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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ââåäåíèå

Ïðè ýêñïëóàòàöèè ñèëîâîé óñòàíîâêè â ñîñòà-
âå ëåòàòåëüíîãî àïïàðàòà â ðåàëüíûõ óñëîâèÿõ
âñëåäñòâèå ðàçëè÷íûõ ïðè÷èí íà âõîä â äâèãàòåëü
ìîæåò ïîñòóïàòü íåîäíîðîäíûé ïîòîê âîçäóõà.
Íàëè÷èå òàêîé íåîäíîðîäíîñòè ìîæåò âëèÿòü íà
îñíîâíûå ïàðàìåòðû äâèãàòåëÿ, â ïåðâóþ î÷åðåäü
íà çàïàñ åãî ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè
(ÃÄÓ), à òàêæå íà òÿãîâî-ýêîíîìè÷åñêèå õàðàêòå-
ðèñòèêè.

Â çàâèñèìîñòè îò âèäà íåðàâíîìåðíîñòè ïîë-
íîãî äàâëåíèÿ åå âëèÿíèå íà òå èëè èíûå ïàðàìåò-
ðû äâèãàòåëÿ áóäåò ðàçëè÷íî. Íàïðèìåð, íà çàïàñ
ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè äâèãàòåëÿ áîëü-
øåå âëèÿíèå îêàçûâàþò îêðóæíàÿ íåðàâíîìåð-
íîñòü ïîëíîãî äàâëåíèÿ è åå íåñòàöèîíàðíàÿ ñî-
ñòàâëÿþùàÿ. ×òî êàñàåòñÿ òÿãè äâèãàòåëÿ, òî, êàê
ïîêàçûâàþò ðåçóëüòàòû ðàñ÷åòíî-ýêñïåðèìåíòàëü-
íûõ èññëåäîâàíèé, âîçäåéñòâèÿ ðàäèàëüíîé è îê-
ðóæíîé íåðàâíîìåðíîñòåé äîñòàòî÷íî áëèçêè, à
íåñòàöèîíàðíàÿ ñîñòàâëÿþùàÿ è âîâñå ìàëî âëè-
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Íà ïðèìåðå ðàñ÷åòà îäíîâàëüíîãî òóðáîðåàêòèâíîãî äâèãàòåëÿ (ÒÐÄ) ñ óìåðåííûì óðîâíåì ïðîåêòíûõ ïàðà-
ìåòðîâ ðàññìîòðåíî âëèÿíèå íåîäíîðîäíîñòè ïîëíîãî äàâëåíèÿ íà åãî îñíîâíûå ïàðàìåòðû, òàêèå, êàê òÿãà è
çàïàñ ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè ñèñòåìû ñæàòèÿ. Âûáîð òèïà äâèãàòåëÿ îáúÿñíÿåòñÿ òåì, ÷òî, â îòëè÷èå îò
òóðáîðåàêòèâíîãî äâóõêîíòóðíîãî äâèãàòåëÿ, êîòîðûé ðàññìàòðèâàëñÿ â ïðåäûäóùèõ ðàáîòàõ, íà âõîäå â êîìï-
ðåññîð ÒÐÄ íåîäíîðîäíîå ïîëå ïîëíîãî äàâëåíèÿ ñ÷èòàåòñÿ èçâåñòíûì è åãî âëèÿíèå íà åäèíñòâåííûé êîìïðåññîð
áóäåò îïðåäåëÿþùèì äëÿ âñåãî ÒÐÄ.

Ïðåäëîæåí è îáîñíîâàí ïàðàìåòð Er, ÿâëÿþùèéñÿ óñëîâíûì ïîêàçàòåëåì «êîíöåíòðàöèè» ïîíèæåííîãî äàâ-
ëåíèÿ íà åäèíèöó âõîäíîé ïëîùàäè, êîòîðûé ìîæíî èñïîëüçîâàòü êðèòåðèàëüíûì ïðè ðàññìîòðåíèè âëèÿíèÿ
íåðàâíîìåðíîñòè ïîëíîãî äàâëåíèÿ íà âõîäå â äâèãàòåëü íà åãî òÿãîâî-ýêîíîìè÷åñêèå ïîêàçàòåëè. Ïîêàçàíî, ÷òî
çàâèñèìîñòü ïîòåðè òÿãè îò ïàðàìåòðà Er èçìåíÿåòñÿ ïðàêòè÷åñêè ëèíåéíî è äîïîëíèòåëüíî îïðåäåëÿåòñÿ ðåæè-
ìîì ðàáîòû äâèãàòåëÿ.

Êëþ÷åâûå ñëîâà: íåîäíîðîäíîñòü ïîëíîãî äàâëåíèÿ, ïàðàìåòðû íåðàâíîìåðíîñòè, ÒÐÄ, òÿãà äâèãàòåëÿ, çàïàñ
ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè äâèãàòåëÿ.

