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Àííîòàöèÿ. Ïðåäñòàâëåí ìåòîäîëîãè÷åñêèé ïîäõîä ê ïðîåêòèðîâàíèþ ñèñòåìû òåðìîðåãóëèðî-
âàíèÿ êîñìè÷åñêîãî àïïàðàòà (ÑÒÐ ÊÀ) ñ ïàññèâíîé ïðîêà÷êîé òåïëîíîñèòåëÿ õëàäîïðîèçâîäèòåëü-
íîñòüþ íå ìåíåå 3 êÂò. Ðàññìîòðåíû òðè âàðèàíòà êîíñòðóêöèé. Öåëüþ ðàáîòû ÿâëÿåòñÿ èäåíòè-
ôèêàöèÿ îïòèìàëüíîãî âûáîðà êîíñòðóêòèâíûõ ñõåì ïðè ïðîåêòèðîâàíèè ÑÒÐ ÊÀ ïðîèçâîäèòåëü-
íîñòüþ äî 3 êÂò, îáåñïå÷èâàþùèõ òðåáóåìûå ýêñïëóàòàöèîííûå ïàðàìåòðû ïðè ìèíèìàëüíûõ ìàñ-
ñîãàáàðèòíûõ õàðàêòåðèñòèêàõ.

Ðåçóëüòàòû ïðîåêòèðîâàíèÿ ïîêàçàëè ïðåèìóùåñòâî âàðèàíòà ñ èñïîëüçîâàíèåì òåïëîâûõ òðóá,
ó êîòîðîãî óäåëüíàÿ ìàññîýíåðãåòè÷åñêàÿ õàðàêòåðèñòèêà ñîñòàâëÿåò ~ 33 êã/êÂò. Íà îñíîâàíèè
ðåçóëüòàòîâ ïðîâåäåííîãî ñðàâíèòåëüíîãî àíàëèçà ìîæíî ñäåëàòü âûâîä, ÷òî ïðè òåïëîâîé íàãðóç-
êå îáîðóäîâàíèÿ êîñìè÷åñêîãî àïïàðàòà äî 3 êÂò îïòèìàëüíîé ÿâëÿåòñÿ ñèñòåìà òåðìîðåãóëèðî-
âàíèÿ, êîíñòðóêòèâíàÿ ñõåìà êîòîðîé áàçèðóåòñÿ íà ïðèìåíåíèè èñêëþ÷èòåëüíî àêñèàëüíûõ òåï-
ëîâûõ òðóá.
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Abstract

The thermal control system (TCS) is intended for maintaining the required thermal conditions of all
spacecraft elements and onboard equipment.

The spacecraft TCS designing is a significant part of the spacecraft general engineering. This is due to
the fact that the TCS is a deeply integrated spacecraft system interrelated with main onboard systems,
environment, structural elements and flight tasks.

It is necessary to account for the thermal loads from the onboard equipment, radiation and re-radiation
from the Sun and planets, and many other factors while designing a spacecraft. With relatively small thermal
capacities, the spacecraft has a leaky design and the TSR is being designed on passive means of thermo
stating. Application of thermal models with lumped parameters is widespread in the design of spacecraft
onboard equipment. This approach appropriateness is confirmed by the practice of various units of a spacecraft
TSR electronic equipment designing, analyzing and testing. The presence of telemetry parameters creates
the possibility and directions for techniques optimization for the spacecraft TSR with improved qualitative
mass-energy characteristics design.

The most common liquid TSRs display the essential fault in terms of specific mass-energy characteristics
due to the greater mass of a coolant fueling, employing only heat-capacitive heat accumulation, as a
consequence of the vapor phase inadmissibility at the contour centrifugal pump, though both models and
heat balances of such systems are elaborated enough.

The presented article deals with an approach to the design of structural schemes for the spacecraft thermal
control system with passive coolant pumping with of at least 3 kW of thermal power productivity. Three
options were considered herewith.

The first option studies application of the thermal control system based on heat pipes, installed on the
radiating panels. The heat-emitting devices herewith is installed on the backside of the radiating surface,
and heat pipes distribute the heat along the panels’ surface transferring heat from one panel to the other.

The second option suggests the device in the form of the central heat bus, in which the heat-emitting
devices are located on the common cooling panel, and uncontrolled heat pipes are embedded into the board
being cooled and carry the heat from the electronic equipment to the passive heat transfer device in the
form of the capillary pump.

The heat transfer unit of the third option does not contain flexible pipelines, and connects the electronic
equipment board with the emitting radiator by the rigid pipelines. To provide the possibility for temperature
control of the board being cooled, the heat pipes’ condensing zones of the cooled board and emitting radiators
are connected by the gas-regulated heat pipes.
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As far as the system with passive coolant pumping is under consideration, such criteria as energy
consumption, operability range, control accuracy and reliability for all options are practically the same, and
dominant evaluation criterion is the mass, which computing for all three options is presented. The
computational results revealed the first option advantage, for witch specific mass-energy characteristic was
~33 kg/kW (without considering the ration of a certain part of the mass to the load-bearing structure mass).

The results of the performed comparative analysis allow drawing a conclusion that at the spacecraft
equipment thermal load up to 3.0 kW, the most optimal is the thermal control system, which design scheme
is based on application of the exclusively axial heat pipes.
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For citation: Shilkin O.V., Kolesnikov A.P., Kishkin A.A., Zuev A.A., Delkov A.V. Designing passive

thermal control system with a capacity of up to 3 kW by heat pipes and active heating elements for a spacecraft.
Aerospace MAI Journal, 2022, vol. 29, no. 1, pp. 67-80. DOI: 10.34759/vst-2022-1-67-80

Ââåäåíèå

Ñèñòåìà òåðìîðåãóëèðîâàíèÿ êîñìè÷åñêîãî
àïïàðàòà (ÑÒÐ ÊÀ) ïðåäíàçíà÷åíà äëÿ ïîääåðæà-
íèÿ â òðåáóåìûõ äèàïàçîíàõ ðàáî÷èõ òåìïåðàòóð
âñåãî óñòàíîâëåííîãî îáîðóäîâàíèÿ íà ó÷àñòêå
âûâåäåíèÿ è ïðè îðáèòàëüíîì ôóíêöèîíèðîâà-
íèè, à òàêæå äëÿ îáåñïå÷åíèÿ òåïëîâîãî ðåæèìà
îáîðóäîâàíèÿ ÊÀ ñîâìåñòíî ñ òåõíîëîãè÷åñêè-
ìè ñðåäñòâàìè òåðìîñòàòèðîâàíèÿ ïðè íàçåìíûõ
èñïûòàíèÿõ â äèàïàçîíå êàê ðàáî÷èõ òåìïåðàòóð
ýëåêòðîííûõ ñèñòåì ïîëåçíîé íàãðóçêè [1—4],
òàê è ñïåöèàëüíûõ êðèîãåííûõ òåìïåðàòóð äëÿ
ðàáîòû èíôðàêðàñíûõ ðåôëåêòîðîâ [5].

Ïðîåêòèðîâàíèå ÑÒÐ ÊÀ ÿâëÿåòñÿ íåîòúåì-
ëåìîé ÷àñòüþ îáùåãî ïðîåêòèðîâàíèÿ ÊÀ [6, 7].

Ïðè ïðîåêòèðîâàíèè ÑÒÐ ÊÀ íåîáõîäèìî
ó÷èòûâàòü òåïëîâûå íàãðóçêè îò áîðòîâîé àïïà-
ðàòóðû, èçëó÷åíèå è ïåðåèçëó÷åíèå îò Ñîëíöà è
ïëàíåò è ìíîæåñòâî äðóãèõ ôàêòîðîâ. Â ðàáîòå
[8] ïðåäëîæåí ìåòîä ðàñ÷åòà âíåøíåãî òåïëîîá-
ìåíà ÊÀ, îñíîâàííûé íà àïïðîêñèìàöèè âíå-
øíèõ ïîâåðõíîñòåé ÊÀ è âèäèìîãî ñ ÊÀ ó÷àñò-
êà ïîâåðõíîñòè ïëàíåòû ìíîãîãðàííûìè ïîâåð-
õíîñòÿìè ñ ýëåìåíòàðíûìè òðåóãîëüíûìè ãðàíÿ-
ìè è íà ïîñëåäóþùåé ÷èñëåííîé äèàãíîñòèêå
âîçìîæíîãî ýôôåêòà âçàèìíîãî çàòåíåíèÿ ýòèõ
ãðàíåé îò èñõîäÿùåãî îò Ñîëíöà è ïëàíåòû èç-
ëó÷åíèÿ. Â ðàáîòå [6] ïðåäñòàâëåíû òåïëîâûå ìà-
òåìàòè÷åñêèå ìîäåëè ñ ðàñïðåäåëåííûìè è ñîñ-
ðåäîòî÷åííûìè ïàðàìåòðàìè ìàëîãî êîñìè÷åñ-
êîãî àïïàðàòà (ÌÊÀ) ñ òåïëîâûäåëåíèåì îñíîâ-
íîé áîðòîâîé àïïàðàòóðû äî 50 Âò. Ïðè ñðàâíè-
òåëüíî íåáîëüøèõ òåïëîâûõ ìîùíîñòÿõ ÊÀ èìååò
íåãåðìåòè÷íîå èñïîëíåíèå, è ÑÒÐ ïðîåêòèðóåòñÿ
íà ïàññèâíûõ ñðåäñòâàõ òåðìîñòàòèðîâàíèÿ [9,

10]. Èñïîëüçîâàíèå òåïëîâûõ ìîäåëåé ñ ñîñðåäî-
òî÷åííûìè ïàðàìåòðàìè øèðîêî ðàñïðîñòðàíåíî
ïðè ïðîåêòèðîâàíèè áîðòîâîé àïïàðàòóðû ÊÀ,
öåëåñîîáðàçíîñòü äàííîãî ïîäõîäà ïîäòâåðæäå-
íà ïðàêòèêîé ïðîåêòèðîâàíèÿ, àíàëèçà è èñïû-
òàíèé ðàçëè÷íûõ áëîêîâ ðàäèîýëåêòðîííîé àï-
ïàðàòóðû ÊÀ [6, 11, 12]. Íàëè÷èå ïàðàìåòðîâ òå-
ëåìåòðèè äàåò âîçìîæíîñòü è íàïðàâëåíèÿ îïòè-
ìèçàöèè ìåòîäèê ïðîåêòèðîâàíèÿ ÑÒÐ ÊÀ ñ
óëó÷øåííûìè êà÷åñòâåííûìè ýíåðãîìàññîâûìè
õàðàêòåðèñòèêàìè [13].

