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Â áîëüøèíñòâå ñîâðåìåííûõ ñàìîëåòîâ ïîâñåìåñòíî ïðèìåíÿþòñÿ ñèñòåìû êîíäèöèîíèðîâàíèÿ 
âîçäóõà, äëÿ îáåñïå÷åíèÿ êîìôîðòíûì óñëîâèé ïîëåòà ïàññàæèðîâ è ýêèïàæà, à òàêæå äëÿ îõ-
ëàæäåíèÿ îáîðóäîâàíèÿ àïïàðàòà. Ñàìîëåòîñòðîåíèå ðàçâèâàåòñÿ ñ êàæäûì ãîäîì, è òðåáîâàíèÿ 
ê òàêèì ñèñòåìàì ïîâûøàþòñÿ. Ïðåäâàðèòåëüíûå ðàñ÷åòû è àíàëèçû òàêèõ ñèñòåì èìåþò êëþ÷å-
âîå çíà÷åíèå â èõ ðàçðàáîòêå. Ïîäîáíûå ðàñ÷åòû ïîâçîëÿþò îïðåäåëèòü âåñü äàëüíåéøèé ïóòü 
ðàçðàáîòêè ñèñòåìû è ïðåäîâðàòèòü ìíîæåñòâî îøèáîê. Òàêæå îíè ïîìîãàþò ðåãóëÿðíî óëó÷øàòü 
ïîêàçàòåëè ñèñòåì, â ÷àñòíîñòè èõ ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè. Îñíîâíûìè òðåáîâàíèÿìè 
ê ñèñòåìàì ÿâëÿþòñÿ íàäåæíîñòü, ýíåðãîýôôåêòèâíîñòü è ìàññî-ãàáàðèòíûå ïàðàìåòðû. Èìåííî 
îá àíàëèçå ýôôåêòèâíîñòè ñèñòåìû è åå îòäåëüíûõ óçëîâ íàïèñàíà ýòà ðàáîòà. Ïîìèìî ýòîãî 
ðàññìîòðåíî îòäåëüíî âëèÿíèå ñòîðîííèõ ôàêòîðîâ íà ýôôåêòèâíîñòü ñèñòåìû, â ÷àñòíîñòè – 
íàëè÷èå âëàãè â ïîòîêå ðàáî÷åãî âîçäóõà. Â äàííîé ñòàòüå ðàññìîòðåíû ðåçóëüòàòû òåðìîäèíà-
ìè÷åñêîãî ðàñ÷åòà è àíàëèçà ýíòðîïèéíî-ñòàòèñòè÷åñêèì ìåòîäîì ñèñòåìû êîíäèöèîíèðîâàíèÿ 
âîçäóõà íà ðàçëè÷íûõ ðåæèìàõ ðàáîòû. Ðàññìîòðåíû ýôôåêòèâíîñòü ñèñòåìû â öåëîì è ïðîàíà-
ëèçèðîâàíî âëèÿíèå íåñîâåðøåíñòâà êàæäîãî èç åå óçëîâ â ÷àñòíîñòè. Â êà÷åñòâå èñõîäíûõ ïà-
ðàìåòðîâ äëÿ ðàñ÷åòà ñèñòåì âçÿòû ñòàíäàðòíûå ïàðàìåòðû ðàáîòû òàêèõ ñèñòåì íà ñàìîëåòàõ. 
Äëÿ àíàëèçà âûáðàíà ñèñòåìà ñ äâóõêîëåñíûì òóðáîõîëîäèëüíûì àãðåãàòîì ñ âëàãîóäàëåíèåì 
íà òðàêòå âûñîêîãî äàâëåíèÿ. Ïðèâåäåíà ïðèíöèïèàëüíàÿ ñõåìà ðàññìàòðèâàåìîé ñèñòåìû, äàíû 
ôîðìóëû ðàñ÷åòà ìèíèìàëüíî íåîáõîäèìîé ðàáîòû äëÿ êîìïåíñàöèè ïðîèçâîäñòâà ýíòðîïèè 
ïî óçëàì ñèñòåìû. Äëÿ âû÷èñëåíèé èñïîëüçîâàëèñü ïðîãðàììíûå êîìïëåêñû MathCAD, Coolprop 
è Matlab. 
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 Ââåäåíèå
Â íàøå âðåìÿ ïðàêòè÷åñêè âñå ñàìîëåòû 