ÿåò íà òÿãó äâèãàòåëÿ, ÷òî ïîçâîëÿåò èñïîëüçîâàòü
îäíîìåðíûå ïîäõîäû ïðè ìîäåëèðîâàíèè ÿâëåíèÿ
è ðàññìàòðèâàòü âëèÿíèå îáåèõ ñòàöèîíàðíûõ
ñîñòàâëÿþùèõ íåðàâíîìåðíîñòè ïîëíîãî äàâëå-
íèÿ (îêðóæíîé è ðàäèàëüíîé) ñ åäèíûõ ìåòîäè-
÷åñêèõ ïîçèöèé.

Ñíèæåíèå ïîëåòíîé òÿãè â ñëó÷àå íåîäíîðîä-
íîãî âõîäíîãî ïîòîêà ïðîèñõîäèò âñëåäñòâèå íå-
ñêîëüêèõ ïðè÷èí. Ê ïåðâîé ïðè÷èíå ìîæíî îòíå-
ñòè óìåíüøåíèå îáùåãî óðîâíÿ ïîëíîãî äàâëåíèÿ
ïî òðàêòó äâèãàòåëÿ, êîòîðîå ïðèâîäèò ê ñíèæå-
íèþ ïåðåïàäà äàâëåíèé íà ðåàêòèâíîì ñîïëå è,
ñîîòâåòñòâåííî, óäåëüíîé òÿãè äâèãàòåëÿ. Êðîìå
ýòîãî, âñëåäñòâèå ñíèæåíèÿ îáùåãî óðîâíÿ äàâëå-
íèÿ íà âõîäå ïðîèñõîäèò óìåíüøåíèå è ôèçè÷åñ-
êîãî ðàñõîäà âîçäóõà ÷åðåç äâèãàòåëü.

Âòîðàÿ ïðè÷èíà ñíèæåíèÿ ïîëåòíîé òÿãè ñâÿ-
çàíà ñ äîïîëíèòåëüíûìè ïîòåðÿìè ïîëíîãî äàâ-
ëåíèÿ âñëåäñòâèå «ðàçìûâàíèÿ» îáëàñòåé ñ ðàç-
ëè÷íûì óðîâíåì ïîëíîãî äàâëåíèÿ â ýëåìåíòàõ
ñæàòèÿ. Ýòî ïðèâîäèò ê äîïîëíèòåëüíûì ïîòåðÿì
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ïîëíîãî äàâëåíèÿ â êàñêàäàõ êîìïðåññîðà, ÷òî
åùå â áîëüøåé ñòåïåíè ñíèæàåò òÿãó àâèàöèîííî-
ãî äâèãàòåëÿ.

Èññëåäîâàíèþ ÿâëåíèÿ íåðàâíîìåðíîñòè ïîë-
íîãî äàâëåíèÿ ïîñâÿùåíî áîëüøîå êîëè÷åñòâî
ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíî-ìåòîäè÷åñêèõ ðà-
áîò [1—3]. Â ðàáîòàõ ä.ò.í. Ñ.Å. Êðàñíîâà [4—6] ñ
ïîìîùüþ òðåõìåðíûõ ïðîãðàììíûõ êîìïëåêñîâ
ðàññìàòðèâàëîñü âëèÿíèå âõîäíîé íåðàâíîìåðíî-
ñòè ïîëíîãî äàâëåíèÿ, â ïåðâóþ î÷åðåäü íà çàïà-
ñû ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè êîìïðåññî-
ðîâ, à òàêæå îöåíèâàëîñü èçìåíåíèå òÿãîâî-ýêî-
íîìè÷åñêèõ ïàðàìåòðîâ äâèãàòåëÿ.

Â ðàáîòàõ [1, 7, 8] ïðîâîäèëàñü ðàñ÷åòíàÿ îöåí-
êà âëèÿíèÿ íåðàâíîìåðíîñòè ïîëíîãî äàâëåíèÿ íà
çàïàñ óñòîé÷èâîñòè ñèñòåìû ñæàòèÿ äâèãàòåëÿ ñ
ïîìîùüþ òàêîãî îäíîìåðíîãî ïîäõîäà, êàê ìåòîä
ïàðàëëåëüíûõ êîìïðåññîðîâ. Ïðèìåíåíèå ýòîãî
ìåòîäà â ìàòåìàòè÷åñêèõ ìîäåëÿõ àâèàöèîííûõ
ÃÒÄ ïåðâîãî óðîâíÿ [9]  ïðè ðàññìîòðåíèè âëèÿ-
íèÿ íåîäíîðîäíîñòè âõîäíîãî ïîòîêà ïîëó÷èëî
äîñòàòî÷íî øèðîêîå ðàñïðîñòðàíåíèå áëàãîäàðÿ
âîçìîæíîñòè áûñòðî è, êàê ïîêàçàëà ïðàêòèêà, ñ
íåáîëüøîé ïîãðåøíîñòüþ îöåíèòü ñíèæåíèå îñ-
íîâíûõ ïàðàìåòðîâ äâèãàòåëÿ, â òîì ÷èñëå ïðè èñ-
ïîëüçîâàíèè ðåàëüíûõ õàðàêòåðèñòèê åãî óçëîâ è
ýëåìåíòîâ.

