóêöèåé êðèîýêðàíà è
ðåôëåêòîðîì (ãëàâíûì çåðêàëîì).

Ïðîâåäåí àíàëèç îñîáåííîñòåé êîíñòðóêòèâ-
íûõ ðåøåíèé è ðàñ÷åòà ñèñòåìû ïàññèâíîãî òåð-
ìîðåãóëèðîâàíèÿ êîíñòðóêòèâíûõ ýëåìåíòîâ àï-
ïàðàòà. Îñóùåñòâëåí âûáîð, è îáîñíîâàíà ìåòî-
äèêà ïðîåêòèðîâàíèÿ è ðàñ÷åòà ëó÷èñòîãî è êîí-
äóêòèâíîãî òåïëîîáìåíà. Âûïîëíåíî ìàòåìàòè-
÷åñêîå ìîäåëèðîâàíèå îáúåêòà òåðìîðåãóëèðîâà-
íèÿ ñ ïîñòðîåíèåì ðàñ÷åòíîé ìîäåëè, ó÷èòûâàþ-
ùåå êîìïîíîâêó è îñîáåííîñòè òåõíîëîãèè èçãî-
òîâëåíèÿ.

Òàáëèöà 3

Ðàñïðåäåëåíèå òåìïåðàòóð ïî ýëåìåíòàì êîíñòðóêöèè

Îáúåêò Íîìåðà ýëåìåíòîâ Òåìïåðàòóðà, Ê 

Âîñüìîé ïàññèâíûé ýêðàí ¹¹ 100-800 343,35 

Ñåäüìîé ïàññèâíûé ýêðàí ¹¹ 900-1600 202,81 

Шåñòîé ïàññèâíûé ýêðàí ¹¹ 1700-2500 163,88 

Ïÿòûé ïàññèâíûé ýêðàí ¹¹ 2600-3200 142,03 

×åòâåðòûé ïàññèâíûé ýêðàí ¹¹3300-4000 96,40 

Òðåòèé ïàññèâíûé ýêðàí ¹¹ 4100-4800 79,31 

Âòîðîé ïàññèâíûé ýêðàí ¹¹ 4900-5600 59,25 

Ïåðâûé ïàññèâíûé ýêðàí ¹¹ 5700-6400 46,54 

Êðèîýêðàí ¹¹ 6500-11200 20,08 

Òåïëîâîå êîëüöî ¹ 11300 20,00 
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Abstract

The presented work considers the passive part
designing for the cooling system of the spacecraft
onboard complex.

The equipment of cryogenic and helium
temperatures level, necessary for ensuring standard
operation conditions [3, 4] characteristic for the deep
space, external solar radiation and instrument-
hardware electromagnetic emissions, is frequently
employed in thermal control systems, ensuring the
thermal mode [2], for the state-of-the-art space
platforms [1]. The telescope being designed will be
capable of operating in both the single telescope mode
and as a part of the interferometer between the “Earth-
Space” bases (with ground-based telescopes). The
telescope operation range is from 20 microns to 17 mm
[5–7].

The observatory is planned to operate for three
years with the reflector temperature of 4.5 K, and then
for another 7–10 years with the total temperature of
50 K [8]. The term of the observatory active life is ten
years. The reflector thermal mode sustaining is being
implemented by the observatory cooling system,
consisting of passive screens and Stirling and Joule-
Thomson cryogenic machines.

The thermal model and the design scheme are
being considered on the example of the passive cooling
system of the onboard complex of the “Millimetron”
observatory scientific equipment. The general cooling
system includes both the active part, represented by
the heat exchange units, removing heat from the
cryoscreen and equipment to the Joule-Thomson and
Stirling machines, and the passive part, represented
by the protective screens system and reflective surfaces,
removing the heat to outer space. The account of the
joint operation of both parts is necessary for the
characteristics analysis.

The main portion of the neat inflow from the solar
radiation and instruments is being removed toe the

space by the passive cooling system. The heat transfer
computation while efficiency estimation of the
telescope passive cooling system represents a
complicated problem, primarily, through the necessity
to account for the complex geometry, the possibility
of heat inflows along the system elements, and
thermo-physical properties of the screens. This
problem solution can be obtained only by the
numerical methods with the visibility coefficients
determination of individual elements between
themselves and with the outer space.

The cooling system computation is being
complicated by the following factors:

- complex geometry of the passive screens and
cryoscreen, their position in space and relative to each
other;

- large temperature gradients from 320 K to 4.5
K between the elements, leading to the presence of
temperature deformations of the structural elements;

- thermo-optical coefficients the thermo-physical
characteristics of the elements are strongly dependent
on temperature as well;

- the presence of three different thermal control
mechanisms, namely, passive protection employing
cryogenic screens and cooling by cryogenic machines
of various temperature levels.

All these reasons stipulate the need for the
expanded thermal analysis of the cooling system with
a mathematical model developing to determine the
cooling efficiency and temperature fields of the system
elements.

Thermal bonds identification is necessary for
correct developing of the mathematical model and
obtaining numerical characteristics of the cooling
system. The structure under study consists of
individual elements such as screen lobes, cryoscreen,
reflector, frame, etc. Each element of the system
possesses the thermal bonds: radiation, internal
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thermal conductivity due to the presence of
temperature gradients within the element itself,
thermal conductivity through the frame or thermal
bridges with neighboring elements.

The temperature values were obtained for each
structural element. However, within the limits of one
screen they differ by no more than 1 K, since the
model is centrally symmetric. This difference is
associated with the calculations error.

The spacecraft thermal control system, ,with the
“Millimetron” observatory positioned on it ensuring
the required reflector operating temperature of 4.5 K,
was developed. These temperatures values allow
estimating the passive cooling system efficiency.
However, more accurate forecasts require the
computations correction by increasing the number of
finite elements, and considering thermal conductivity
of the passive screens materials and complex structure
of the thermal bridges.

Keywords: spacecraft, thermal control system,
reflector, helium temperatures, cryogenic screen,
protective screens, conductive and radiative heat
transfer, cryogenic installations, temperature fields,
passive screens, passive cooling.
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