îñíàùåíû ñîâðåìåííûìè ñèñòåìàìè êîíäè-
öèîíèðîâàíèÿ âîçäóõà (ÑÊÂ). Çàäà÷àìè òàêèõ 
ñèñòåì ÿâëÿþòñÿ îáåñïå÷åíèå êîìôîðòíîãî 
ñóùåñòâîâàíèÿ ÷åëîâåêà âî âðåìÿ ïðåáûâàíèÿ 
â ñàìîëåòå. Îíè ðåãóëèðóþò òàêèå ïàðàìåòðû 
âîçäóõà êàê òåìïåðàòóðà, äàâëåíèå, ðàñõîä, 
âëàãîñîäåðæàíèå è ò.ä. Íà ðàçëè÷íûõ ðåæèìàõ 
ïîëåòà ÑÊÂ ìîãóò ðàáîòàòü êàê â ðåæèìå îõ-
ëàæäåíèÿ, òàê è â ðåæèìå îáîãðåâà. Ïðè ïðî-
åêòèðîâàíèè ÑÊÂ îñíîâíûå òðåáîâàíèÿ ïðåäú-
ÿâëÿþòñÿ ê ìàññîãàáàðèòíûì ïàðàìåòðàì, 
íàäåæíîñòè, ýôôåêòèâíîñòè. Ýòèìè ïàðàìå-
òðàìè îáóñëàâëèâàåòñÿ èòîãîâàÿ ñòîèìîñòü 
ÑÊÂ, çàòðàòû íà åå îáñëóæèâàíèå è ò.ä.

Îäíîé èç îñíîâíûõ ïðîáëåì ïðè ðàáîòå 
ÑÊÂ ÿâëÿåòñÿ íàëè÷èå âëàãè â ðàáî÷åì ïîòîêå 

âîçäóõà. Âëàãà èìååò áîëüøîå âëèÿíèå íà ýô-
ôåêòèâíîñòü ðàáîòû ÑÊÂ [4]. Â äàííîé ñòàòüå 
ïðèâåäåíà ñõåìà ÑÊÂ äëÿ ïàññàæèðñêîãî ñà-
ìîëåòà ñ îòäåëåíèåì âëàãè íà ëèíèè âûñîêî-
ãî äàâëåíèÿ. Íà îñíîâå ïðîâåäåííîãî òåïëî-
ãèäðàâëè÷åñêîãî ðàñ÷åòà îäíîãî èç ðåæèìîâ 
ðàáîòû ÑÊÂ ïðîâåäåí ýíòðîïèéíî-ñòàòèñòè-
÷åñêèé àíàëèç, ñ ïîìîùüþ êîòîðîãî è ïîêàçàíî 
îáùåå âëèÿíèå âëàãè íà ýôôåêòèâíîñòü âñåãî 
öèêëà, à òàêæå âëèÿíèå óçëîâ ÑÊÂ. Äàííûé 
ìåòîä áûë ðàçðàáîòàí â ÌÃÒÓ èì. Í.Ý. Áàó-
ìàíà, ïðèìåð îïèñàíèÿ åãî ìåòîäèêè ìîæíî 
íàéòè â ðàáîòå [1]. Íà îñíîâå äàííîãî ìåòîäà 
àêòèâíî ïðîâîäÿò àíàëèçû ðàçëè÷íûõ êðèîãåí-
íûõ ñèñòåì [2, 3]. Ýíòðîïèéíî-ñòàòèñòè÷åñêèé 
ìåòîä àíàëèçà ñèñòåìû ïîçâîëÿåò îïðåäåëèòü 
âëèÿíèå ïðîèçâîäñòâà ýíòðîïèè â îòäåëüíûõ 
àãðåãàòàõ íà ýôôåêòèâíîñòü âñåé ÑÊÂ.
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Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ àíàëèç âëè-

ÿíèÿ âëàãè íà ýôôåêòèâíîñòü ðàáîòû ÑÊÂ ñà-
ìîëåòà ýíòðîïèéíî-ñòàòèñòè÷åñêèì ìåòîäîì, 
à òàêæå âëèÿíèå íà íåýôôåêòèâíîñòè ðàáîòû 
îñíîâíûõ óçëîâ ÑÊÂ.