Çàìåòíûé âêëàä â èçó÷åíèå ðàáî÷åãî ïðîöåñ-
ñà â àâèàöèîííûõ ÃÒÄ ïðè íåîäíîðîäíîì ïîëå
äàâëåíèé íà âõîäå ñ ïîìîùüþ îäíîìåðíûõ ïðî-
ãðàììíûõ êîìïëåêñîâ âíåñëè ðàáîòû [10—12], â
êîòîðûõ îïèñûâàþòñÿ óñîâåðøåíñòâîâàííûé ìå-
òîä ïàðàëëåëüíûõ êîìïðåññîðîâ, à òàêæå ðàçëè÷-
íûå ñïîñîáû îáðàáîòêè äàííûõ ïîòîêà, ïîëó÷åí-
íûõ ïðè âîçíèêíîâåíèè íåðàâíîìåðíîñòè ïîëíî-
ãî äàâëåíèÿ íà âõîäå â äâèãàòåëü.

Ïàðàìåòðû íåðàâíîìåðíîñòè ïîëíîãî äàâëåíèÿ

Îñíîâíûì îáùåïðèíÿòûì ïàðàìåòðîì, êîòî-
ðûé îïðåäåëÿåò âëèÿíèå íåðàâíîìåðíîñòè ïîëíî-
ãî äàâëåíèÿ íà çàïàñ ãàçîäèíàìè÷åñêîé óñòîé÷è-
âîñòè äâèãàòåëÿ, ÿâëÿåòñÿ èíòåãðàëüíûé ïàðàìåòð
W [13, 14]:

îêð ,W = Δσ + ε

ãäå îêðΔσ  – îêðóæíàÿ íåðàâíîìåðíîñòü; ε  — íå-

ñòàöèîíàðíàÿ ñîñòàâëÿþùàÿ íåðàâíîìåðíîñòè
ïîëíîãî äàâëåíèÿ.

Îöåíêà îêðóæíîé íåðàâíîìåðíîñòè ïîëíîãî
äàâëåíèÿ ïðîèçâîäèòñÿ ñëåäóþùèì îáðàçîì. Ïëî-
ùàäü âõîäà â êîìïðåññîð (ðèñ. 1) ðàçáèâàþò íà
íåñêîëüêî çîí (â äàííîì ñëó÷àå ïðîèñõîäèò ðàç-

áèåíèå íà äâà ñåêòîðà), îãðàíè÷åííûõ óãëîì iϕ ,

à çàòåì îïðåäåëÿþò äàâëåíèå â ñåêòîðå ñ ïîíèæåí-

íûì çíà÷åíèåì äàâëåíèÿ *
ìèíp  è åãî îòíîñèòåëü-

íîé ïëîùàäüþ F .
Äàëåå îïðåäåëÿþò îñðåäíåííîå çíà÷åíèå ïîë-

íîãî äàâëåíèÿ ïî âñåé ïëîùàäè âõîäà

* * *
âõ ñð ìèí âõ(1 )p p F p F= + −

è îñðåäíåííîå çíà÷åíèå êîýôôèöèåíòà âîññòà-
íîâëåíèÿ ïîëíîãî äàâëåíèÿ íà âõîäå â äâèãàòåëü:

*
âõ ñð

âõ ñð *
í

.
p

p
σ =

Îêðóæíóþ íåðàâíîìåðíîñòü õàðàêòåðèçóþò
îòíîñèòåëüíûì îòêëîíåíèåì ìèíèìàëüíîãî äàâ-
ëåíèÿ â ïëîñêîñòè âõîäà ê åãî ñðåäíåìó çíà÷åíèþ

âõ_ñð âõ_ìèí
îêð

âõ_ñð

,
σ − σ

Δσ =
σ

ãäå âõ_ìèíσ  — êîýôôèöèåíò âîññòàíîâëåíèÿ ïîë-

íîãî äàâëåíèÿ â ñåêòîðå ïîíèæåííîãî äàâëåíèÿ,

*
ìèí

âõ_ìèí *
í

.
ð

ð
σ =

Íåñòàöèîíàðíàÿ ñîñòàâëÿþùàÿ íåðàâíîìåðíî-
ñòè ïîëíîãî äàâëåíèÿ ïðîÿâëÿåòñÿ â âèäå ïóëüñà-
öèé äàâëåíèé ðàçëè÷íîé ôîðìû, ÷àñòîòû è àìï-
ëèòóäû. Äëÿ àíàëèçà íåñòàöèîíàðíîñòè ïîòîêà íà
âõîäå â êîìïðåññîð âûäåëÿþò ïóëüñàöèîííóþ
ñîñòàâëÿþùóþ ïîëíîãî äàâëåíèÿ

Ðèñ. 1. Îöåíêà îêðóæíîé ñîñòàâëÿþùåé íåðàâíîìåðíî-
ñòè ïîëíîãî äàâëåíèÿ
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* *
â â â ñð,p p pΔ = −

ãäå *
âp  — ìãíîâåííîå çíà÷åíèå äàâëåíèÿ â äàííîé

òî÷êå ïîòîêà;