Ê ñðåäñòâàì îáåñïå÷åíèÿ òåïëîâîãî ðåæèìà
ÊÀ îòíîñÿò ðÿä òåõíîëîãè÷åñêèõ ðåøåíèé: ïî-
êðûòèå ýëåìåíòîâ êîíñòðóêöèé ìàòåðèàëàìè ñ
çàäàííûìè òåðìîîïòè÷åñêèìè ñâîéñòâàìè; òåï-
ëîïðîâîäÿùèå ìàòåðèàëû; äâóõôàçíûå ñèñòåìû
òåïëîïåðåäà÷è (òåïëîâûå òðóáû, êîíòóðíûå òåï-
ëîâûå òðóáû, æèäêîñòíûå òåïëîâûå êîíòóðû è
äð.) [6, 14, 15].

Ïðè ïðîåêòèðîâàíèè ÑÒÐ ÊÀ ÷àñòî èñïîëü-
çóþò ñïåöèàëèçèðîâàííîå ïðîãðàììíîå îáåñïå-
÷åíèå, íàïðèìåð ìîäóëü Simcenter 3D Space
Systems Thermal Siemens NX (ðåàëèçîâàíû ÷èñ-
ëåííûå ìåòîäû êîíå÷íûõ ðàçíîñòåé è êîíå÷íûõ
ýëåìåíòîâ, ìåòîäû Ìîíòå-Êàðëî), âûïîëíÿþò
ðàñ÷åòû ìîäåëè òåïëîâîãî ñîñòîÿíèÿ ÊÀ ñ ñîñðå-
äîòî÷åííûìè ïàðàìåòðàìè ñ ïîìîùüþ ìîäóëÿ
ïàêåòà Matlab â ñðåäå äèíàìè÷åñêîãî ìåæäèñöèï-
ëèíàðíîãî ìîäåëèðîâàíèÿ ñëîæíûõ òåõíè÷åñêèõ
ñèñòåì Simulink è ò.ä. [6, 16—18].

Íàèáîëåå ðàñïðîñòðàíåííûå æèäêîñòíûå
ÑÒÐ èìåþò ñóùåñòâåííûé íåäîñòàòîê â ÷àñòè
óäåëüíûõ ìàññî-ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê:
èç çà áîëüøåé ìàññû çàïðàâêè òåïëîíîñèòåëÿ îíè
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èñïîëüçóþò òîëüêî òåïëîåìêîñòíóþ àêêóìóëÿ-
öèþ òåïëà, âñëåäñòâèå íåäîïóñòèìîñòè ïàðîâîé
ôàçû íà êîíòóðíîì öåíòðîáåæíîì íàñîñå, õîòÿ
ìîäåëè è òåïëîâûå áàëàíñû òàêèõ ñèñòåì äîñòà-
òî÷íî ïðîðàáîòàíû.

Ìåòîäèêè è àëãîðèòìû ðàñ÷åòà òåïëîîòäà÷è
ïðè ôàçîâîì ïåðåõîäå íà ó÷àñòêàõ íàãðåâà è êîí-
äåíñàöèè òåïëîâûõ òðóá ÑÒÐ â äîñòàòî÷íîì îáúå-
ìå ðàññìàòðèâàþòñÿ â ðàáîòàõ [19—25].

Öåëüþ ðàáîòû ÿâëÿåòñÿ îïòèìàëüíûé âûáîð
êîíñòðóêòèâíûõ ñõåì ïðè ïðîåêòèðîâàíèè ÑÒÐ
ÊÀ ïðîèçâîäèòåëüíîñòüþ äî 3êÂò, îáåñïå÷èâà-
þùèõ òðåáóåìûå ýêñïëóàòàöèîííûå ïàðàìåòðû
ïðè ìèíèìàëüíûõ ìàññîãàáàðèòíûõ õàðàêòåðè-
ñòèêàõ.

Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàþòñÿ ïàññèâ-
íûå ÑÒÐ íà îñíîâå òåïëîâûõ òðóá (ÒÒ) è êàïèë-
ëÿðíûõ íàñîñîâ (ÊÍ) ñ èñïîëüçîâàíèåì òåïëî-
òû ôàçîâîãî ïåðåõîäà, ò.å. äâóõôàçíûå êîíòóðû
(ÄÔÊ) áåç àêòèâíûõ íàñîñíûõ àãðåãàòîâ.

Òðåáîâàíèÿ ê äâóõôàçíûì êîíòóðàì

Èç íàçíà÷åíèÿ ÊÀ âûòåêàþò òðåáîâàíèÿ,
ïðåäúÿâëÿåìûå ê ÑÒÐ, îñíîâàííûì íà äâóõôàç-
íûõ êîíòóðàõ.

Êëàññèôèêàöèÿ ÊÀ ïî íàçíà÷åíèþ:
— êîðîòêîæèâóùèå ÊÀ;
— äëèòåëüíî ôóíêöèîíèðóþùèå è êîðîòêî-

æèâóùèå îáèòàåìûå (ïîñåùàåìûå) îðáèòàëüíûå
ïëàòôîðìû è êðóïíîãàáàðèòíûå ñòàíöèè (ïèëî-
òèðóåìûå ÊÀ);

— àâòîíîìíûå è àâòîìàòè÷åñêèå ÊÀ äëèòåëü-
íîé ýêñïëóàòàöèè (îðáèòàëüíûå è ìåæïëàíåò-
íûå).

Â òå÷åíèå âñåãî âðåìåíè àêòèâíîãî ñóùåñòâî-
âàíèÿ ÊÀ ðàáî÷àÿ òåìïåðàòóðà êàæäîãî ýëåìåí-
òà ÊÀ äîëæíà ïîääåðæèâàòüñÿ â çàäàííîì äèà-
ïàçîíå, äîëæíû ó÷èòûâàòüñÿ òåïëîâûå íàãðóçêè
â óñëîâèÿõ êîñìè÷åñêîãî ïðîñòðàíñòâà: òåïëîâîå
èçëó÷åíèå Ñîëíöà, îòðàæåííîå èçëó÷åíèå îò
Çåìëè, ïåðåèçëó÷åíèå îò ýëåìåíòîâ êîíñòðóêöèè,
òåïëîâûå íàãðóçêè îò ðàáîòàþùåé àïïàðàòóðû.
Íåîáõîäèìî ó÷èòûâàòü îðèåíòàöèþ ÊÀ è ïàäà-
þùèå èçëó÷åíèå è ïåðåèçëó÷åíèå, èçìåíÿþùèå
îòðàæàòåëüíûå è ïîãëîùàòåëüíûå ñâîéñòâà ïî-
âåðõíîñòåé ÊÀ. Ñëåäóåò ó÷èòûâàòü íàãðóçêè îò
òåïëîâûäåëåíèÿ ïðèáîðîâ è îáîðóäîâàíèÿ ÊÀ â
çàâèñèìîñòè îò ïðîãðàììû ïîëåòà.

Òðåáîâàíèÿ ïðè ïðîåêòèðîâàíèè ÑÒÐ: îáåñ-
ïå÷åíèå ïðî÷íîñòè, òåõíîëîãè÷íîñòè è íàäåæíî-
ñòè íà âñåõ ýòàïàõ ïðîèçâîäñòâà, ìîíòàæà è ïðè
òðàíñïîðòèðîâêå, âîçìîæíîñòü óñòðàíåíèÿ âîç-
íèêàþùèõ äåôåêòîâ è îòêàçîâ. Â ïåðèîä âûâå-

äåíèÿ ÊÀ íà îðáèòó ÑÒÐ äîëæíà âûäåðæèâàòü
âîçíèêàþùèå íàãðóçêè, âèáðàöèè, êîëåáàíèÿ è
àýðîäèíàìè÷åñêèé íàãðåâ ãîëîâíîãî îáòåêàòåëÿ.

Ïðåäúÿâëÿþòñÿ òàêæå òðåáîâàíèÿ, ñâÿçàííûå
ñ ðåãëàìåíòíûìè ðàáîòàìè è íàçåìíûì îáñëóæè-
âàíèåì. Êîíñòðóêöèÿ ÊÀ è ÑÒÐ äîëæíà îáåñïå-
÷èâàòü íàäåæíîñòü è ðàáîòîñïîñîáíîñòü, òåõíî-
ëîãè÷íîñòü èçãîòîâëåíèÿ ïðè ìèíèìàëüíîé òðó-
äîåìêîñòè è ñòîèìîñòè.

Ïðîåêòèðîâàíèå ÑÒÐ

Ïðîåêòèðóåìûé àâòîìàòè÷åñêèé ÊÀ, ðàáîòà-
þùèé íà ãåîñòàöèîíàðíîé îðáèòå, ñîñòîèò èç îä-
íîãî íåãåðìåòè÷íîãî ìîäóëÿ, â êîòîðîì ðàñïî-
ëîæåíà òåïëîâûäåëÿþùàÿ àïïàðàòóðà ïîëåçíîé
íàãðóçêè è ñëóæåáíûõ ñèñòåì.

Â íàñòîÿùåå âðåìÿ äëÿ ÊÀ îñíîâíûì ñïîñî-
áîì òåðìîñòàòèðîâàíèÿ è òåðìîðåãóëèðîâàíèÿ
ÿâëÿåòñÿ èñïîëüçîâàíèå ñèñòåì ñ òåïëîíîñòèòå-
ëåì áåç ôàçîâîãî ïåðåõîäà çà ñ÷åò òåïëîåìêîñò-
íîãî ìàññîïåðåíîñà. Ïðè òåïëîâûõ ìîùíîñòÿõ äî
3 êÂò ïðèìåíÿþòñÿ ÑÒÐ ñ ïðèíóäèòåëüíîé ïî-
äà÷åé òåïëîíîñèòåëÿ íàñîñàìè äèíàìè÷åñêîãî
òèïà. Îòâîä òåïëîâîé ìîùíîñòè îñóùåñòâëÿåò-
ñÿ çà ñ÷åò àêêóìóëèðîâàíèÿ òåïëà æèäêèì òåï-
ëîíîñèòåëåì è ñîîòâåòñòâóþùåãî åãî íàãðåâà,
ïðè÷åì âåëè÷èíà íàãðåâà îïðåäåëÿåòñÿ ìàññîâûì
ðàñõîäîì è òåïëîåìêîñòüþ â ñîîòâåòñòâèè ñ ñî-
îòíîøåíèåì

( )æ æ
âûõ âõ ,pN C m t t= -

ãäå N – òåïëîâàÿ ìîùíîñòü, âûäåëÿåìàÿ îáúåê-
òîì òåðìîñòàòèðîâàíèÿ; Cp – óäåëüíàÿ òåïëîåì-
êîñòü æèäêîãî òåïëîíîñèòåëÿ; æ

âûõt  – òåìïåðàòóðà
ðàáî÷åãî òåëà íà âûõîäå èç îáúåêòà òåðìîðåãóëè-
ðîâàíèÿ; æ

âõt  – òåìïåðàòóðà ðàáî÷åãî òåëà íà âõî-

äå â îáúåêò òåðìîðåãóëèðîâàíèÿ; m – ìàññîâûé
ðàñõîä òåïëîíîñèòåëÿ.