Îïèñàíèå ñèñòåìû
ÑÊÂ ñàìîëåòà – àâòîìàòè÷åñêàÿ ñèñòåìà, 

ïðåäíàçíà÷åííàÿ äëÿ ðåãóëèðîâêè òåìïåðàòó-
ðû è ðàñõîäà âîçäóõà, ïîäàâàåìîãî â êàáèíó. 
Äàííàÿ ñèñòåìà ðàáîòàåò çà ñ÷åò ïîäà÷è ñæà-
òîãî âîçäóõà, èñòî÷íèêîì êîòîðîãî ìîãóò 
ÿâëÿòüñÿ äâèãàòåëè ñàìîëåòà èëè âñïîìîãà-
òåëüíàÿ ñèëîâàÿ óñòàíîâêà. Äàâëåíèå òàêîãî 
âîçäóõà ìîæåò äîõîäèòü äî 3 ÌÏà, à òåìïåðà-
òóðà äîñòèãàòü 600 °Ñ. Çàäà÷åé ÑÊÂ ÿâëÿåòñÿ 
îõëàæäåíèå âîçäóõà è îáåñïå÷åíèå âñåõ íåîá-
õîäèìûõ ïàðàìåòðîâ ïîòîêà âîçäóõà íà âûõîäå 
èç ñèñòåìû. Ïðèìåíåíèå îòáîðà ñæàòîãî âîç-
äóõà îò äâèãàòåëÿ áûëî îáóñëîâëåíî åãî ïðî-
ñòîòîé è íàäåæíîñòüþ. Ïðèìåð ðàñïðîñòðà-
íåííîé ñõåìû ÑÊÂ ïðèâåäåí íà ðèñ. 1.

Äàííàÿ ñèñòåìà ðàáîòàåò ñëåäóþùèì îá-
ðàçîì. Ñæàòûé âîçäóõ, îòîáðàííûé îò äâèãà-
òåëÿ ÷åðåç ðåãóëÿòîð èçáûòî÷íîãî äàâëåíèÿ 
(ÊÐ), ïîñòóïàåò â ðàáî÷èé òðàêò ñèñòåìû. Åãî 
ïðåäâàðèòåëüíîå îõëàæäåíèå ïðîèñõîäèò â òå-

ïëîîáìåííûõ àïïàðàòàõ ñèñòåìû (ÀÒ) ïðîäó-
âî÷íûì âîçäóõîì, îòáèðàåìûì èç àòìîñôåðû. 
Âëàãà, ñêîíäåíñèðîâàâøàÿñÿ ïðè îõëàæäåíèè 
ðàáî÷åãî âîçäóõà, óäàëÿåòñÿ âî âëàãîîòäåëè-
òåëå (ÂÄ), ÷òîáû ïðåäîõðàíèòü äåòàíäåðíóþ 
ñòóïåíü òóðáîõîëîäèëüíèêà îò ðàçðóøåíèÿ. 
Ñêîíäåíñèðîâàâøàÿñÿ âëàãà ïîñòóïàåò â òðàêò 
ïðîäóâî÷íîãî âîçäóõà, îõëàæäàÿ ïîñëåäíèé 
è ïîâûøàÿ ýôôåêòèâíîñòü òåïëîîòâîäà â òå-
ïëîîáìåííûõ àïïàðàòàõ. Äàëåå ðàáî÷èé ïîòîê 
âîçäóõà ïîñòóïàåò â äåòàíäåðíóþ ñòóïåíü òóð-
áîõîëîäèëüíîãî àïïàðàòà, ãäå ðàñøèðÿåòñÿ 
è îõëàæäàåòñÿ, ñîâåðøàÿ ðàáîòó, êîòîðàÿ ïåðå-
äàåòñÿ íà ñòóïåíü âåíòèëÿòîðà òóðáîõîëîäèëü-
íîãî àãðåãàòà. Ñòóïåíü âåíòèëÿòîðà â ñâîþ 
î÷åðåäü è îáåñïå÷èâàåò ïðîäóâêó òåïëîîáìåí-
íûõ àïïàðàòîâ. Äàëåå ðàáî÷èé âîçäóõ ïîäàåòñÿ 
â âîçäóõîðàñïðåäåëèòåëüíóþ ñåòü.