*
â ñðp  — äàâëåíèå â ýòîé æå òî÷êå, îñðåäíåí-

íîå çà äîñòàòî÷íî áîëüøîé ïåðèîä âðåìåíè Ò.
Êðèòåðèàëüíûì ïàðàìåòðîì, êîòîðûé îïðåäå-

ëÿåò êîëè÷åñòâåííûé óðîâåíü íåñòàöèîíàðíîñòè

ïîòîêà ïî äàâëåíèþ *
âp , ÿâëÿåòñÿ èíòåíñèâíîñòü

ïóëüñàöèé ε :

* 2
â

*
â ñð

( )
.

p

p

Δ
ε =

Â ñâÿçè ñ òåì, ÷òî ïðè âîçíèêíîâåíèè íåîäíî-
ðîäíîñòè ïîëíîãî äàâëåíèÿ íà âõîäå â äâèãàòåëü
îñíîâíîå âëèÿíèå îêàçûâàåòñÿ íà ðåæèì ðàáîòû
êàñêàäîâ êîìïðåññîðà, â äàííîé ñòàòüå â êà÷åñòâå
îáúåêòà èññëåäîâàíèÿ áûë âûáðàí îäíîâàëüíûé
òóðáîðåàêòèâíûé äâèãàòåëü ñ äîñòàòî÷íî óìåðåí-
íûì óðîâíåì ïðîåêòíûõ ïàðàìåòðîâ: òåìïåðàòó-

ðîé ãàçà ïåðåä òóðáèíîé *
ãT ≈ 1100 Ê è ñòåïåíüþ

ïîâûøåíèÿ äàâëåíèÿ â êîìïðåññîðå *
êπ  îêîëî12

(òèïà ÀË-21Ô). Âûáîð òàêîãî òèïà äâèãàòåëÿ
îáúÿñíÿåòñÿ òåì îáñòîÿòåëüñòâîì, ÷òî â îòëè÷èå
îò èññëåäóåìûõ àâòîðàìè ðàíåå äâóõêîíòóðíûõ
òóðáîðåàêòèâíûõ äâèãàòåëåé (ÒÐÄÄ) [15—17], â
êîòîðûõ íà ïîñëåäóþùèå çà âåíòèëÿòîðîì êàñêà-
äû êîìïðåññîðà ïîñòóïàë ïîòîê ñ óæå èçìåíåí-
íûì ïî ñðàâíåíèþ ñ çàäàííûì íà âõîäå ðàñïðå-
äåëåíèåì ïîëíîãî äàâëåíèÿ, â äàííîì ñëó÷àå íà
âõîäå â êîìïðåññîð ÒÐÄ íåîäíîðîäíîå ïîëå ïîë-
íîãî äàâëåíèÿ ñ÷èòàåòñÿ èçâåñòíûì, è åãî âëèÿ-
íèå íà åäèíñòâåííûé êîìïðåññîð áóäåò îïðåäåëÿ-
þùèì äëÿ âñåãî ÒÐÄ.

Ïðè ïðîâåäåíèè ðàñ÷åòíîé îöåíêè â êà÷åñòâå
áàçîâîãî çíà÷åíèÿ êîýôôèöèåíòà âîññòàíîâëåíèÿ
ïîëíîãî äàâëåíèÿ âûáèðàëîñü çíà÷åíèå, ñîîòâåò-
ñòâóþùåå ñêîðîñòè ïîëåòà äëÿ òèïîâîãî âîçäóõî-
çàáîðíèêà âíåøíåãî ñæàòèÿ, ïðè ýòîì îáëàñòü
ïîíèæåííîãî äàâëåíèÿ õàðàêòåðèçîâàëàñü îòíîñè-

òåëüíûì çíà÷åíèåì ïëîùàäè F  è êîýôôèöèåí-

òîì âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ âõ_ìèíσ .

Ïåðå÷èñëåííûå âûøå ïàðàìåòðû íàðÿäó ñ óñëî-
âèÿìè ïîëåòà îäíîçíà÷íî îïðåäåëÿþò ïîëå ïîë-
íîãî äàâëåíèÿ íà âõîäå â äâèãàòåëü.

Ðàñ÷åòíûå èññëåäîâàíèÿ ïàðàìåòðîâ è õàðàê-
òåðèñòèê ðàññìàòðèâàåìîãî ÒÐÄ ïðîâîäèëèñü ñ
ïîìîùüþ îäíîìåðíîé ìàòåìàòè÷åñêîé ìîäåëè
ïåðâîãî óðîâíÿ [9] ñ ïðèìåíåíèåì ìåòîäà ïàðàë-
ëåëüíûõ êîìïðåññîðîâ [18—20].

Íà íà÷àëüíûõ ýòàïàõ èññëåäîâàíèÿ áûëà ðàñ-
ñ÷èòàíà äðîññåëüíàÿ õàðàêòåðèñòèêà äâèãàòåëÿ íà
âçëåòíîì ðåæèìå (Í = 0, Ì = 0), òàáë. 1.