Ïðè áîëüøèõ ñóììàðíûõ òåïëîâûäåëåíèÿõ
àïïàðàòóðû N ìèíèìàëüíûé ðàñõîä òåïëîíîñè-
òåëÿ îãðàíè÷åí äîïóñòèìîé ìàêñèìàëüíîé òåì-
ïåðàòóðîé îáîðóäîâàíèÿ â çîíå òåïëîîòâîäà.
Óâåëè÷åíèå ìàññîâîãî ðàñõîäà ïðèâîäèò ê âîç-
ìîæíîñòè óìåíüøåíèÿ òåìïåðàòóðíîãî íàïîðà

( )æ æ
âûõ âõ .t t-  Îäíàêî ýòî ïðèâîäèò ê óâåëè÷åíèþ

ìàññîýíåðãåòè÷åñêèõ õàðàêòåðèñòèê ñèñòåìû
(ïîâûøåííàÿ ïðîèçâîäèòåëüíîñòü íàñîñîâ, äèà-
ìåòðà ñèñòåìû ïîäà÷è è ò.ä.)

Ìàññîâàÿ õàðàêòåðèñòèêà ÑÒÐ ÊÀ, êàê ïðà-
âèëî, ìîæåò ñîñòàâëÿòü îò 5 äî 9 % îò ìàññû âñåãî
ÊÀ.
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Óâåëè÷åíèå òåïëîâûäåëåíèÿ ïðèáîðîâ è àï-
ïàðàòóðû ÊÀ ïðèâîäèò ê óâåëè÷åíèþ ãàáàðèòîâ
è ìàññû, ïîýòîìó âîçíèêàåò çàäà÷à ïðîåêòèðî-
âàíèÿ è ðàçðàáîòêè ÑÒÐ ñ ôàçîâûì ïåðåõîäîì.
Âñëåäñòâèå èñïàðåíèÿ æèäêîé ôàçû â çîíàõ îò-
âîäà òåïëà îò áîðòîâîãî îáîðóäîâàíèÿ òåïëî àê-
êóìóëèðóåòñÿ â âèäå ñêðûòîé òåïëîòû ïàðîîáðà-
çîâàíèÿ, â äàííîì ñëó÷àå íà åäèíèöó ìàññîâîãî
ðàñõîäà ïåðåíîñèòñÿ áîëüøåå êîëè÷åñòâî òåïëà
(ïî ñðàâíåíèþ ñ îäíîôàçíîé ñèñòåìîé ÑÒÐ).

Èñïîëüçîâàíèå ÑÒÐ ñ ôàçîâûì ïåðåõîäîì
ïîçâîëÿåò óâåëè÷èòü èíòåíñèâíîñòü òåïëîïåðå-
äà÷è ïî ñðàâíåíèþ ñ òåïëîîáìåíîì â îäíîôàç-
íîì öèðêóëÿöèîííîì êîíòóðå.

Êîíöåïöèÿ ñîçäàíèÿ âûñîêîíàä¸æíûõ ÑÒÐ ñ
ÄÔÊ äëÿ ÊÀ ñ äëèòåëüíûìè ñðîêàìè àêòèâíîãî
ñóùåñòâîâàíèÿ äîëæíà áàçèðîâàòüñÿ íà óñïåø-
íîì îïûòå ñîçäàíèÿ è ýêñïëóàòàöèè ñèñòåì òåð-
ìîðåãóëèðîâàíèÿ íà îñíîâå æèäêîñòíîãî êîíòóðà
ñ àêòèâíûì ðåãóëèðîâàíèåì òåìïåðàòóðû ðàáî-
÷åé æèäêîñòè â çîíàõ îòâîäà òåïëîâîé ìîùíîñ-
òè ÊÀ.

Äëÿ îáåñïå÷åíèÿ âûïîëíåíèÿ îñíîâíîé öåëå-
âîé çàäà÷è ÑÒÐ ÊÀ – ñîçäàíèÿ íàèáîëåå îïòè-
ìàëüíûõ òåìïåðàòóðíûõ óñëîâèé äëÿ ðàáîòû îáî-
ðóäîâàíèÿ ïîëåçíîé íàãðóçêè è ïëàòôîðìû, ìå-
õàíè÷åñêèõ ñèñòåì è êîíñòðóêöèè ÊÀ íà âñåõ
ýòàïàõ ýêñïëóàòàöèè – êîíöåïöèÿ ñîçäàíèÿ ñî-
âðåìåííûõ, âûñîêîíàä¸æíûõ è ýôôåêòèâíûõ
ñèñòåì òåðìîðåãóëèðîâàíèÿ íà áàçå äâóõôàçíûõ
êîíòóðîâ äîëæíà ïðåäóñìàòðèâàòü:

— ïðèìåíåíèå ñîîòâåòñòâóþùåãî îáîðóäîâà-
íèÿ è ïåðåäîâûõ òåõíîëîãèé ïðè èçãîòîâëåíèè
ÑÒÐ ñ ÄÔÊ;

— ìàêñèìàëüíî âîçìîæíóþ ïðîñòîòó è íà-
äåæíîñòü òåõíè÷åñêèõ ðåøåíèé íà âñåõ óðîâíÿõ
ñòðóêòóðû ñèñòåìû;

— îïòèìèçàöèþ ñîñòàâà ÑÒÐ (ìèíèìèçàöèþ
ñðåäñòâ àêòèâíîãî ðåãóëèðîâàíèÿ â ïðåäåëàõ âîç-
ìîæíîãî);

— ðàçðàáîòêó è ïðèìåíåíèå íîâûõ ðåøåíèé
ïðè íåîáõîäèìîì óñëîâèè ïîëó÷åíèÿ íîâîãî ñó-
ùåñòâåííîãî êà÷åñòâà;

— îáåñïå÷åíèå ìàêñèìàëüíîé àâòîíîìíîñòè
è æèâó÷åñòè ÑÒÐ ñ ÄÔÊ;

— îáåñïå÷åíèå ãàðàíòèðîâàííûõ òåìïåðàòóð-
íûõ çàïàñîâ ïî âñåì òðåáîâàíèÿì äëÿ âñåõ ýòà-
ïîâ æèçíè ÊÀ;

— îïòèìèçàöèþ òåïëîâûõ è ñèñòåìíûõ èí-
òåðôåéñîâ ÑÒÐ ñ áîðòîâûìè ñèñòåìàìè ÊÀ;

— ðàçðàáîòêó òåïëîâûõ ìàòåìàòè÷åñêèõ ìî-
äåëåé ñèñòåìû, ðàñ÷åòíûõ ïðîãíîçîâ äëÿ èñïû-

òàòåëüíûõ ýòàïîâ ñ öåëüþ âåðèôèêàöèè è ëåòíûõ
ïðîãíîçîâ;

— ðàçâèòèå òåõíîëîãè÷åñêîé è ïðîèçâîä-
ñòâåííîé áàçû ÑÒÐ ïî ìåðå óñëîæíåíèÿ çàäà÷ è
òðåáîâàíèé ê ÊÀ â íîâûõ ïðîãðàììàõ, âêëþ÷àÿ,
êàê îäíó èç âàæíåéøèõ ñîñòàâëÿþùèõ, óâåëè÷å-
íèå çàäàííîãî ñðîêà ðàáîòû ÊÀ.

Ïðè ðàçðàáîòêå è ïðîåêòèðîâàíèè ÑÒÐ ÊÀ ñ
ÄÔÊ ó÷èòûâàåòñÿ, ÷òî â êîìïîíîâî÷íîé ñõåìå
îòñóòñòâóåò ãåðìåòè÷íûé ïðèáîðíûé êîíòåéíåð,
à âñå òåïëîâûäåëÿþùåå îáîðóäîâàíèå ðàñïîëà-
ãàåòñÿ íåïîñðåäñòâåííî íà ïàíåëÿõ ñèëîâîé êîí-
ñòðóêöèè, ïîýòîìó îòâîä èçáûòî÷íîãî òåïëà îò
ÊÀ öåëåñîîáðàçíî îñóùåñòâëÿòü íåïîñðåäñòâåí-
íî ñ íàðóæíîé ñòîðîíû ïðèáîðíûõ ïàíåëåé. Äëÿ
ýôôåêòèâíîñòè îòáîðà òåïëà îò íàèáîëåå òåïëî-
íàãðóæåííûõ ïðèáîðîâ è ïåðåíîñà åãî íà áîëü-
øóþ èçëó÷àþùóþ ïîâåðõíîñòü ïðèìåíÿþòñÿ òåï-
ëîâûå òðóáû (ÒÒ) è êîíòóðíûå òåïëîâûå òðóáû
(ÊÒÒ). Òðåõîñíàÿ îðèåíòàöèÿ ÊÀ íà ñòàöèîíàð-
íîé îðáèòå ïðåäîïðåäåëÿåò òîò ôàêò, ÷òî êàæäàÿ
èç ïàíåëåé ïîî÷åðåäíî áóäåò ïîäâåðæåíà âîçäåé-
ñòâèþ ñîëíå÷íîãî ïîòîêà, ñíèæàÿ òåì ñàìûì
ýôôåêòèâíîñòü îäíîé èç ðàäèàöèîííûõ ïîâåðõ-
íîñòåé. Ìîäóëüíûé ïðèíöèï ïîñòðîåíèÿ áóäó-
ùèõ ÊÀ (ìîäóëü ñëóæåáíûõ ñèñòåì (ÌÑÑ) è
ìîäóëü ïîëåçíîé íàãðóçêè (ÌÏÍ)) ïðèâîäèò ê
òîìó, ÷òî áîëüøàÿ ÷àñòü òåïëîâîé íàãðóçêè ïðè-
õîäèòñÿ èìåííî íà ÌÏÍ. Îòâîä òåïëîâîé ìîù-
íîñòè â êîëè÷åñòâå 3,0 êÂò îò ÌÏÍ òðåáóåò íà-
ëè÷èÿ çíà÷èòåëüíûõ ðàäèàöèîííûõ ïîâåðõíîñ-
òåé, êîòîðûå â ñîñòàâå êîíñòðóêöèè ÌÏÍ è
ÌÑÑ, êàê ïðàâèëî, ñîçäàòü çàòðóäíèòåëüíî.

