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Àííîòàöèÿ. Ïðè ïðîåêòèðîâàíèè îáëèêà êîñìè÷åñêîãî àïïàðàòà ïàðàëëåëüíî ïðîåêòèðóåòñÿ åãî
ñèñòåìà îáåñïå÷åíèÿ òåïëîâîãî ðåæèìà (ÑÎÒÐ). Â ñòàòüå ðàññìàòðèâàåòñÿ ïðåäëîæåííûé ìåòîä èäåí-
òèôèêàöèè ñðåäíåèíòåãðàëüíîãî êîýôôèöèåíòà òåïëîîòäà÷è òåïëîíîñèòåëÿ îò àêñèàëüíîé òåïëî-
âîé òðóáû (ÀÒÒ) ê ôèòèëþ êàê ôóíêöèè îò òåìïåðàòóðû. Öåëü àêñèàëüíûõ òåïëîâûõ òðóá — îòâå-
äåíèå òåïëîâîé ýíåðãèè îò òåïëîâûäåëÿþùåãî îáîðóäîâàíèÿ è ïåðåðàñïðåäåëåíèå åãî ïî ïîâåðõ-
íîñòè ðàäèàòîðà â îáåñïå÷åíèå øòàòíîãî ôóíêöèîíèðîâàíèÿ öåëåâîé áîðòîâîé àïïàðàòóðû êîñìè-
÷åñêîãî àïïàðàòà (ÊÀ). Òàêèì îáðàçîì, ïîëó÷åíèå àíàëèòè÷åñêîé çàâèñèìîñòè êîýôôèöèåíòà òåï-
ëîîòäà÷è êàê ôóíêöèè îò ýêñïëóàòàöèîííûõ òåìïåðàòóð ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé â ïðîåêòè-
ðîâàíèè ñèñòåìû îáåñïå÷åíèÿ òåïëîâîãî ðåæèìà ÊÀ.
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Abstract

The article proposes a method for reconstructing the average integral heat transfer coefficient as a function
of temperature for axial heat pipes. This method is based on the studied parameter representation in the
form of its parameterized value, multiplied by the corresponding basis function that describes its dependence
on the temperature. Linear-continuous function was selected as the basis one. Further, with the selected
initial approximation of the heat transfer coefficient parameter, the “direct” problem of the theoretical
temperature field determining is being solved under known initial-boundary conditions and thermo-physical
properties of the material. Based on the flight thermal elaboration of the axial tube, the root-mean-square
deviation between the theoretical and experimental temperature field at the sites of temperature sensors
installation is being composed. The obtained functional is being minimized by the conjugate directions method,
with preliminary selection of the descent step. The descent step is being selected from the condition of the
residual functional minimum at all iterations, starting from the second one. Likewise, one of the most
important tasks prior to minimization is finding the gradient component of this functional. For this purpose,
the statement of the “direct” problem of heating the pipe is being solved again with a preliminary differentiation
of this statement of the problem by the parameterized value of the heat transfer coefficient. The sum of
errors, namely systematic, statement of the research problem, rounding and the set problem solving method,
was selected as the iteration process termination criterion. Reaching the termination criterion assumes that
the searched for parameterized value is found, otherwise the above described routine should be repeated
again. To check the adequacy of the developed method, the obtained result was compared to the method
for the heat transfer coefficient determining from the thermal resistances analysis based on the experimental
temperature field. Analysis of relative errors shows good convergence in the case of this coefficient averaging
over time with its experimental counterpart, otherwise, a greater number of considered time blocks and a
more accurate thermal model of an axial heat pipe are required.

Keywords: axial heat pipe, spacecraft, natural convection, thermal mode systems, coefficient inverse
problem, iterative regularization method
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Ââåäåíèå

Ïðè ïðîåêòèðîâàíèè ñèñòåìû îáåñïå÷åíèÿ
òåïëîâîãî ðåæèìà (ÑÎÒÐ) êîñìè÷åñêèõ àïïàðà-
òîâ çà÷àñòóþ ïðèìåíÿþòñÿ àêñèàëüíûå òåïëîâûå
òðóáû, óñòàíàâëèâàåìûå íà ðàäèàòîðàõ-èçëó÷àòå-
ëÿõ. Â íàñòîÿùåå âðåìÿ èçó÷åíèå òåïëîâûõ ïðî-
öåññîâ â àêñèàëüíûõ òåïëîâûõ òðóáàõ îòðàæåíî
â ðàáîòàõ [1—4]. Êëàññè÷åñêèé ïîäõîä ê îïðåäå-
ëåíèþ êîýôôèöèåíòà òåïëîîòäà÷è áàçèðóåòñÿ íà
ðåøåíèè êðèòåðèàëüíîãî óðàâíåíèÿ ÷åðåç êîýô-
ôèöèåíòû ïîäîáèÿ [5], à òàêæå íà âûâîäå êîýô-
ôèöèåíòà òåïëîîòäà÷è èç àíàëèçà ïîëíîãî òåð-
ìè÷åñêîãî ñîïðîòèâëåíèÿ, ïîëó÷àåìîãî ýêñïåðè-
ìåíòàëüíûì ïóòåì [6—16].