Ïðè ïðîâåäåíèè ïåðâîé ãðóïïû ðàñ÷åòîâ
(òàáë. 2) áûëà ïîëó÷åíà äðîññåëüíàÿ õàðàêòåðèñ-
òèêà äâèãàòåëÿ íà âçëåòíîì ðåæèìå ïðè òèïîâîì
çíà÷åíèè èíòåãðàëüíîãî ïàðàìåòðà W = 9% ïðè
äâóõ ðàçëè÷íûõ ñî÷åòàíèÿõ âåëè÷èí êîýôôèöèåí-
òà âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ â ñåêòîðå ñ

ïîíèæåííûì äàâëåíèåì âõ_ìèíσ  è îòíîñèòåëüíîé

ïëîùàäè ýòîãî ñåêòîðà F .
Èç ïðåäñòàâëåííûõ ðåçóëüòàòîâ âèäíî, ÷òî ïðè

îäíîì è òîì æå çíà÷åíèè ïàðàìåòðà W = 9%, íî
ïðè ðàçëè÷íûõ ñî÷åòàíèÿõ ïàðàìåòðîâ íåðàâíî-

ìåðíîñòè ( F = 0,3, âõ_ìèíσ = 0,85 è F = 0,4,

âõ_ìèíσ = 0,833) çíà÷åíèÿ âåëè÷èí ñíèæåíèÿ çàïà-

ñà óñòîé÷èâîñòè êîìïðåññîðà yKδΔ  îêàçàëèñü
áëèçêèìè, â òî âðåìÿ êàê ïàäåíèå òÿãè äâèãàòåëÿ
áûëî ñóùåñòâåííî ðàçëè÷íûì.

Ýòî ñâÿçàíî ñ òåì, ÷òî îáùåïðèíÿòûé ïàðà-
ìåòð W, ñòàöèîíàðíàÿ ñîñòàâëÿþùàÿ êîòîðîãî
îïðåäåëÿåòñÿ îòíîñèòåëüíûì îòêëîíåíèåì ìèíè-

Òàáëèöà 1

Çíà÷åíèÿ îòíîñèòåëüíîé òÿãè äâèãàòåëÿ, åãî óäåëüíîãî
ðàñõîäà è çàïàñ ÃÄÓ êîìïðåññîðíîé ÷àñòè

íà âçëåòíîì ðåæèìå

n Rîòí 
Cr,  

êã/(êã ÷àñ) 
ΔKy 

1.05 1,394 0,764 0,221 

1 1,0 0,778 0,249 

0.95 0,712 0,825 0,273 

0.9 0,506 0,908 0,294 

0.85 0,361 1,034 0,311 

0.8 0,260 1,217 0,323 

0.75 0,188 1,466 0,331 

0.7 0,138 1,787 0,337 

0.65 0,102 2,190 0,343 

0.6 0,076 2,689 0,344 
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ìàëüíîãî äàâëåíèÿ îò åãî ñðåäíåãî çíà÷åíèÿ â
ïëîñêîñòè âõîäà â äâèãàòåëü

âõ _ ñð âõ _ ìèí
îêð

âõ _ñð

,
σ − σ

Δσ =
σ

íå õàðàêòåðèçóåò îäíîçíà÷íî ïîëå ïîëíîãî äàâëå-
íèÿ (ò.å. îäíîìó è òîìó æå çíà÷åíèþ ïàðàìåòðà W
ñîîòâåòñòâóþò ðàçëè÷íûå âîçìîæíûå âàðèàíòû
ðàñïðåäåëåíèÿ ïîëíîãî äàâëåíèÿ â ïëîñêîñòè âõî-
äà â äâèãàòåëü). Ýòîò ïàðàìåòð õîðîøî îïèñûâà-
åò èçìåíåíèå çàïàñà ãàçîäèíàìè÷åñêîé óñòîé÷è-
âîñòè êîìïðåññîðà, êîòîðîå â çíà÷èòåëüíîé ñòå-
ïåíè îïðåäåëÿåòñÿ çàïàñîì óñòîé÷èâîñòè åãî ÷à-
ñòè, ðàáîòàþùåé â çîíå ïîíèæåííîãî äàâëåíèÿ íà
âõîäå, è ïðàêòè÷åñêè íå çàâèñèò îò îòíîñèòåëüíî-
ãî ðàçìåðà ýòîé çîíû. Ïðè ýòîì íà òÿãîâûå õàðàê-
òåðèñòèêè äâèãàòåëÿ ðàçìåðû çîíû ïîíèæåííîãî
äàâëåíèÿ íà âõîäå, åñòåñòâåííî, îêàçûâàþò çàìåò-
íîå âëèÿíèå.

Â ñâÿçè ñ ýòèì ïàðàìåòð W íå ìîæåò ÿâëÿòü-
ñÿ êðèòåðèàëüíûì äëÿ îïðåäåëåíèÿ âëèÿíèÿ íåî-
äíîðîäíîãî âõîäíîãî ïîëÿ äàâëåíèÿ íà òÿãîâî-
ýêîíîìè÷åñêèå õàðàêòåðèñòèêè àâèàöèîííûõ
ÃÒÄ*.