Äîïîëíèòåëüíûå ðàäèàöèîííûå ïîâåðõíîñòè
ïðåäëàãàåòñÿ âûïîëíèòü â âèäå îòêèäíûõ ïàíå-
ëåé-ðàäèàòîðîâ, âõîäÿùèõ â ñîñòàâ ÌÏÍ èëè
ÌÑÑ.

Îñíîâíûå ïðèíöèïû ïîñòðîåíèÿ
äâóõôàçíûõ ÑÒÐ

Íà ÊÀ òåïëîèñòî÷íèêè îáû÷íî ðàñïðåäåëå-
íû ñ äèñêðåòíîñòüþ 20—300 Âò, è èõ êîëè÷åñòâî
ñîñòàâëÿåò îò äåñÿòêà äî ñîòåí åäèíèö. Ýòî óñ-
ëîæíÿåò çàäà÷ó ïðîåêòèðîâàíèÿ ñåòè òåïëîñáðî-
ñà, îáåñïå÷èâàþùåé îõëàæäåíèå îáúåêòîâ ïðè
ëþáîé èõ êîíôèãóðàöèè. Ðîñò òåïëîâûäåëåíèÿ ñ
îäíîâðåìåííûì óâåëè÷åíèåì ëèíåéíûõ ðàçìåðîâ
ÊÀ, âûâîäèìûõ íà ñòàöèîíàðíóþ îðáèòó, íàðÿ-
äó ñ ïåðåõîäîì íà äâóõôàçíûå ÑÒÐ, òàêæå òðå-
áóåò óâåëè÷åíèÿ ïëîùàäåé èçëó÷àòåëüíûõ ðàäè-
àòîðîâ. Ïîýòîìó ïðè ïðîåêòèðîâàíèè èñïîëüçó-
þòñÿ ñëåäóþùèå ïðèíöèïû ïîñòðîåíèÿ ÑÒÐ ñ
ÄÔÊ:
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1) ïîâûøåíèå ðàáî÷èõ òåìïåðàòóð ïàíåëåé,
íà êîòîðûõ ðàçìåùåíî òåïëîâûäåëÿþùåå îáîðó-
äîâàíèå. Ýòî ïîçâîëÿåò ïîâûñèòü òåìïåðàòóðó
ðàäèàòîðíûõ ïàíåëåé (îäíîâðåìåííî óìåíüøà-
åòñÿ èõ ïëîùàäü). Ýòîò ïðèíöèï îãðàíè÷åí òðå-
áîâàíèÿìè âûñîêîé íàäåæíîñòè è äîëãîâå÷íîñ-
òè ðàáîòû ÑÒÐ. Â áëèæàéøåì áóäóùåì îæèäàòü
ïðåâûøåíèÿ òåìïåðàòóðû ðàáîòîñïîñîáíîñòè

òåïëîâûäåëÿþùèõ ïðèáîðîâ 50 °Ñ, âèäèìî, íå
ñëåäóåò;

2) óâåëè÷åíèå ïîâåðõíîñòè ñåâåðíîé è þæíîé
ðàäèàòîðíûõ ïàíåëåé. Âîçìîæíîñòè îãðàíè÷èâà-
þòñÿ ðàçìåðàìè ñðåäñòâ äîñòàâêè îáúåêòà íà
îðáèòó;

3) ïðèñîåäèíåíèå ê ÊÀ áîëüøîãî êîëè÷åñòâà
ðàñêðûâàåìûõ ðàäèàòîðíûõ ïàíåëåé, â òîì ÷èñ-
ëå íà çàïàäíîé è âîñòî÷íîé ñòîðîíàõ;

4) èñïîëüçîâàíèå êîíñòðóêöèè ÊÀ äëÿ óñòà-
íîâêè íà íèõ äîïîëíèòåëüíûõ èçëó÷àòåëüíûõ ðà-
äèàòîðîâ èëè èñïîëüçîâàíèå êîíñòðóêöèè ÊÀ â
êà÷åñòâå ðàäèàòîðà;

5) äóáëèðîâàíèå êàê îòäåëüíûõ àãðåãàòîâ, òàê
è âñåãî äâóõôàçíîãî êîíòóðà;

6) àâòîíîìíîñòü îòäåëüíûõ ïîäñèñòåì ÑÒÐ;
7) óìåíüøåíèå ïîäâèæíûõ ýëåìåíòîâ èëè

ïîëíûé îòêàç îò íèõ è ïåðåõîä íà ïàññèâíûå
ýëåìåíòû;

8) èñïîëüçîâàíèå äîïîëíèòåëüíûõ ïàíåëåé
äëÿ ðàçìåùåíèÿ òåïëîâûäåëÿþùåãî îáîðóäîâà-
íèÿ ÌÏÍ.

ÑÒÐ ïðîåêòèðóåòñÿ èñõîäÿ èç ðàçìåùåíèÿ
òåïëîâûäåëÿþùåé àïïàðàòóðû íà ñåâåðíûõ è
þæíûõ ïàíåëÿõ ìîäóëÿ, èñïîëüçóåìûõ îäíîâðå-
ìåííî è êàê èçëó÷àòåëüíûå, è êàê ïîãëîùàòåëü-
íûå ðàäèàòîðû ÑÒÐ. Äëÿ îòâîäà áîëüøåé ÷àñòè
òåïëîâûäåëåíèé îò àïïàðàòóðû, ðàñïðåäåëåíèÿ
ïî ïëîùàäè ïàíåëåé è ïåðåäà÷è òåïëà ñ îäíîé ïà-
íåëè íà äðóãóþ ïðèìåíÿþòñÿ òåïëîâàÿ òðóáà (ÒÒ)
(â îñíîâíîì âñòðîåííàÿ â ïàíåëè ìîäóëÿ), êîì-
ïåíñèðóþùèå è çàìåùàþùèå îáîãðåâàòåëè è
ýêðàííî-âàêóóìíàÿ òåïëîèçîëÿöèÿ (ÝÂÒÈ).

Òðåõîñíàÿ îðèåíòàöèÿ ÊÀ íà ñòàöèîíàðíîé
îðáèòå ïðèâîäèò ê òîìó, ÷òî êàæäàÿ èç ïàíåëåé
ñî ñòîðîíû îñåé ± Z ïîî÷åðåäíî â òå÷åíèå ïðè-
ìåðíî ïîëóãîäà ïîäâåðæåíà âîçäåéñòâèþ ñîëíå÷-
íîãî ïîòîêà, ÷òî ÿâëÿåòñÿ ïðè÷èíîé ñíèæåíèÿ
ýôôåêòèâíîñòè îäíîé èç ðàäèàöèîííûõ ïîâåð-
õíîñòåé.

Ïàíåëè-ðàäèàòîðû ïðåäñòàâëÿþò ñîáîé ñîòî-
ïàíåëè ñî âñòðîåííûìè ÒÒ èëè òðàêòîì êîíòóð-
íîé òåïëîâîé òðóáû (ÊÒÒ). Ïàíåëè, ïîâåðõíîñ-
òè êîòîðûõ íå ïðåäíàçíà÷åíû äëÿ èçëó÷åíèÿ,
çàêðûòû ÝÂÒÈ.

Ñðàâíèòåëüíàÿ îöåíêà ðàçëè÷íûõ ñõåì ÑÒÐ
ñðåäíåé òåïëîâîé ìîùíîñòè äëÿ ÊÀ, ðàáîòàþùèõ
íà ñòàöèîíàðíîé îðáèòå, ïðîâîäèëàñü ïðè ñëå-
äóþùèõ èñõîäíûõ äàííûõ:

— ìàêñèìàëüíàÿ òåïëîâàÿ íàãðóçêà îò ìîäó-
ëÿ ñëóæåáíûõ ñèñòåì è ìîäóëÿ ïîëåçíîé íàãðóçêè
– 3 êÂò;

— ðàñ÷åòíàÿ ðàáî÷àÿ òåìïåðàòóðà ïîñàäî÷íûõ

ìåñò îáîðóäîâàíèÿ 40 °Ñ (äèàïàçîí ðàáîòîñïî-

ñîáíîñòè îò ìèíóñ 30 äî ïëþñ 60 °Ñ;
— òåïëîíîñèòåëü ÒÒ – àììèàê;
— òåïëîîòâîä îò îáîðóäîâàíèÿ îñóùåñòâëÿ-

åòñÿ çà ñ÷åò òåïëîâîãî êîíòàêòà îáîðóäîâàíèÿ ñ
òåðìîñòàòèðîâàííîé ïîâåðõíîñòüþ ïðèáîðíûõ
ïàíåëåé.

Ïðèíÿòûå äîïóùåíèÿ ïðè ðàñ÷åòàõ:
— âíåøíèé òåïëîâîé ïîòîê, ïîãëîùàåìûé

1 ì2 ïàíåëè «Ñåâåð» è ðàñêðûâàåìûõ ïàíåëåé, ñî-
ñòàâëÿåò 160 Âò (èñõîäÿ èç çíà÷åíèÿ As = 0,28
(As – ïîãëîùàòåëüíàÿ ñïîñîáíîñòü ðàäèàöèîííûõ
ïàíåëåé) íà êîíåö ñðîêà àêòèâíîãî ñóùåñòâîâà-
íèÿ (ÑÀÑ) è êîýôôèöèåíòà âçàèìíîãî îáëó÷å-
íèÿ ñ ïàíåëåé è ñîëíå÷íûõ áàòàðåé);

— òåìïåðàòóðà îêðóæàþùåé ñðåäû äëÿ ïàíå-
ëåé “Ñåâåð” è “Þã” ñîñòàâëÿåò 3 Ê, äëÿ ðàñêðû-

âàåìûõ ïàíåëåé ìèíóñ 125 °Ñ;
— êîýôôèöèåíò ýôôåêòèâíîñòè ïðè èçëó÷å-

íèè ïàíåëåé “Ñåâåð” è “Þã” ðàâåí 0,88, à ïðè
èçëó÷åíèè ðàñêðûâàåìûõ ïàíåëåé 0,85;

— ïëîùàäü êàæäîé ïàíåëè «Ñåâåð» è «Þã»
ñîñòàâëÿåò 4,61 ì2;

— øàã ìåæäó ÒÒ íà ïàíåëÿõ ~ 75 ìì.
Âîçìîæíû òðè âàðèàíòà ÑÒÐ ñ ïàññèâíîé

ïðîêà÷êîé òåïëîíîñèòåëÿ.