Ðåøåíèå çàäà÷è

Ïåðâûì øàãîì ê ðåøåíèþ çàäà÷è âîññòàíîâ-
ëåíèÿ ïàäàþùåãî íà ðàäèàòîð-èçëó÷àòåëü òåïëî-
âîãî ïîòîêà íåîáõîäèìî ðåøèòü «ïðÿìóþ» çàäà÷ó
ïðîãðåâà òåïëîâîé òðóáû (ÒÒ) ïðè èçâåñòíîì
âíåøíåì òåïëîâîì âîçäåéñòâèè. Ïðèíöèïèàëü-
íàÿ ñõåìà àêñèàëüíîé òåïëîâîé òðóáû ïðåäñòàâ-
ëåíà íà ðèñ. 1 è 2.

Ðèñ. 1. Ñõåìà àêñèàëüíîé òåïëîâîé òðóáû

Ïî äëèíå òåïëîâîé òðóáû ìîæíî âûäåëèòü
èñïàðèòåëüíûé, àäèàáàòè÷åñêèé è êîíäåíñàòîð-
íûé ó÷àñòêè, èìåþùèå ñîîòâåòñòâåííî
äëèíû Le, La, Lc. Èñïàðèòåëüíûé ó÷àñòîê ÒÒ ñâÿ-
çàí ñ ýëåìåíòîì êîíñòðóêöèè èëè îáîðóäîâàíèÿ,
îò êîòîðîãî îòâîäèòñÿ òåïëî. Ïðè ïîäâåäåíèè
òåïëîâîãî ïîòîêà Q ÷àñòü ðàáî÷åé æèäêîñòè, çà-
ïîëíÿþùåé ôèòèëü, èñïàðÿåòñÿ è çà ñ÷åò ðàçíî-
ñòè äàâëåíèé ïàðà â èñïàðèòåëå è êîíäåíñàòîðå



113Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 3 Aerospace MAI Journal, vol. 29, no. 3

Í.Î. Áîðùåâ N.O. Borshchev

ïåðåíîñèòñÿ â êîíäåíñàòîð. Ó÷àñòîê êîíäåíñà-
öèè ñâÿçàí ñ ýëåìåíòîì êîíñòðóêöèè, òåìïåðà-
òóðà êîòîðîãî íèæå òåìïåðàòóðû ó÷àñòêà èñïà-
ðåíèÿ è êîòîðîìó ïåðåäàåòñÿ òåïëîâîé
ïîòîê Q îò êîíäåíñèðóþùåéñÿ ðàáî÷åé æèäêî-
ñòè. Íà ðèñ. 2 ïðèâåäåíà òåïëîâàÿ ñõåìà ÒÒ. Îò
íàãðåòîãî äî òåìïåðàòóðû Ò1 ýëåìåíòà êîíñòðóê-
öèè òåïëî ïåðåíîñèòñÿ ê íàðóæíîé ïîâåðõíîñ-
òè ñòåíêè èñïàðèòåëüíîãî ó÷àñòêà, èìåþùåãî
òåìïåðàòóðó Twe. Òåðìè÷åñêîå ñîïðîòèâëåíèå
êîíòàêòà  R1. Äàëåå ÷àñòü òåïëîâîãî ïîòîêà ïðî-
õîäèò ê âíóòðåííåé ïîâåðõíîñòè ñòåíêè èñïàðè-
òåëÿ, èìåþùåãî ñîïðîòèâëåíèå Rwe  è òåìïåðàòó-

ðó t
weT , è ÷åðåç ôèòèëü (ñîïðîòèâëåíèå f

eR ) â

çîíó èñïàðåíèÿ, à ÷àñòü ïåðåíîñèòñÿ âäîëü ñòåí-
êè ÒÒ ê ó÷àñòêó êîíäåíñàöèè (ñîïðîòèâëåíèå
Rw ). Ñ ïîâåðõíîñòè ôèòèëÿ, èìåþùåé òåìïåðà-

òóðó f
eT , èñïàðÿåòñÿ ðàáî÷àÿ æèäêîñòü. Ñîïðî-

òèâëåíèå ôàçîâîãî ïåðåõîäà fg
eR . Äàëåå ïàð ïå-

ðåíîñèò òåïëî â çîíó êîíäåíñàöèè. Ïàð èìååò

òåìïåðàòóðû â çîíå èñïàðåíèÿ è êîíäåíñàöèè g
eT

è g
cT   ñîîòâåòñòâåííî, ñîïðîòèâëåíèå òðàíñïîð-

òíîãî ó÷àñòêà Rg. Â çîíå êîíäåíñàöèè òåïëî ïå-
ðåäàåòñÿ ôèòèëþ è çàòåì ÷åðåç ôèòèëü, ñòåíêó è
êîíòàêò ïåðåõîäèò ê ýëåìåíòó êîíñòðóêöèè ñ
òåìïåðàòóðîé Ò2. Öåïî÷êà òåðìè÷åñêèõ ñîïðî-

òèâëåíèé íà ýòîì ó÷àñòêå:  fg
сR , f

сR , Rwc, R2.