Äëÿ îïèñàíèÿ ýòîãî âëèÿíèÿ íåîáõîäèìî èñ-
ïîëüçîâàòü ïàðàìåòð, êîòîðûé íå òîëüêî õàðàêòå-
ðèçóåò ñîîòíîøåíèå ìåæäó çíà÷åíèÿìè äàâëåíèÿ
â ðàçëè÷íûõ çîíàõ â ïëîñêîñòè âõîäà â äâèãàòåëü,
íî îòðàæàåò îòíîñèòåëüíûå çíà÷åíèÿ ïëîùàäè,
êîòîðóþ çàíèìàþò ýòè çîíû, è â ïåðâóþ î÷åðåäü,

çîíû ïîíèæåííîãî äàâëåíèÿ, ÿâëÿÿñü óñëîâíûì
ïîêàçàòåëåì «êîíöåíòðàöèè» ïîíèæåííîãî äàâëå-
íèÿ íà åäèíèöó âõîäíîé ïëîùàäè.

Â ñâÿçè ñ òåì, ÷òî íåñòàöèîíàðíàÿ ñîñòàâëÿ-
þùàÿ íåðàâíîìåðíîñòè ε  ìàëî âëèÿåò íà òÿãó
äâèãàòåëÿ, åå çíà÷åíèå ïðè âû÷èñëåíèè äàííîãî
ïàðàìåòðà ìîæåò íå ó÷èòûâàòüñÿ.

Â êà÷åñòâå òàêîãî êðèòåðèàëüíîãî äëÿ îïðåäå-
ëåíèÿ âëèÿíèÿ íà òÿãó äâèãàòåëÿ ïàðàìåòðà öåëå-
ñîîáðàçíî èñïîëüçîâàòü ñëåäóþùèé:

âõ ìèí

âõ

( )
.r

F
E

σ − σ
=

σ

Äëÿ ïðîâåðêè ýòîãî ïðåäïîëîæåíèÿ ïðè ïðî-
âåäåíèè âòîðîé ãðóïïû ðàñ÷åòîâ (òàáë. 3) áûëà
ïîëó÷åíà äðîññåëüíàÿ õàðàêòåðèñòèêà äâèãàòåëÿ
íà âçëåòíîì ðåæèìå ïðè íàëè÷èè íåðàâíîìåðíî-
ñòè ïîëíîãî äàâëåíèÿ íà âõîäå ñ íåèçìåííûì
çíà÷åíèåì ïðåäëàãàåìîãî êðèòåðèàëüíîãî ïàðà-
ìåòðà (Er = 3,72) è ñóùåñòâåííî ðàçëè÷íûõ çíà-
÷åíèÿõ ïàðàìåòðà W (îò 1,65% äî 9%), èçìåíåíèå
êîòîðîãî îáåñïå÷èâàëîñü ðàçëè÷íûìè ñî÷åòàíè-
ÿìè âåëè÷èí îòíîñèòåëüíîé ïëîùàäè çîíû ñ ïî-

íèæåííûì äàâëåíèåì F   è êîýôôèöèåíòà âîññòà-

íîâëåíèÿ ïîëíîãî äàâëåíèÿ â ýòîé çîíå ìèíσ .

Èç àíàëèçà ïðåäñòàâëåííûõ â òàáë. 3 äàííûõ,
ñîäåðæàùèõ èçìåíåíèå îòíîñèòåëüíîãî ñíèæåíèÿ
òÿãè è ÃÄÓ èññëåäóåìîãî äâèãàòåëÿ, ñëåäóåò, ÷òî
ïðè îäíîì è òîì æå çíà÷åíèè ïàðàìåòðà Er = 3,72,

Òàáëèöà 2

Ñíèæåíèå òÿãè è ÃÄÓ äâèãàòåëÿ äëÿ äâóõ âàðèàíòîâ ïîëåé íåîäíîðîäíîñòè ïîëíîãî äàâëåíèÿ íà âõîäå

n 
W = 9%, 𝐹 = 0,3, σìèí  = 0,85 W = 9%, 𝐹  = 0,4, σìèí = 0,833 

ΔR δΔKy ΔR δΔKy 

1.05 6,85 8,08 9,86 8,16 

1 6,71 8,39 9,55 8,61 

0.95 6,37 8,77 9,03 9,11 

0.9 6,03 9,19 8,54 9,65 

0.85 5,67 9,66 8,00 10,26 

0.8 5,29 10,22 7,45 10,96 

0.75 4,95 10,83 6,95 11,74 

0.7 4,62 11,57 6,44 12,66 

0.65 4,24 12,52 5,86 13,86 

0.6 3,83 13,88 5,23 15,58 

* Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû è â äðóãèõ ðàáîòàõ ðàñ÷åòíîãî è ýêñïåðèìåíòàëüíîãî ïëàíà [13, 14 è äð.].
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íî ïðè ðàçëè÷íûõ ñî÷åòàíèÿõ äðóãèõ ïàðàìåòðîâ