Ïåðâûé âàðèàíò

Â ïåðâîì âàðèàíòå ïðèìåíÿåòñÿ ÑÒÐ íà ÒÒ,
êîòîðûå ðàñïîëîæåíû íà èçëó÷àòåëüíûõ ïàíåëÿõ.
Òåïëîâûäåëÿþùàÿ àïïàðàòóðà óñòàíîâëåíà íà
âíóòðåííåé ñòîðîíå ñîòîïàíåëè,  èçëó÷àþùàÿ
ïîâåðõíîñòü íà âíåøíåé ñòîðîíå ñîòîïàíåëè,  ÒÒ
ðàñïðåäåëÿþò òåïëî ïî îáúåìó ñîòîïàíåëåé.
Ïåðåäà÷à òåïëà ñ îäíîé ïàíåëè íà äðóãóþ òàêæå
ïðîèçâîäèòñÿ ñ ïîìîùüþ ÒÒ.

 Êîìïîíîâî÷íàÿ ñõåìà âàðèàíòà ÑÒÐ íà ÒÒ
ïðèâåäåíà íà ðèñ. 1. Ñîëíå÷íîå èçëó÷åíèå ïîä

óãëîì 23° ïîïàäàåò ëèáî íà ðàäèàöèîííóþ ïàíåëü
«Þã», ëèáî íà ïàíåëü «Ñåâåð», â çàâèñèìîñòè îò
âðåìåíè (çèìíåå èëè ëåòíåå ñîëíöåñòîÿíèå). Íà

ðèñ. 1 ñîëíå÷íîå èçëó÷åíèå ïîä óãëîì 23° ïîïà-
äàåò òîëüêî íà ïàíåëü «Ñåâåð».
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Âòîðîé âàðèàíò

Âî âòîðîì âàðèàíòå ïðåäëîæåíî óñòðîéñòâî
â âèäå öåíòðàëüíîé òåïëîâîé øèíû, â êîòîðîì
òåïëîâûäåëÿþùàÿ àïïàðàòóðà ðàñïîëîæåíà íà
îáùåé îõëàæäàåìîé ïàíåëè. Íåðåãóëèðóåìûå ÒÒ
âìîíòèðîâàíû â îõëàæäàåìóþ ïëàòó è ïåðåíîñÿò
òåïëî îò ýëåêòðîííîãî îáîðóäîâàíèÿ ê ïàññèâ-
íîìó óñòðîéñòâó òåïëîïåðåíîñà. Â êà÷åñòâå óñò-
ðîéñòâà ïåðåíîñà òåïëà îò îõëàæäàåìîé ïàíåëè
ê ðàäèàòîðàì, ðàñïîëîæåííûì íà îïðåäåëåííîì
ðàññòîÿíèè îò îñíîâíîãî êîðïóñà ÊÀ, èñïîëüçó-
åòñÿ êàïèëëÿðíûé íàñîñ. Òðàíñïîðòíàÿ ÷àñòü
òðàêòà óñòðîéñòâà òåïëîïåðåíîñà ìîæåò áûòü
ãèáêîé, à ðàäèàòîð – ðàñêðûâàåìûì. Òåïëîâàÿ
ñõåìà ïðèâåäåíà íà ðèñ. 2.

Òðåòèé âàðèàíò

Â òðåòüåì âàðèàíòå ïðåäëàãàåòñÿ äâóõôàçíàÿ
ÑÒÐ, àíàëîãè÷íàÿ âàðèàíòó 2. Îòëè÷èÿ çàêëþ÷à-
þòñÿ â ñëåäóþùåì:

— ïàññèâíîå óñòðîéñòâî òåïëîïåðåíîñà íå
ñîäåðæèò ãèáêèõ òðóáîïðîâîäîâ è ñîåäèíÿåò
ïëàòó ýëåêòðîííîãî îáîðóäîâàíèÿ ñ ðàäèàòîðîì
ñ ïîìîùüþ æåñòêèõ òðóáîïðîâîäîâ;

— äëÿ âîçìîæíîñòè ðåãóëèðîâàíèÿ òåìïåðà-
òóðû îõëàæäàåìîé ïëàòû êîíäåíñàòîðíûå çîíû
ÒÒ îõëàæäàåìîé ïëàòû è èçëó÷àòåëüíûõ ðàäèà-
òîðîâ ñîåäèíåíû ãàçîðåãóëèðóåìûìè òåïëîâûìè
òðóáàìè (ÃÐÒÒ), êîòîðûå ñíàáæåíû áàëëîíàìè
ñ íåêîíäåíñèðóþùèìñÿ ãàçîì (ÍÊÃ). Òåïëîâàÿ
ñõåìà ïðèâåäåíà íà ðèñ. 3.

Â ñâÿçè ñ òåì ÷òî ðàññìàòðèâàþòñÿ ñèñòåìû
ñ ïàññèâíîé ïðîêà÷êîé òåïëîíîñèòåëÿ, òàêèå
õàðàêòåðèñòèêè ñèñòåìû, êàê ýíåðãîïîòðåáëåíèå,
äèàïàçîí ðàáîòîñïîñîáíîñòè, òî÷íîñòü ðåãóëèðî-
âàíèÿ è íàäåæíîñòü, ó âñåõ âàðèàíòîâ ïðàêòè÷åñ-
êè îäèíàêîâû, è îñíîâíûì êðèòåðèåì ÿâëÿåòñÿ
ìàññà.

Îïðåäåëåíèå ýôôåêòèâíîñòè
ïðîåêòèðóåìûõ âàðèàíòîâ

Äëÿ îïðåäåëåíèÿ ìàññû ïðîâîäÿòñÿ ðàñ÷åòû
â ñëåäóþùåé ïîñëåäîâàòåëüíîñòè:

1. Ïî ðàñ÷åòíîé òåìïåðàòóðå è ïëîùàäè ïà-
íåëè, íà êîòîðîé óñòàíîâëåíà òåïëîâûäåëÿþùàÿ
àïïàðàòóðà, îïðåäåëÿåòñÿ èçëó÷àåìàÿ ìîùíîñòü
ïàíåëè.

Ðèñ. 1. Ñõåìà ïàññèâíîé äâóõôàçíîé ÑÒÐ íà 3 êÂò. Âàðèàíò 1 íà òåïëîâûõ òðóáàõ
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Îïðåäåëÿåòñÿ áàëàíñ:

ÌÏÍ s ïîãë èçë,i iQ + Q Q£

ãäå ÌÏÍQ  — ìîùíîñòü òåïëîâûäåëÿþùåé àïïà-
ðàòóðû, Âò; s ïîãë

iQ  — òåïëîâîé ïîòîê, ïîãëîùà-
åìûé ïàíåëüþ, Âò; èçë

iQ  — èçëó÷àåìàÿ ìîùíîñòü
ïàíåëè, Âò.

Åñëè áàëàíñ ñîáëþäàåòñÿ, òî óòî÷íÿåòñÿ ðà-
áî÷àÿ òåìïåðàòóðà ñèñòåìû,

Åñëè áàëàíñ íå ñîáëþäàåòñÿ, òî îïðåäåëÿåò-
ñÿ ïëîùàäü îòäåëüíîãî ðàäèàòîðà, ìîùíîñòü è
òèï ïàññèâíîãî òåïëîïåðåäàþùåãî óñòðîéñòâà.

2. Ïî êîìïîíîâêå èçäåëèÿ è ïî òåïëîâîé íà-
ãðóçêå îïðåäåëÿþòñÿ êîëè÷åñòâî ÒÒ íà ïàíåëè
âûäåëÿþùåé àïïàðàòóðû è òèï ïðîôèëÿ, èç êî-
òîðîãî èçãîòàâëèâàþòñÿ ÒÒ.

3. Îïðåäåëÿåòñÿ ïåðåïàä òåìïåðàòóðû òåïëî-
âîé öåïî÷êè: ïàíåëü òåïëîâûäåëÿþùåé àïïàðà-
òóðû – ïàíåëü îòäåëüíîãî ðàäèàòîðà.

4. Óòî÷íÿåòñÿ ïëîùàäü îòäåëüíîãî ðàäèàòî-
ðà.

5. Óòî÷íÿåòñÿ áàëàíñ òåïëà ñ ó÷åòîì ïîãëî-
ùåíèÿ è èçëó÷åíèÿ ðàäèàòîðà.

Â ðåçóëüòàòå ïðåäâàðèòåëüíîãî òåïëîâîãî
ðàñ÷åòà äëÿ èçãîòîâëåíèÿ ÒÒ ïðèíÿò îäíîïîëî÷-
íûé ïðîôèëü ñ äèàìåòðîì ïàðîâîãî êàíàëà

6,1 ìì è ñëåäóþùèìè ìàññîâûìè õàðàêòåðèñòè-
êàìè (ql – ïîãîííàÿ ìàññà ÒÒ):

ql = 0,230 êã/ì – ïðè øèðèíå ïîëêè 30 ìì;
ql = 0,203 êã/ì – ïðè øèðèíå ïîëêè 20 ìì;
ql = 0,176 êã/ì – ïðîôèëü áåç ïîëêè;
ql = 0,257 êã/ì – ïðîôèëü ñ äâóìÿ ïîëêàìè

øèðèíîé 20 ìì.
Ìàññà 1 ì2 ñîòîâîé ïàíåëè ïðèíÿòà ðàâíîé

5,78 êã, ìàññà 1 ì2 ñîòîâîé ïàíåëè öåíòðàëüíîé
øèíû ïðèíÿòà ðàâíîé 8,67 êã (èç-çà íåîáõîäè-
ìîñòè êðåïëåíèÿ ÒÒ ñ äâóõ ñòîðîí îáøèâêè ïà-
íåëè).