Îïèñàíèå âëèÿíèÿ âëàãè â ïîòîêå 
ðàáî÷åãî âîçäóõà íà ðàáîòó 
ÑÊÂ è ìåòîäà ýíòðîïèéíî-
ñòàòèñòè÷åñêîãî àíàëèçà öèêëà
Íàëè÷èå âëàãè â ïîòîêå ðàáî÷åãî âîçäóõà 

ÑÊÂ èìååò öåëûé ðÿä íåãàòèâíûõ ôàêòîðîâ. 
Íåïîñðåäñòâåííûé ôàçîâûé ïåðåõîä æèäêî-
ñòè â ïîòîêå ðàáî÷åãî âîçäóõà ñèëüíî ñíèæàåò 
ýôôåêòèâíîñòü ÑÊÂ â öåëîì è ìîæåò ïðèâå-

Ðèñ. 1. Ñóùåñòâóþùàÿ ñõåìà ÑÊÂ ñ àâòîìàòè÷åñêèì ðåãóëèðîâàíèåì: 
ÀÒ – âîçäóõî-âîçäóøíûé òåïëîîáìåííèê; ÂÄ – âëàãîîòäåëèòåëü; ÂÑÓ – âñïîìîãàòåëüíàÿ ñèëîâàÿ 

óñòàíîâêà; ÄÄ – äàò÷èê äàâëåíèÿ; ÄÏÄ – äàò÷èê ïåðåïàäà äàâëåíèÿ; ÄÒ – äàò÷èê òåìïåðàòóðû; 
ÊÎ – îáðàòíûé êëàïàí; ÊÐ – ðåãóëÿòîð èçáûòî÷íîãî äàâëåíèÿ; ÎÐ – îðîñèòåëü; 

ÐÓ – ðåãóëèðóþùèå óñòðîéñòâà/çàñëîíêè; ÑÄ – ñèãíàëèçàòîð äàâëåíèÿ; ÒÕ – òóðáîõîëîäèëüíèê



31Izvestiya MGTU «MAMI», ¹ 3(45), 2020

Merkulov V.I., Tishchenko I.V., Abalakin S.A.
Entropy-statistical analysis of the air conditioning cycle of an aircraft

ñòè ê âûõîäó èç ñòðîÿ íåêîòîðûõ åå àãðåãàòîâ 
â ÷àñòíîñòè. Òåìïåðàòóðà âîçäóõà â ÑÊÂ ïîñëå 
ðàñøèðåíèÿ â äåòàíäåðíîé ñòóïåíè òóðáîõîëî-
äèëüíèêà ÷àñòî äîñòèãàåò çíà÷åíèé ñóùåñòâåí-
íî íèæå 0 °Ñ, ÷òî â ñâîþ î÷åðåäü ïðèâîäèò 
ê îáìåðçàíèþ òðàêòà íà âûõîäå èç äåòàíäåðíîé 
ñòóïåíè òóðáîõîëîäèëüíèêà. Êàïåëüíàÿ âëàãà 
ïðè ïîïàäàíèè â äåòàíäåðíóþ ñòóïåíü òóðáî-
õîëîäèëüíèêà âûçûâàåò ýðîçèþ ëîïàòîê ñîïëî-
âîãî àïïàðàòà è âõîäíûõ êðîìîê êîëåñà. Òàêæå 
íàëè÷èå âëàãè ìîæåò ïðèâåñòè ê îáðàçîâàíèþ 
òóìàíà â ñàëîíå ñàìîëåòà.

Â äàííîé ñòàòüå ïðèâåäåí àíàëèç âëèÿíèÿ 
âëàãè íà ýôôåêòèâíîñòü ñèñòåìû, à òàêæå, ïðè-
âåäåíî âëèÿíèå íà íåå íåñîâåðøåíñòâà óçëîâ 
ÑÊÂ. Àíàëèç ïðîâîäèòñÿ ìåòîäîì ýíòðîïèé-
íî-ñòàòèñòè÷åñêîãî àíàëèçà, ðàçðàáîòàííîãî 
â ÌÃÒÓ èì. Í.Ý. Áàóìàíà. Äëÿ ýòîãî áûë ïðî-
âåäåí òåïëîâëàæíîñòíûé ðàñ÷åò ðàáîòû ñèñòå-
ìû íà íàçåìíîì ðåæèìå, ÿâëÿþùåìñÿ ñàìûì 
íàãðóæåííûì ðåæèìîì äëÿ ÑÊÂ äîçâóêîâîãî 
ïàññàæèðñêîãî ñàìîëåòà â öåëîì. Ïðè ðàñ÷åòå 
èñïîëüçîâàëàñü ìàòåìàòè÷åñêàÿ ìîäåëü ñèñòå-
ìû, ðàñ÷åò êîòîðîé ïîñòðîåí íà õàðàêòåðèñòè-
êàõ àãðåãàòîâ, ïðèìåíÿåìûõ â ñóùåñòâóþùåé 
ÑÊÂ. Ìàòåìàòè÷åñêàÿ ìîäåëü ðàçðàáîòàíà 
â ñðåäå Matlab è ïðîâåðåíà íà àêòàõ ðåàëüíûõ 
èñïûòàíèé ÑÊÂ. Ðàñ÷åò è àíàëèç ïðîâîäèëèñü 
ïðè ñëåäóþùèõ äîïóùåíèÿõ:

– íå ó÷èòûâàëèñü óòå÷êè ðàáî÷åãî âîçäóõà 
â ÑÊÂ;

– âëèÿíèå ïîòåðü â ðåãóëÿòîðå èçáûòî÷íî-
ãî äàâëåíèÿ íà ýôôåêòèâíîñòü â äàííîé ñòàòüå 
íå ðàçáèðàëîñü è ó÷òåíî ñîâìåñòíî ñ âëèÿíè-
åì äâèãàòåëÿ (çàíèæåí ÊÏÄ êîìïðåññîðà äâè-
ãàòåëÿ);

– ïðèðîñò ýíòðîïèè â ðåçóëüòàòå íåñî-
âåðøåíñòâà ñòóïåíè âåíòèëÿòîðà â òóðáî-
õîëîäèëüíèêå â äàííîì ñðàâíåíèè ó÷òåí 
êàê âëèÿþùèé íà òåïëîâóþ ýôôåêòèâíîñòü òå-
ïëîîáìåííûõ àïïàðàòîâ;

– âëèÿíèå êîíäåíñàöèè âëàãè â òðàêòå ÑÊÂ 
ó÷èòûâàåòñÿ êàê âíåøíèé òåïëîïðèòîê â ðàáî-
÷óþ ñðåäó.

Äëÿ êàæäîãî ôàêòîðà, âëèÿþùåãî íà ýôôåê-
òèâíîñòü ÑÊÂ, îöåíèâàåòñÿ ðàáîòà, íåîáõîäè-
ìàÿ äëÿ êîìïåíñàöèè ïðîèçâîäñòâà ýíòðîïèè 
ýòèì ñàìûì ôàêòîðîì. Â êà÷åñòâå èäåàëü-
íîãî öèêëà äëÿ ñðàâíåíèÿ áûë âûáðàí îáðàò-
íûé öèêë Áðàéòîíà êàê íàèáîëåå ïîäõîäÿùèé 
â äàííîì ñëó÷àå. Äëÿ óäîáñòâà ñ÷èòàåì ñèñòå-
ìó óñëîâíî çàìêíóòîé (ò.å. âîçäóõ, ïðîøåäøèé 

êàáèíó ñàìîëåòà è âûïóùåííûé â îêðóæàþ-
ùóþ ñðåäó, ñ÷èòàåòñÿ íàãðåâøèìñÿ äî òåìïå-
ðàòóðû îêðóæàþùåé ñðåäû è ñíîâà ïîñòóïèâ-
øèì â äâèãàòåëü). 

Ñõåìà öèêëà ïðåäñòàâëåíà íà ðèñ. 2.

Ðèñ. 2. Ñõåìà àíàëèçèðóåìîãî öèêëà: 
ÒÎÀ – òåïëîîáìåííûé àïïàðàò; 

ÂÄ – âëàãîîòäåëèòåëü; Ê – ñ êîìïðåññîð äâèãàòåëÿ; 
Ò – äåòàíäåðíàÿ ñòóïåíü òóðáîõîëîäèëüíîãî 

àãðåãàòà

Ðåçóëüòàòû òåïëîâëàæíîñòíîãî ðàñ÷åòà 
öèêëà ïðèâåäåíû â òàáëèöå 1.