íåðàâíîìåðíîñòè ( F = 0,3, âõ_ìèíσ = 0,85,

W = 9%), ( F = 0,5, âõ_ìèíσ = 0,898, W = 3,85%) è

( F = 0,7, âõ_ìèíσ = 0,918, W = 1,65%) ñíèæåíèå

òÿãè ïðîèñõîäèò îäíîòèïíî âî âñåõ òðåõ ñëó÷àÿõ,
à óìåíüøåíèå çàïàñà óñòîé÷èâîñòè êîìïðåññîðà
áîëåå èíòåíñèâíî ïðè áîëüøåì çíà÷åíèåì W.
Òàêèì îáðàçîì, ïðåäëîæåííûé áåçðàçìåðíûé
ïàðàìåòð Er îòðàæàåò âëèÿíèå íåðàâíîìåðíîñòè
âõîäíîãî ïîëÿ ïîëíîãî äàâëåíèÿ íà òÿãó äâèãàòå-
ëÿ è ïîýòîìó ìîæåò ïðèìåíÿòüñÿ â êà÷åñòâå îï-
ðåäåëÿþùåãî äëÿ îöåíêè èçìåíåíèÿ òÿãîâî-ýêî-

íîìè÷åñêèõ õàðàêòåðèñòèê äâèãàòåëÿ ïðè åãî ðà-
áîòå â óñëîâèÿõ íåðàâíîìåðíîñòè âõîäíîãî ïîëÿ
ïîëíîãî äàâëåíèÿ.

Äëÿ âûÿâëåíèÿ çàâèñèìîñòè ïîòåðè òÿãè Rδ
èññëåäóåìîãî ÒÐÄ îò ïàðàìåòðà Er áûëè ïðîâåäå-
íû ñîîòâåòñòâóþùèå ðàñ÷åòíûå îöåíêè âî âñåì
ðàññìîòðåííîì äèàïàçîíå îòíîñèòåëüíûõ çíà÷å-
íèé ÷àñòîòû âðàùåíèÿ ðîòîðà n îò 0,6 äî 1, ðå-
çóëüòàòû êîòîðûõ ïðåäñòàâëåíû íà ðèñ. 2.

Èç àíàëèçà ïðåäñòàâëåííûõ äàííûõ âèäíà
ïðàêòè÷åñêè ëèíåéíàÿ çàâèñèìîñòü ñíèæåíèÿ

òÿãè Rδ  îò ïàðàìåòðà Er ( Rδ ≈ ÊEr ), ïðè÷åì êî-

ýôôèöèåíò ïðîïîðöèîíàëüíîñòè Ê èçìåíÿåòñÿ â

Òàáëèöà 3

Ñíèæåíèå òÿãè è ÃÄÓ äâèãàòåëÿ äëÿ òðåõ âàðèàíòîâ ïîëåé íåîäíîðîäíîñòè ïîëíîãî äàâëåíèÿ íà âõîäå

n 

Er = 3,72, 𝐹  = 0,3, σìèí = 0,85, 
W = 9% 

Er = 3,72, 𝐹 = 0,5, σìèí = 0,898,  
W = 3,85% 

Er = 3,72, 𝐹 = 0,7, σìèí=0,918,  
W = 1,65%, 

ΔR δΔKy ΔR δΔKy ΔR δΔKy 

1.05 6,85 8,08 6,48 3,37 6,32 1,43 

1 6,71 8,39 6,33 3,63 6,16 1,66 

0.95 6,37 8,77 5,98 3,92 5,81 1,92 

0.9 6,03 9,19 5,66 4,22 5,48 2,18 

0.85 5,67 9,66 5,31 4,56 5,14 2,46 

0.8 5,29 10,22 4,95 4,94 4,79 2,77 

0.75 4,95 10,83 4,63 5,35 4,49 3,10 

0.7 4,62 11,57 4,33 5,83 4,19 3,48 

0.65 4,24 12,52 4,00 6,46 3,88 3,96 

0.6 3,83 13,88 3,66 7,37 4,23 4,7 

Ðèñ. 2. Çàâèñèìîñòü ñíèæåíèÿ òÿãè ðàññìàòðèâàåìîãî ÒÐÄ îò ÷àñòîòû âðàùåíèÿ è ïàðàìåòðà Er
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çàâèñèìîñòè îò ÷àñòîòû âðàùåíèÿ îò 1 (äëÿ n =
= 0,6) äî 1,75 (äëÿ n = 1).

Âûâîäû

Ïðîâåäåííûé ðàñ÷åòíûé àíàëèç íà ïðèìåðå
îäíîâàëüíîãî ÒÐÄ ïîêàçàë ñóùåñòâåííóþ íåî-
äíîçíà÷íîñòü çàâèñèìîñòè ñíèæåíèÿ òÿãè äâèãà-
òåëÿ ïðè ðàáîòå â íåîäíîðîäíîì ïîëå ïîëíîãî
äàâëåíèÿ íà âõîäå îò îáùåïðèíÿòîãî äëÿ îöåíêè
òàêîãî âëèÿíèÿ ïàðàìåòðà W, ñòàöèîíàðíàÿ ñî-
ñòàâëÿþùàÿ êîòîðîãî õàðàêòåðèçóåò ñîîòíîøåíèå
ìåæäó çíà÷åíèÿìè äàâëåíèÿ â ðàçëè÷íûõ çîíàõ â
ïëîñêîñòè âõîäà â äâèãàòåëü.