Â òàáë. 1—3 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷å-
òîâ: ïî âàðèàíòó 1 — â òàáë. 1; ïî âàðèàíòó 2 –
â òàáë. 2; ïî âàðèàíòó 3 – â òàáë 3.

Áàëàíñ òåïëîâûõ ïîòîêîâ ðàññ÷èòûâàåòñÿ ïî
ôîðìóëå

s ïîãë 0 ïàíåëè sin / 0,91 737 Âò,sQ = S A F =α◊ ◊ ◊Â
ãäå S0 – ïîòîê ñîëíå÷íîãî èçëó÷åíèÿ;

As – ïîãëîùàòåëüíàÿ ñïîñîáíîñòü ðàäèàöèîí-
íûõ ïàíåëåé;

Fïàíåëè – ïëîùàäü ïàíåëè;
α  — óãîë ïàäåíèÿ èçëó÷åíèÿ íà ðàäèàöèîí-

íóþ ïàíåëü ÊÀ;

Ðèñ. 2. Ñõåìà ïàññèâíîé äâóõôàçíîé ÑÒÐ íà 3 êÂò. Âàðèàíò 2 ñ òåïëîâîé øèíîé
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Òàáëèöà 1

Ìàññà ÑÒÐ Q = 3,0 êÂò ïî âàðèàíòó 1

Òàáëèöà 2

Ìàññà ÑÒÐ Q = 3,0 êÂò ïî âàðèàíòó 2

ÍÀÈÌÅÍÎÂÀÍÈÅ 
Ïëîùàäü èëè 

êîëè÷åñòâî â ÑÒÐ 

Ìàññà, êã 

1 ì2 èëè îäíîé 
øòóêè 

ñóììàðíàÿ 

1. Ðàäèàöèîííûå ñîòîïàíåëè    

1.1. «Ñåâåð» 4,61 ì2 5,78 26,63 

1.2. «Þã» 4,61 ì2 5,78  26,63  

2. Òåïëîâûå òðóáû    

2.1. Íà ïàíåëè «Ñåâåð»  32 øò. 0,483  15,46  

2.2.  Íà ïàíåëè «Þã» 32 øò. 0,483  15,46  

2.3. Ñîåäèíèòåëüíûå 32 øò. 0,368  11,78  

3. Ýëåêòðîîáîãðåâàòåëè òðóáîïðîâîäîâ äâèãàòåëÿ 
îðèåíòàöèè íà ñîëíöå  

6 øò. 0,17  1,0  

4. Ýëåêòðîîáîãðåâàòåëè çàìåùàþùèå 6 øò. 0,3  1,8  

5. Ýêðàííî-âàêóóìíàÿ òåïëîèçîëÿöèÿ Êîìïëåêò 2,0  2,0 

ÈÒÎÃÎ   100,75 

ÍÀÈÌÅÍÎÂÀÍÈÅ 
Ïëîùàäü èëè 

êîëè÷åñòâî â ÑÒÐ  

Ìàññà, êã 

1 ì2 èëè 
îäíîé øòóêè 

ñóììàðíàÿ 

1. Ñîòîïàíåëè    

1.1. Òåïëîâàÿ øèíà 4,61 ì2 8,67  39,97  

1.2. Ðàñêðûâàåìàÿ ïàíåëü Ð1 3,0 ì2 5,78  17,34  

1.3.  Ðàñêðûâàåìàÿ ïàíåëü Ð2 3,0 ì2 5,78  17,34  

2. Òåïëîâûå òðóáû    

2.1. Òåïëîâàÿ øèíà 32 øò. 0,474  15,17  

2.2. Ðàñêðûâàåìàÿ ïàíåëü Ð1 16 øò. 0,239  3,82  

2.3.  Ðàñêðûâàåìàÿ ïàíåëü Ð2 16 øò. 0,239  3,82  

3. ÊÒÒ    

3.1. Ðàñêðûâàåìàÿ ïàíåëü Ð1 8 øò. 2,9  23,2  

3.2.  Ðàñêðûâàåìàÿ ïàíåëü Ð2 8 øò. 2,9 23,2  

4. Ìåõàíèçì ðàñêðûòèÿ 4 øò. 5,0  20,00  

5. Ýëåêòðîîáîãðåâàòåëè òðóáîïðîâîäîâ 
äâèãàòåëÿ îðèåíòàöèè íà ñîëíöå 

6 øò. 0,17  1,00 

6. Ýëåêòðîîáîãðåâàòåëè çàìåùàþùèå 6 øò. 0,3  1,8  

7. Ýêðàííî-âàêóóìíàÿ òåïëîèçîëÿöèÿ Êîìïëåêò 2,0  2,00 

8. Òðóáîïðîâîä ãèáêèé    

8.1. Ð1 8 øò. 0,2  1,6 

8.2. Ð2 8 øò. 0,2 1,6  

ÈÒÎÃÎ   171,86  
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0,91 – êîýôôèöèåíò, ó÷èòûâàþùèé âçàèìíîå
ïåðåèçëó÷åíèå ðàäèàöèîííîé ïàíåëè ñ ïàíåëÿ-
ìè ñîëíå÷íûõ áàòàðåé;

èçë 1876 1831 3707 Âò;Q = + =Â
ðàñ÷
ÌÏÍ 3707 737 2970 Âò;Q = =-Â
çàä
ÌÏÍ 3000 Âò;Q =Â
ðàñ÷ çàä
ÌÏÍ ÌÏÍ.Q Q@Â

Áàëàíñ òåïëîâûõ ïîòîêîâ:

s ïîãë 480 480 960 Âò;Q = + =Â

èçë 1982 1982 3964 Âò;Q = + =Â
ðàñ÷
ÌÏÍ 3964 960 3004 Âò;Q = =-Â

çàä
ÌÏÍ 3000 Âò;Q =Â
ðàñ÷ çàä
ÌÏÍ ÌÏÍ.Q Q=Â

Âûâîäû

Ðàñ÷åòû ïîêàçàëè, ÷òî äëÿ ÑÒÐ ÊÀ, èìåþùåé
òåïëîâóþ ìîùíîñòü äî 3,0 êÂò, ìåíüøàÿ ìàññà
ïîëó÷àåòñÿ ó âàðèàíòà 1. Çíà÷èòåëüíî áîëüøàÿ
ìàññà â âàðèàíòàõ 2 è 3 îáúÿñíÿåòñÿ íàëè÷èåì
ðàñêðûâàåìûõ ðàäèàòîðîâ è ìåõàíèçìà ðàñêðû-
òèÿ â âàðèàíòå 2 è íàëè÷èåì äîïîëíèòåëüíûõ ÒÒ
â âàðèàíòå 3. Íåîáõîäèìî òàêæå èìåòü â âèäó, ÷òî
â âàðèàíòàõ 1 è 3 ÒÒ ÿâëÿþòñÿ îäíîâðåìåííî ñè-
ëîâûìè ýëåìåíòàìè, ÷åãî íå ìîæåò áûòü â
âàðèàíòå 2.

Âî âñåõ òðåõ âàðèàíòàõ îñíîâíûì ñïîñîáîì
ðåãóëèðîâàíèÿ òåìïåðàòóðû îõëàæäàåìûõ ïëàò,

Òàáëèöà 3

Ìàññà ÑÒÐ Q = 3,0 êÂò ïî âàðèàíòó 3

ÍÀÈÌÅÍÎÂÀÍÈÅ 
Ïëîùàäü èëè 

êîëè÷åñòâî â ÑÒÐ  

Ìàññà, êã 

1 ì2 èëè îäíîé 
øòóêè 

ñóììàðíàÿ 

1. Ñîòîïàíåëè    

1.1. Òåïëîâàÿ øèíà 4,61 ì2 5,78  26,64  

1.2. "Ñåâåð" ÌÏÍ 3,0 ì2 5,78  17,34  

1.3. "Þã" ÌÏÍ 3,0 ì2 5,78  17,34  

2. Òåïëîâûå òðóáû    

2.1. Òåïëîâàÿ øèíà 16 øò. 0,474 7,58  

2.2. "Ñåâåð" ÌÏÍ 16 øò. 0,239  3,82  

2.3. "Þã" ÌÏÍ 16 øò. 0,239  3,82  

2.4. Ðåãóëèðóåìûå 16 øò. 0,550  8,80  

3. ÊÒÒ    

3.1. "Ñåâåð" ÌÏÍ 4 øò. 2,9  11,6  

3.2. "Þã" ÌÏÍ 4 øò. 2,9  11,6  

5. Ýëåêòðîîáîãðåâàòåëè òðóáîïðîâîäîâ 
äâèãàòåëÿ îðèåíòàöèè íà ñîëíöå 

6 øò. 0,17  1,00 

6. Ýëåêòðîîáîãðåâàòåëè çàìåùàþùèå 6 øò. 0,3  1,8  

7. Ýêðàííî-âàêóóìíàÿ òåïëîèçîëÿöèÿ  Êîìïëåêò 2,0  2,00 

ÈÒÎÃÎ:   113,34  
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íà êîòîðûõ óñòàíîâëåíî òåïëîâûäåëÿþùåå îáî-
ðóäîâàíèå, ÿâëÿåòñÿ çàìåùåíèå ìîùíîñòüþ ýëåê-
òðîîáîãðåâàòåëåé. Òî÷íîñòü ðåãóëèðîâàíèÿ òåì-
ïåðàòóðû çàâèñèò îò àêòèâíîãî óïðàâëåíèÿ âêëþ-
÷åíèåì è âûêëþ÷åíèåì çàìåùàþùèõ ýëåêòðî-
îáîãðåâàòåëåé.

×àñòè÷íóþ ïàññèâíóþ ðåãóëèðóåìîñòü îáåñ-
ïå÷èâàåò  äâóõôàçíàÿ ÑÒÐ, ðàññìàòðèâàåìàÿ â
âàðèàíòå 3, íî ïðèìåíåíèå ãàçîðåãóëèðóåìûõ ÒÒ
â ñèñòåìå ñ õëàäîïðîèçâîäèòåëüíîñòüþ 3,0 êÂò
íåæåëàòåëüíî èç-çà áîëüøåé óäåëüíîé ìàññû.