Ïîñòàíîâêà çàäà÷è àíàëîãè÷íà ïîñòàíîâêå
çàäà÷è èäåíòèôèêàöèè òåïëîâîãî ïîòîêà.

Ïðåäñòàâèì çàâèñèìîñòü îò òåìïåðàòóðû
ñðåäíåèíòåãðàëüíîãî êîýôôèöèåíòà òåïëîîòäà-
÷è îò ôèòèëÿ ê òåïëîíîñèòåëþ ïðè àïïðîêñèìà-

öèè ëèíåéíî-íåïðåðûâíûìè áàçèñíûìè ôóíê-
öèÿìè â ñëåäóþùåì âèäå [17—20]:
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Êðèòåðèåì îñòàíîâà èòåðàöèîííîãî ïðîöåñ-
ñà ÿâëÿåòñÿ âûðàæåíèå
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íàëà ïðè ðåøåíèè çàäà÷è ìåòîäîì èòåðàöèîííîé
ðåãóëÿðèçàöèè áóäåò èìåòü âèä [7, 8]
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Äàííàÿ ñèñòåìà óðàâíåíèé òàêæå ðåøàåòñÿ
ìåòîäîì Êóòòà 4-ãî ïîðÿäêà.

Â êà÷åñòâå ðàáî÷åãî òåëà â ÒÒ èñïîëüçóåòñÿ
àììèàê îñîáîé ÷èñòîòû. Äèàïàçîí ðàáî÷èõ òåìïå-
ðàòóð àììèàêà îò -70 äî + 60 °Ñ. Äèàïàçîí ðàáî÷èõ
äàâëåíèé îò 0,5 äî 20 êãñ/ñì2. Ïëîòíîñòü òåïëîâî-
ãî ïîòîêà â çîíå èñïàðåíèÿ íå áîëåå 5·104 Âò/ì2.
Ïëîòíîñòü òåïëîâîãî ïîòîêà â çîíå êîíäåíñàöèè
îò 0,1 äî 1 Âò/ñì2.

Ïîäâîä òåïëà ê òåïëîâîìó ýëåìåíòó (ÒÝ)
îáåñïå÷èâàåòñÿ çà ñ÷åò øåñòè ïîâåðõíîñòíûõ
ýëåêòðîíàãðåâàòåëåé, óñòàíîâëåííûõ íà ïîëêàõ
â èñïàðèòåëüíîé çîíå ÒÒ. Ìîùíîñòü êàæäîé ñåê-
öèè ÝÍ 25±1 Âò ïðè íàïðÿæåíèè ïèòàíèÿ ïîñòî-

ÿííîãî òîêà U = 27±1 Â. Îòâîä òåïëà îò êîíäåí-
ñàöèîííîé çîíû ÒÒ îáåñïå÷èâàåòñÿ èçëó÷åíèåì
ñ ðàäèàöèîííîé ïîâåðõíîñòè ÒÝ.

Äëèíà èñïàðèòåëüíîé çîíû ÒÒ íå ïðåâûøà-
åò 250 ìì. Äëèíà êîíäåíñàöèîííîé çîíû ÒÒ íå
ïðåâûøàåò 1250 ìì.

Íà ïîëêàõ èñïàðèòåëüíîé è êîíäåíñàöèîííîé
çîí ÒÒ óñòàíîâëåíû äàò÷èêè òåìïåðàòóðû
(ðèñ. 3).

Ýêñïåðèìåíòàëüíàÿ ëåòíàÿ òåïëîâàÿ îòðàáîò-
êà ÀÒÒ ïðè èçâåñòíîé öèêëîãðàììå òåïëîâûäå-
ëåíèé äëÿ ïåðâûõ äâóõ òåðìîïàð öåëåâîãî îáî-
ðóäîâàíèÿ è ïàðàìåòðîâ îðáèòû ïðåäñòàâëåíà íà
ðèñ. 4.