Ýíòðîïèéíî-ñòàòèñòè÷åñêèé àíàëèç ïðîâî-
äèëñÿ â ñëåäóþùåé ïîñëåäîâàòåëüíîñòè:

1. Îïðåäåëåíèå òåîðåòè÷åñêîé õîëîäîïðî-
èçâîäèòåëüíîñòè öèêëà:

55,57q i i  õò íàð ñóõ

êÄæ

êã
, 

ãäå i
íàð

 – ýíòàëüïèÿ âîçäóõà â îêðóæàþùåé 
ñðåäå; i

3ñóõ
 – ýíòàëüïèÿ ñóõîãî âîçäóõà íà âõîäå 

â êàáèíó.
Ïðè ðàñ÷åòå òåîðåòè÷åñêîé õîëîäîïðîèçâî-

äèòåëüíîñòè íå ó÷èòûâàåòñÿ âëèÿíèå êîíäåí-
ñàöèè âëàãè ïîñëå âòîðîãî òåïëîîáìåííîãî 
àïïàðàòà, ò.ê. ýòà âëàãà îòâîäèòñÿ èç ïðîäóâî÷-
íîãî ïîòîêà âîçäóõà òåïëîîáìåííîãî àïïàðàòà, 
óâåëè÷èâàÿ ýôôåêòèâíîñòü ïðîäóâêè, ïî ñóòè 
«âîçâðàùàÿ õîëîä».

2. Íåäîðåêóïåðàöèÿ ïîñëå âòîðîãî òåïëîîá-
ìåííîãî àïïàðàòà:

2( ) 3,923q T T   íä ñóõ âïðûñê p

êÄæ
Ñ

êã
, 

ãäå T
âïðûñê

 – òåìïåðàòóðà ïðîäóâî÷íîãî ïîòîêà 
âîçäóõà ïîñëå âïðûñêà âëàãè; Ñ

ð
 – òåïëîåì-

êîñòü âîçäóõà.
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3. Òåïëîïðèòîêè îò âëàãè:

0q r d êîíä êîíä , 

ãäå r
0
 – òåïëîòà ôàçîâîãî ïåðåõîäà âîäû.

4. Òåïëîïðèòîê îò îêðóæàþùåé ñðåäû 
(ïîñëå êàáèíû ñàìîëåòà):

q i i îñ íàð êàá .

5. Ðåàëüíàÿ õîëîäîïðîèçâîäèòåëüíîñòü:

1 2 11,339q q q q q q     ö õò îñ íä êîíä êîíä

êÄæ

êã
.

6. Êîýôôèöèåíò îòíîøåíèÿ õîëîäîïðîèçâî-
äèòåëüíîñòåé:

4,901qy
q

 õò

ö

.

7. Ìèíèìàëüíàÿ ðàáîòà öèêëà:

min 3

3 3

( )

ln 6,45 .

i i i

T T
T T T

  

  
         

íàð ñóõ

íàð êàá

êàá ñóõ ñóõ

êÄæ

êã

8. Ðåàëüíàÿ ðàáîòà äâèãàòåëÿ:

0( ) 237,24i i i  äâ íàð

êÄæ

êã
.

9. Ðàáîòà èçîòåðìè÷åñêîãî ñæàòèÿ:

0ln 127,65Pl R T
P

 
     

 
ñæ â íàð

íàð

êÄæ

êã
.

10. Àäèàáàòíàÿ ðàáîòà ñæàòèÿ:

1

0 1 163,12

k
kPl T

P

 
         
   

àä p íàð
íàð

êÄæ
C

êã
.

11. Ðàáîòà, íåîáõîäèìàÿ äëÿ êîìïåíñàöèè 
ïðîèçâîäñòâà ýíòðîïèè â òåïëîîáìåííèêàõ:

0 2 31,1S Sl T
y


   òîà íàð

êÄæ

êã
.

12. Ðàáîòà, íåîáõîäèìàÿ äëÿ êîìïåíñàöèè 
ïðîèçâîäñòâà ýíòðîïèè âî âëàãîîòäåëèòåëå:

2` 2 0,82S Sl T
y


   âëàã íàð

êÄæ

êã
.

13. Ðàáîòà, íåîáõîäèìàÿ äëÿ êîìïåíñàöèè 
íàãðåâà ïîòîêà â êàáèíå:

1 1 0,497q
ql T
y T T

 
       

 

õò
íàð

ñð êàá

êÄæ

êã
.

14. Êîýôôèöèåíò óäåëüíûõ çàòðàò èçîòåð-
ìè÷åñêîé ðàáîòû ñæàòèÿ:

2,297l
q

  èç
èç

õò

.