Äëÿ êîððåêòíîé îöåíêè óõóäøåíèÿ òÿãîâî-
ýêîíîìè÷åñêèõ ïàðàìåòðîâ äâèãàòåëÿ, ðàáîòàþ-
ùåãî â óñëîâèÿõ íåîäíîðîäíîãî âõîäíîãî ïîëÿ
ïîëíîãî äàâëåíèÿ, ïðåäëîæåí è îáîñíîâàí ïàðà-
ìåòð Er, êîòîðûé, â îòëè÷èå îò ïàðàìåòðà W, äî-
ïîëíèòåëüíî îòðàæàåò îòíîñèòåëüíûå çíà÷åíèÿ
ïëîùàäè, çàíèìàåìîé çîíàìè ñ ðàçëè÷íûì óðîâ-
íåì ïîëíîãî äàâëåíèÿ, ÿâëÿÿñü óñëîâíûì ïîêàçà-
òåëåì «êîíöåíòðàöèè» ïîíèæåííîãî äàâëåíèÿ íà
åäèíèöó âõîäíîé ïëîùàäè.

Ðàñ÷åòíûå îöåíêè ïîêàçàëè, ÷òî ñíèæåíèå

òÿãè äâèãàòåëÿ Rδ  âñëåäñòâèå íåîäíîðîäíîãî ïîëÿ

ïîëíîãî äàâëåíèÿ íà âõîäå ïîëíîñòüþ îïðåäåëÿ-
åòñÿ çíà÷åíèåì ýòîãî ïàðàìåòðà (çàâèñèìîñòü

ìåæäó Rδ  è Er ïðàêòè÷åñêè ëèíåéíàÿ), à òàêæå

ðåæèìîì ðàáîòû ñàìîãî äâèãàòåëÿ, íàïðèìåð ÷à-
ñòîòîé âðàùåíèÿ âàëà.
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Abstract

The presence of the total pressure non-uniformity
may affect the basic engine parameters, and, in the first
place, its gas-dynamic stability margin, as well as
thrust-economic characteristics. Circumferential non-
uniformity of the total pressure and its non-stationary
component greatly affect the engine gas-dynamic
stability. As for the engine thrust, the radial and
circumferential effects are close enough, and non-
stationary component does not affect the engine thrust
at all. It allows employ one-dimensional approaches
while this phenomenon modelling, and consider the
impact of both stationary components of non-
uniformity of the total pressure (both circumferential
and radial) from the single methodological positions

In case of a non-uniform input flow, the flight-
thrust decrease occurs for to the several reasons.
Reduction of the general level of the total pressure
along the engine passage, which leads to the pressure
drop reduction in the jet nozzle pressure difference
and, correspondingly, the decrease of the engine
specific thrust may be assigned to the first cause.
Besides, due to the general level of the input pressure
reduction, physical air consumption reduction through
the engine occurs as well.

The second reason of flight thrust reduction is
associated with additional total pressure losses due to
the “wash-out” of areas with various level of the total
pressure in compression elements. It leads to the
additional losses of the total pressure in compressor
stages, which reduces the aircraft engine thrust to an
even greater degree.

STUDYING CRITERION PARAMETERS OF THE TOTAL PRESSURE INPUT
NON-UNIFORMITY IMPACT ON THE THRUST OF A TURBOJET ENGINE

Ezrokhi Yu.A., Khoreva E.A.

Central Institute of Aviation Motors named after P.I. Baranov,
CIAM, 2, Aviamotornaya str., Moscow, 111116, Russia

e-mail: 30105@ciam.ru

The authors suggested and justified criterion
parameter Er for correct estimation of the thrust-
economic parameters of the engine, operating in
conditions of non-uniform input field of the total
pressure. To the contrary of the W parameter, this
parameter reflects additionally the relative values of the
area, occupied by the zones with various total pressure
values, being conditional indicator of the reduced
pressure “concentration” per unit of the input area.

On a calculation example of the one-shaft turbojet
with sufficiently conservative level of the design
parameters the effect of the total pressure non-
uniformity on its key parameters, such as thrust and
gas-dynamic stability margin of the compression
system was considered. This kind of engine selection
is explained by the fact that to the contrary of the
bypass jet engine, considered in the previous articles,
the non-uniform field at the turbojet compressor inlet
is considered as known, and its impact on a single
compressor would be determinant for the whole turbo
jet engine.

The performed calculation estimations revealed

that the decrease in the engine thrust Rδ  due to the

non-uniform field of the total pressure at the inlet was
completely defined by value of this parameter

(dependence between Rδ  and Er is almost linear), and

also by the engine operating mode, such its shaft
rotation frequency.

Keywords: total pressure non-uniformity, non-
uniformity parameters, turbojet, engine thrust, the
engine gas-dynamic stability margin.
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