Ðåçóëüòàòû ðàñ÷åòîâ òåïëîôèçè÷åñêèõ ïàðà-
ìåòðîâ è ìàññû ñèñòåì, êà÷åñòâåííîå ñðàâíåíèå
äðóãèõ ïàðàìåòðîâ ïîêàçàëè, ÷òî îïòèìàëüíîé
äëÿ ÑÒÐ ÊÀ íà ñòàöèîíàðíîé îðáèòå òåïëîâîé
ìîùíîñòüþ äî 3,0 êÂò ÿâëÿåòñÿ ÑÒÐ ñ ðàçìåùå-
íèåì òåïëîâûäåëÿþùåé àïïàðàòóðû íà ñåâåðíîé
è þæíîé ïàíåëÿõ ìîäóëÿ, èñïîëüçóåìûõ îäíîâðå-
ìåííî è êàê èçëó÷àòåëüíûå ðàäèàòîðû ÑÒÐ.
Ïàíåëè âûïîëíåíû â âèäå ñîòîâîé êîíñòðóêöèè,
è äëÿ ðàñïðåäåëåíèÿ òåïëà ïî ïëîùàäè ïàíåëè è
ïåðåäà÷è ìåæäó ïàíåëÿìè èñïîëüçóþòñÿ ÒÒ. Äëÿ
ïîääåðæàíèÿ òåìïåðàòóðû èñïîëüçóþòñÿ êîìïåí-
ñèðóþùèå è çàìåùàþùèå ýëåêòðîîáîãðåâàòåëè è
ÝÂÒÈ (âàðèàíò 1). ÒÒ îäíîâðåìåííî èñïîëüçó-
þòñÿ êàê ñèëîâîé ýëåìåíò êîíñòðóêöèè ÊÀ. Áà-
çîâûì ýëåìåíòîì òàêîé ÑÒÐ ÿâëÿåòñÿ àêñèàëü-
íàÿ ÒÒ îáùåé äëèíîé äî 3,0 ì è ïåðåäàâàåìîé
ìîùíîñòüþ äî 150 Âò. Óäåëüíàÿ ìàññîýíåðãåòè-
÷åñêàÿ õàðàêòåðèñòèêà òàêîé ñèñòåìû ñîñòàâëÿ-
åò ~ 33 êã/êÂò (áåç ó÷åòà îòíåñåíèÿ ÷àñòè ìàññû
ê ìàññå ñèëîâîé êîíñòðóêöèè).

Îäíàêî íà ýòàïå äåòàëüíîãî ïðîåêòèðîâàíèÿ,
íàïðèìåð â ýñêèçíîì ïðîåêòå, ïàðàìåòðû òåïëî-
âûõ òðóá, òîïîëîãèÿ èõ ïðîêëàäêè, øàã ìåæäó
òðóáàìè è äðóãèå êîíñòðóêòèâíûå îñîáåííîñòè
âûáðàííîãî âàðèàíòà ìîãóò áûòü óòî÷íåíû.

Ñïèñîê èñòî÷íèêîâ

1. Meseguer J., Pe ´rez-Grande I., Sanz-Andre ´s A.
Spacecraft thermal control. – Cambridge, UK:
Woodhead Publishing Limited, 2012. — 413 p.

2. Gilmore D.G. Spacecraft thermal control handbook.
— AIAA (American Institute of Aeronautics &
Astronautics); 2nd Revised ed. Edition, 2002.
— 836 p.

3. Êðóøåíêî Ã.Ã., Ãîëîâàíîâà Â.Â. Ñîâåðøåíñòâîâàíèå
ñèñòåìû òåðìîðåãóëèðîâàíèÿ êîñìè÷åñêèõ àïïà-
ðàòîâ // Âåñòíèê Ñèáèðñêîãî ãîñóäàðñòâåííîãî
àýðîêîñìè÷åñêîãî óíèâåðñèòåòà èì. Ì. Ô. Ðåøåò-
íåâà. 2014. ¹ 3(55). Ñ. 185–189.

4. ×åáîòàðåâ Â.Å., Çèìèí È.È. Ìåòîäèêà îöåíêè äèàïà-
çîíà ýôôåêòèâíîãî ïðèìåíåíèÿ óíèôèöèðîâàí-
íûõ êîñìè÷åñêèõ ïëàòôîðì // Ñèáèðñêèé æóðíàë

íàóêè è òåõíîëîãèé. 2018. Ò. 19. ¹ 3. Ñ. 532–537.
DOI: 10.31772/2587-6066-2018- 19-3-532-537.

5. Øèëêèí Î.Â., Êèøêèí À.À., Çóåâ À.À., Äåëêîâ À.Â.,
Ëàâðîâ Í.À. Ïðîåêòèðîâàíèå ñèñòåìû ïàññèâíî-
ãî îõëàæäåíèÿ áîðòîâîãî êîìïëåêñà êîñìè÷åñêîãî
àïïàðàòà // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2021. Ò. 28. ¹ 2. Ñ. 96-106. DOI:
10.34759/vst-2021-2-96-106

6. Êàóðîâ È.Â, Òêà÷åíêî È.Ñ., Ñàëìèí Â.Â. Ìåòîäè-
êà ïðîåêòèðîâàíèÿ ñèñòåìû îáåñïå÷åíèÿ òåïëîâî-
ãî ðåæèìà ìàëûõ êîñìè÷åñêèõ àïïàðàòîâ è âåðè-
ôèêàöèÿ ìàòåìàòè÷åñêèõ ìîäåëåé íà îñíîâå äàí-
íûõ òåëåìåòðèè // Âåñòíèê Ìîñêîâñêîãî àâèàöè-
îííîãî èíñòèòóòà. 2021. Ò. 28. ¹ 3. Ñ. 113-129.
DOI: 10.34759/vst-2021-2-113-129

7. Miao J., Zhong Q., Zhao Q., Zhao X. Spacecraft
Thermal Control Technologies. – Springer Nature
Singapore Pte Ltd, 2021. – 374 p.

8. Êîëåñíèêîâ À.Â., Ïàëåøêèí À.Â. ×èñëåííûé ìåòîä
ìîäåëèðîâàíèÿ âíåøíåãî òåïëîîáìåíà êîñìè÷åñ-
êîãî àïïàðàòà ñ ïðîèçâîëüíîé ôîðìîé íàðóæíûõ
ïîâåðõíîñòåé // Âåñòíèê Ìîñêîâñêîãî àâèàöèîí-
íîãî èíñòèòóòà. 2010. Ò. 17. ¹ 4. Ñ. 81-89.

9. Diaz-Aguado M., Greenbaum J., Fowler W.T., Lightsey E.G.
Small satellite thermal design, test, and analysis //
Defense and Security Symposium, 2006 (Orlando
(Kissimmee), Florida, USA). Vol. 6221. DOI:
10.1117/12.666177

10. Munoz S., Hornbuckle R.W., Lightsey E.G. FASTRAC
Early Flight Results // Journal of Small Satellites
(JoSS). 2012. Vol. 1. No. 2, pp. 49-61. URL: https:
//jossonline.com/wp-content/uploads/2014/12/0102-
FASTRAC-Early-Flight-Results.pdf

11. Àëåêñååâ Â.À., Êóäðÿâöåâà Í.Ñ., Ìàëîçåìîâ Â.Â.,
Ïè÷óëèí À.Ñ., Òèòîâà À.Ñ., Øàíãèí È.À. Ìàòåìà-
òè÷åñêîå ìîäåëèðîâàíèå òåïëîâûõ ïðîöåññîâ ìà-
ëîãàáàðèòíîé áîðòîâîé àïïàðàòóðû // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2010. Ò. 17.
¹ 1. Ñ. 55-61.

12. Àëåêñååâ Â.À., Êóäðÿâöåâà Í.Ñ., Òèòîâà À.Ñ. Âû-
áîð ïàðàìåòðîâ òåðìîêàìåðû äëÿ èñïûòàíèé àí-
òåííîé ðåøåòêè íåãåðìåòè÷íîãî ñïóòíèêà Çåìëè
// Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòó-
òà. 2014. Ò. 21. ¹ 1. Ñ. 154-162.

13. Æàðåíîâ È.Ñ., Æóìàåâ Ç.Ñ. Ñèñòåìà îáåñïå÷åíèÿ
òåïëîâîãî ðåæèìà ìèêðîñïóòíèêà «ÒàáëåòÑàò-
Àâðîðà»: ïðîåêòèðîâàíèå è ë¸òíàÿ îòðàáîòêà //
Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà.
2015. Ò. 22. ¹ 3. Ñ. 63-75.

14. Âÿòëåâ Ï.À., Ñåðãååâ Ä.Â., Ñûñîåâ À.Ê., Ñûñîåâ Â.Ê.
Âëèÿíèå äëèòåëüíîãî õðàíåíèÿ íà õàðàêòåðèñòè-
êè ýëåìåíòîâ òåðìîðåãóëèðóþùèõ ïîêðûòèé êîñ-
ìè÷åñêèõ àïïàðàòîâ // Âåñòíèê Ìîñêîâñêîãî àâèà-
öèîííîãî èíñòèòóòà. 2020. Ò. 27. ¹ 4. Ñ. 222-228.
DOI: 10.34759/vst-2020-4-222-228

15. Hartsfield C.R., Shelton T.E., Palmer B.O., O’Hara R.
All-metallic phase change thermal management
systems for transient spacecraft loads // Journal of



79Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

Î.Â. Øèëêèí, À.Ï. Êîëåñíèêîâ, À.À. Êèøêèí, À.À. Çóåâ, À.Â. Äåëêîâ O.V. Shilkin, A.P. Kolesnikov, A.A. Kishkin, .A. Zuev, A.V. Delkov

Aerospace Engineering. 2020. Vol. 33. No. 4. DOI:
10.1061/(ASCE)AS.1943-5525.0001150

 16. Ivanushkin M.A., Tkachenko I.S., Safronov S.L. et al.
On the results of processing of the telemetry data
received from the “AIST” small satellite constellation
// Journal of Physics: Conference Series. 2019.
Vol. 1368. No. 4. DOI: 10.1088/1742-6596/1368/4/
042062

17. Veshkini A., Lee K., Jackson C., Pye C. Modeling
Lunar and Martian Environments with Simcenter 3D
Space Systems Thermal // 49th International
Conference on Environmental Systems – ICES’2019-
167 (07-11 July 2019; Boston, Massachusetts). URI:
https://hdl.handle.net/2346/84935

18. Hinterman E., Hoffman J.A. Simulating oxygen
production on Mars for the Mars Oxygen In-Situ
Resource Utilization Experiment // Acta Astronautica.
2020. Vol. 170, pp. 678-685. DOI: 10.1016/
j.actaastro.2020.02.043

19. Çóåâ À.À., Íàçàðîâ Â.Ï., Àðíãîëüä À.À. Îïðåäåëåíèå
ëîêàëüíîãî êîýôôèöèåíòà òåïëîîòäà÷è ñ èñïîëü-
çîâàíèåì ìîäåëè òåìïåðàòóðíîãî ïîãðàíè÷íîãî
ñëîÿ â ïîëîñòÿõ âðàùåíèÿ ãàçîâûõ òóðáèí // Âåñò-
íèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2019.
Ò. 26. ¹ 2. Ñ. 99-115.