15. Ðàáîòà, íåîáõîäèìàÿ äëÿ êîìïåíñàöèè 
èñïàðåíèÿ âëàãè:

l q  âë êîíë èç .

Òàáëèöà 1 
Ïàðàìåòðû òî÷åê

Òî÷êà
Òåìïåðàòóðà,

ãðàä
Äàâëåíèå,

êÏà
Âëàãîñîäåðæàíèå, ãð/êã Ýíòàëüïèÿ,

êÄæ/êã
Ýíòðîïèÿ,
êÄæ/(êã*Ê)Ïàð Æèäêîñòü

íàð 37 101,3
18

310,5 6,9
18 0

0 269,9 425
18

547,7 7,1
18 0

1 135,9 421,7
18

410 6,8
18 0

2 44,7 413,3
18

317,5 6,5
14,933 3,067

2’ 44,7 395,2
15,086

317,6 6,5
14,933 0,153

3 –18,2 120
4,3

254,9 6,7
4,462 10,624

3’ 4,3 120
4,3

277,5 6,7
4,462 0,531

4 29 101,3
18

302,4 6,9
18 0
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16. Ðàáîòà, íåîáõîäèìàÿ äëÿ êîìïåíñàöèè 
íåäîðåêóïåðàöèè:

9,01l q   íä íä èç

êÄæ

êã
.

17. Ñóììàðíàÿ ðàáîòà äëÿ èçîòåðìè÷åñêîãî 
ñæàòèÿ:

min 1

2 132,69 .

sum

q

l l l l l l

l l l

         

      

òîà äåò âëàã âë

âë íä

êÄæ

êã

18. Ïîòåðè èçîòåðìè÷åñêîé ðàáîòû:

0 0 2

1 2

( ) ( )

36,05 .

l T T T S S

q q

       

  

òåðì p àä âïðûñê íàð

âë âë

Ñ

êÄæ

êã

19. Ïîòåðè àäèàáàòíîé ðàáîòû (â ýòè ïîòåðè 
âêëþ÷åíû êàê çàòðàòû íà íåàäèàáàòíîå ñæàòèå 
â äâèãàòåëå, òàê è ïîòåðè â ðåãóëÿòîðå èçáû-
òî÷íîãî äàâëåíèÿ):

1 1 74,07l l
 

       
àä àä

àä

êÄæ

êã
.

20. Èòîãîâàÿ ðàáîòà ñæàòèÿ:

242,8suml l l l     ñæ òåðì àä

êÄæ

êã
.

Äàííûé ðàñ÷åò èìååò ïîãðåøíîñòü 
èç-çà óïðîùåíèé ðàñ÷åòà, ïðèìåíåíèÿ äàííî-

ãî ïîêàçàòåëÿ òåïëîåìêîñòè âîçäóõà è ò.ä. Ïî-
ãðåøíîñòü ñîñòàâëÿåò 2,29 % (îòëè÷èå ïîëó-
÷åííîé ðàáîòû îò ðåàëüíîé ðàáîòû äâèãàòåëÿ) 
è ÿâëÿåòñÿ ïðèåìëåìîé äëÿ àíàëèçà.

Ñõåìà öèêëà â T-Säèàãðàììå ïðåäñòàâëåíà 
íà ðèñ. 3.

Èñõîäÿ èç ýíòðîïèéíî-ñòàòèñòè÷åñêîãî 
àíàëèçà ìîæíî ñäåëàòü ñðàâíåíèå âëèÿíèÿ 
âñåõ ôàêòîðîâ íà ýôôåêòèâíîñòü ñèñòåìû. 
Èõ ìîæíî îöåíèòü ïî äèàãðàììå, ïðèâåäåííîé 
íà ðèñ. 4.