Òåïåðü ðàññìîòðèì ïîëó÷åííûå ðåçóëüòàòû
èäåíòèôèêàöèè ñðåäíåèíòåãðàëüíîãî êîýôôèöè-
åíòà òåïëîîòäà÷è êàê ôóíêöèè îò òåìïåðàòóðû
ñòåíêè ôèòèëÿ. Ïðîìåæóòî÷íûå ðåçóëüòàòû ïî
èçìåíåíèþ òåìïåðàòóðíîãî ïîëÿ, íåðåãóëÿðèçè-
ðóåìîé íåâÿçêè è êîýôôèöèåíòà òåïëîîòäà÷è â
çàâèñèìîñòè îò íîìåðà èòåðàöèè â êàæäîì âðå-
ìåííîì áëîêå ïðåäñòàâëåíû íà ðèñ. 5—7.

Ðåçóëüòàòû èçìåíåíèÿ ñðåäíåèíòåãðàëüíîãî
êîýôôèöèåíòà òåïëîîòäà÷è ïî ïîâåðõíîñòè ÀÒÒ,
ïîëó÷åííûå â ðåçóëüòàòå ðåøåíèÿ êîýôôèöèåí-
òíîé îáðàòíîé çàäà÷è òåïëîïðîâîäíîñòè (ÎÇÒ)
è íà îñíîâå ìåòîäèêè ïåðåñ÷åòà ÷åðåç ïîëíîå
òåðìè÷åñêîå ñîïðîòèâëåíèå êîíñòðóêöèè ïðåä-
ñòàâëåíû íà ðèñ. 8.

Èíòåðåñ ïðåäñòàâëÿþò îòíîñèòåëüíûå ïî-
ãðåøíîñòè ðàñ÷åòà äàííîé çàäà÷è, îïðåäåëÿåìûå
ïî ôîðìóëå

( )ÎÇÒ
.R

R

α α
δ

α
-

=

Èçìåíåíèå îòíîñèòåëüíîé ïîãðåøíîñòè ðàñ-
÷åòà â çàâèñèìîñòè îò òåìïåðàòóðû íàãëÿäíî
ïðåäñòàâëåíî íà ðèñ. 9.

Âûâîäû

Åñëè ñðàâíèòü çíà÷åíèÿ êîýôôèöèåíòà òåï-
ëîîòäà÷è, ïîëó÷åííûå ïî äâóì ðàññìîòðåííûì
ìåòîäèêàì, òî âèäíî, ÷òî îòíîñèòåëüíûå ïîãðåø-
íîñòè ðàñ÷åòà âûñîêèå, îäíàêî îñðåäíåííûå âî
âðåìåíè êîýôôèöèåíòû òåïëîîòäà÷è áóäóò ïðè-
ìåðíî ðàâíû. Âûñîêèå îòíîñèòåëüíûå ïîãðåø-
íîñòè ðàñ÷åòà îáúÿñíÿþòñÿ íåòî÷íîñòüþ ìîäåëè
ðàñ÷åòà, íåîäíîçíà÷íîñòüþ çàâèñèìîñòè êîýô-
ôèöèåíòà òåïëîîòäà÷è îò òåìïåðàòóðû, ïîãðåø-
íîñòüþ ìåòîäà ðåøåíèÿ çàäà÷è è äðóãèìè ôàê-
òîðàìè.
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Ðèñ. 3. Âèä àêñèàëüíîé òåïëîâîé òðóáû: à — ñïåðåäè; á — ñâåðõó; â — ñáîêó

à)

á)

â)

Ðèñ. 4. Ýêñïåðèìåíòàëüíàÿ ëåòíàÿ òåïëîâàÿ îòðàáîòêà ÀÒÒ
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Ðèñ. 5. Èçìåíåíèå òåìïåðàòóðíîãî òåîðåòè÷åñêîãî ïîëÿ â êàæäîì âðåìåííîì áëîêå â çàâèñèìîñòè
îò íîìåðà èòåðàöèè

Ðèñ. 6. Èçìåíåíèå íåðåãóëÿðèçèðóåìîé íåâÿçêè â êàæäîì âðåìåííîì áëîêå â çàâèñèìîñòè
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Ðèñ. 7. Èçìåíåíèå êîýôôèöèåíòà òåïëîîòäà÷è â êàæäîì âðåìåííîì áëîêå â çàâèñèìîñòè îò íîìåðà èòåðàöèè

Ðèñ. 8. Èçìåíåíèå êîýôôèöèåíòà òåïëîîòäà÷è â çàâèñèìîñòè îò òåìïåðàòóðû, ðàññ÷èòàííûå ïî äâóì
ìåòîäèêàì (êðàñíàÿ êðèâàÿ — ðåøåíèå ÎÇÒ, ñèíÿÿ êðèâàÿ — íà îñíîâå ïîëíîãî òåðìè÷åñêîãî ñîïðîòèâëåíèÿ)

Ðèñ. 9. Èçìåíåíèå îòíîñèòåëüíîé ïîãðåøíîñòè ðàñ÷åòà â çàâèñèìîñòè îò òåìïåðàòóðû
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