20. Çóåâ À.À., Ïèóíîâ Â.Þ., Íàçàðîâ Â.Ï., Àðíãîëüä À.À.
Îïðåäåëåíèå ëîêàëüíîãî êîýôôèöèåíòà òåïëîîò-
äà÷è ñ èñïîëüçîâàíèåì ìîäåëè òåìïåðàòóðíîãî
ïîãðàíè÷íîãî ñëîÿ ñ êîíâåêòèâíîé ñîñòàâëÿþùåé

â ïîëîñòÿõ âðàùåíèÿ ÒÍÀ ÆÐÄ // Âåñòíèê
Þæíî-Óðàëüñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòå-
òà. Ñåðèÿ: Ìàøèíîñòðîåíèå. 2019. Ò. 19. ¹ 2.
Ñ. 30-44. DOI: 10.14529/engin190203

21. Weyburne D.W. Approximate heat transfer coefficients
based on variable thermophysical properties for
laminar flow over a uniformly heated flat plate //
International Journal of Heat and Mass Transfer. 2008.
Vol. 44. No. 7, pp. 805–813. DOI: 10.1007/s00231-
007-0306-z

22. Weyburne D.W. New thickness and shape parameters
for the boundary layer velocity profile // Experimental
Thermal and Fluid Science. 2014. Vol. 54, pp. 22–
28. DOI: 10.1016/j.expthermflusci.2014.01.008

23. Patil P.M., Roy M., Shashikant A. et al. Triple diffusive
mixed convection from an exponentially decreasing
mainstream velocity // International Journal of Heat
and Mass Transfer. 2018. Vol. 124, pp. 298–306. DOI:
10.1016/j.ijheatmasstransfer.2018.03.052

24. Seyyedi S.M., Dogonchi A.S., Hashemi-Tilehnoee M.,
Ganji D.D. Improved velocity and temperature profiles
for integral solution in the laminar boundary layer flow
on a semi-infinite flat plate // Heat Transfer – Asian
Research. 2019. Vol. 48. No. 1, pp. 182–215. DOI:
10.1002/htj.21378

25. Denarie A., Aprile M., Motta M. Heat transmission over
long pipes: New model for fast and accurate district
heating simulations // Energy. 2019. Vol. 166,
pp. 267–276. DOI: 10.1016/j.energy.2018.09.186

References

1. Meseguer J., Pe´rez-Grande I., Sanz-Andre ´s A.
Spacecraft thermal control. Cambridge, UK, Woodhead
Publishing Limited, 2012, 413 p.

2. Gilmore D.G. Spacecraft thermal control handbook.
AIAA (American Institute of Aeronautics &
Astronautics), 2nd Revised ed. Edition, 2002, 836 p.

3. Krushenko G.G., Golovanova V.V. Vestnik Sibirskogo
gosudarstvennogo aerokosmicheskogo universiteta im.
M.F. Reshetneva, 2014, no. 3(55), pp. 185–189.

4. Chebotarev V.E., Zimin I.I. Procedure for evaluating
the effective use range of the unified space platforms.
Siberian journal of science and technology, 2018,
vol. 19, no. 3, pp. 532–537. DOI: 10.31772/2587-
6066-2018- 19-3-532-537

5. Shilkin O.V., Kishkin A.A., Zuev A.A., Delkov A.V.,
Lavrov N.A. Passive cooling system designing for a
spacecraft onboard complex. Aerospace MAI Journal,
2021, vol. 28, no. 2, pp. 96-106. DOI: 10.34759/vst-
2021-2-96-106

6. Kaurov I. V., Tkachenko I. S., Salmin V. V. Design
technique for small spacecraft thermal control system
and mathematical models verificatioin based on
telelmetry data. Aerospace MAI Journal, 2021, vol. 28,
no. 3, pp. 113-129. DOI: 10.34759/vst-2021-2-113-
129

7. Miao J., Zhong Q., Zhao Q., Zhao X. Spacecraft
Thermal Control Technologies. Springer Nature
Singapore Pte Ltd, 2021, 374 p.

8. Kolesnikov A.V., Paleshkin A.V. Numerical method
of modelling of external heat exchange of the space
vehicle with any form of external surfaces. Aerospace
MAI Journal, 2010, vol. 17, no. 4, pp. 81-89.

9. Diaz-Aguado M., Greenbaum J., Fowler W.T.,
Lightsey E.G. Small satellite thermal design, test, and
analysis. Defense and Security Symposium, 2006
(Orlando (Kissimmee), Florida, USA), vol. 6221.
DOI: 10.1117/12.666177

10. Munoz  S., Hornbuckle R.W., Lightsey E.G.
FASTRAC Early Flight Results. Journal of Small
Satellites (JoSS), 2012, vol. 1, no. 2, pp. 49-61. URL:
https://jossonline.com/wp-content/uploads/2014/12/
0102-FASTRAC-Early-Flight-Results.pdf

11. Alekseev V.A., Kudriavtseva N.S., Malozemov V.V.,
Pichulin V.S., Titova A.S., Shangin I.A. Mathematical
modeling of heat processes of miniature unboard
equipment. Aerospace MAI Journal, 2010, vol. 17,
no. 1, pp. 55-61.

12. Alekseev V.A., Kudriavtseva N S., Titova A.S. Heat
chamber parameter choice for nonpressurized earth
satellite antenna array thermal tests. Aerospace MAI
Journal, 2014, vol. 21, no. 1, pp. 154-162.



Î.Â. Øèëêèí, À.Ï. Êîëåñíèêîâ, À.À. Êèøêèí, À.À. Çóåâ, À.Â. Äåëêîâ O.V. Shilkin, A.P. Kolesnikov, A.A. Kishkin, .A. Zuev, A.V. Delkov

80Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 25.11.2021; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 11.12.2021; ïðèíÿòà ê
ïóáëèêàöèè 11.12.2021.

The article was submitted on 25.11.2021; approved after reviewing on 11.12.2021; accepted for publication
on 11.12.2021.

13. Zharenov I.S., Zhumaev Z.S. Thermal Control
Provision System for the TabletSat-Aurora
microsatellite: design and flight adaptation. Aerospace
MAI Journal, 2015, vol. 22, no. 3, pp. 63-75.

14. Vyatlev P.A., Sergeev D.V., Sysoev A.K., Sysoev V.K.
Long-term storage impact on spacecraft temperature-
regulating coating elements characteristics. Aerospace
MAI Journal, 2020, vol. 27, no. 4, pp. 222-228. DOI:
10.34759/vst-2020-4-222-228

15. Hartsfield C.R., Shelton T.E., Palmer B.O., O’Hara R.
All-metallic phase change thermal management
systems for transient spacecraft loads. Journal of
Aerospace Engineering, 2020, vol. 33, no. 4. DOI:
10.1061/(ASCE)AS.1943-5525.0001150

16. Ivanushkin M.A., Tkachenko I.S., Safronov S.L. et al.
On the results of processing of the telemetry data
received from the “AIST” small satellite constellation.
Journal of Physics: Conference Series, 2019, vol. 1368,
no. 4. DOI: 10.1088/1742-6596/1368/4/042062

17. Veshkini A., Lee K., Jackson C., Pye C. Modeling
Lunar and Martian Environments with Simcenter 3D
Space Systems Thermal. 49th International Conference
on Environmental Systems – ICES’2019-167
(07-11 July 2019; Boston, Massachusetts). URI: https:
//hdl.handle.net/2346/84935

18. Hinterman E., Hoffman J.A. Simulating oxygen
production on Mars for the Mars Oxygen In-Situ
Resource Utilization Experiment. Acta Astronautica,
2020, vol. 170, pp. 678-685. DOI: 10.1016/
j.actaastro.2020.02.043

19. Zuev A.A., Nazarov V.P., Arngol’d A.A. Determining
local heat transfer coefficient by a model of

temperature boundary layer in gas turbine cavity of
rotation. Aerospace MAI Journal, 2019, vol. 26, no. 2,
pp. 99-115

20. Zuev A.A., Piunov V.Yu., Nazarov V.P., Arngol’d
A.A. Vestnik Yuzhno-Ural’skogo gosudarstvennogo
universiteta. Seriya: Mashinostroenie, 2019, vol. 19,
no. 2, pp. 30-44. DOI: 10.14529/engin190203

21. Weyburne D.W. Approximate heat transfer coefficients
based on variable thermophysical properties for
laminar flow over a uniformly heated flat plate
International Journal of Heat and Mass Transfer, 2008,
vol. 44, no. 7, pp. 805–813. DOI: 10.1007/s00231-
007-0306-z

22. Weyburne D.W. New thickness and shape parameters
for the boundary layer velocity profile. Experimental
Thermal and Fluid Science, 2014, vol. 54, pp. 22–28.
DOI: 10.1016/j.expthermflusci.2014.01.008

23. Patil P.M., Roy M., Shashikant A. et al. Triple
diffusive mixed convection from an exponentially
decreasing mainstream velocity. International Journal
of Heat and Mass Transfer, 2018, vol. 124, pp. 298–
306. DOI: 10.1016/j.ijheatmasstransfer.2018.03.052

24. Seyyedi S.M., Dogonchi A.S., Hashemi-Tilehnoee M.,
Ganji D.D. Improved velocity and temperature
profiles for integral solution in the laminar boundary
layer flow on a semi-infinite flat plate. Heat Transfer
– Asian Research, 2019, vol. 48, no. 1, pp. 182–215.
DOI: 10.1002/htj.21378

25. Denarie A., Aprile M., Motta M. Heat transmission
over long pipes: New model for fast and accurate
district heating simulations. Energy, 2019, vol. 166,
pp. 267–276. DOI: 10.1016/j.energy.2018.09.186