Âûâîä
Èñõîäÿ èç ñðàâíåíèÿ çàòðàò ìîæíî çà-

êëþ÷èòü, ÷òî îñíîâíûå ïîòåðè ýôôåêòèâíî-
ñòè öèêëà âûçâàíû âëèÿíèåì íåàäèàáàòíîñòè 
ñæàòèÿ â äâèãàòåëå ñîâìåñòíî ñ ïîòåðÿìè â ðå-
ãóëÿòîðå èçáûòî÷íîãî äàâëåíèÿ, òåïëîïðèòîêè 
îò âëàãè, à òàêæå ïîòåðè â òåïëîîáìåííûõ àï-
ïàðàòàõ. Ñóììàðíûå ïîòåðè îò òåïëîïðèòîêà 
ïðè êîíäåíñàöèè âëàãè â ïîòîêå ðàáî÷åãî âîç-
äóõà ñðàâíèìû ñ ïîòåðÿìè â äâèãàòåëå è ðåãó-
ëÿòîðå èçáûòî÷íîãî äàâëåíèÿ. Äëÿ óìåíüøå-
íèÿ âëèÿíèÿ ýòèõ ôàêòîðîâ âîçìîæíî ââåäåíèå 
äîïîëíèòåëüíûõ îòáîðîâ îò èíûõ ñòóïåíåé 
ñæàòèÿ êîìïðåññîðà äâèãàòåëÿ èëè ââåäåíèå 
â ñèñòåìó îòäåëüíîãî ýëåêòðîêîìïðåññîðà 
äëÿ îòáîðà âîçäóõà èç îêðóæàþùåé ñðåäû [5]. 
Òàêæå ïîâûñèòü ýôôåêòèâíîñòü ñèñòåìû ìîãóò 
äîïîëíèòåëüíûå àãðåãàòû, óìåíüøàþùèå âëà-
ãîñîäåðæàíèå âîçäóõà.

Ðèñ. 3. Ò-S äèàãðàììà õîëîäèëüíîãî öèêëà
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Çàêëþ÷åíèå
Ïî èòîãàì ïðîâåäåííîãî àíàëèçà ìîæíî ñäå-

ëàòü âûâîä, ÷òî ïðèìåíåíèå ýíòðîïèéíî-ñòà-
òèñòè÷åñêîãî àíàëèçà âîçìîæíî äëÿ àíàëèçà 
öèêëîâ îõëàæäåíèÿ àâèàöèîííûõ ÑÊÂ. Äàííûé 
àíàëèç ïîêàçûâàåò âëèÿíèÿ âñåõ ôàêòîðîâ 
íà ýôôåêòèâíîñòü ðàáîòû ñèñòåìû è ïîçâîëÿåò 
âûÿâèòü íàèáîëåå çàòðàòíûå èç íèõ. Â ðåçóëü-
òàòå äàííîãî àíàëèçà ìîæíî çàêëþ÷èòü, ÷òî îñ-
íîâíûìè èñòî÷íèêàìè ýíåðãåòè÷åñêèõ ïîòåðü 
â ÑÊÂ ÿâëÿþòñÿ ïîòåðè â äâèãàòåëå, ðåãóëÿòîðå 
èçáûòî÷íîãî äàâëåíèÿ, à òàêæå ïîòåðè îò êîí-
äåíñàöèè âëàãè â ïîòîêå ðàáî÷åãî âîçäóõà. 
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Most modern aircrafts widely use air conditioning systems in order to ensure comfortable flight condi-
tions for passengers and crew, as well as to cool the equipment of the aircraft. The aircraft industry is 
developing every year and the requirements for such systems are growing. Preliminary calculations and 
analysis of such systems are of key importance in their development. Such calculations will help to deter-
mine the entire further path of system development and prevent many errors. They also help to regularly 
improve the performance of systems, in particular, their energy characteristics. The main requirements 
for systems are reliability, energy efficiency, and weight-and-dimensional characteristicss. The paper is 
devoted to analysis of the efficiency of the system and its individual units. In addition, there is considered 
separately the influence of third-party factors on the efficiency of the system, in particular, the presence 
of moisture in the working air flow. This article discusses the results of thermodynamic calculation and 
analysis by the entropy-statistical method of the air conditioning system in various operating modes. The 
efficiency of the system as a whole is considered and the influence of imperfection of each of its units 
in particular is analyzed. The standard parameters of the operation of such systems on airplanes were 
taken as the initial parameters for calculating the systems. For the analysis, a system with a two-wheel 
turbo-cooling unit with moisture removal on the high-pressure path was selected. A schematic diagram 
of the system is given, formulas for calculating the minimum required work to compensate the production 
of entropy for the units of the system are presented. To ensure the calculations, the software complexes 
MathCAD, Coolprop and Matlab were used.

Keywords: entropy-statistical method, method of thermodynamic analysis, air conditioning system, 
ACS, aircraft. 
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