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

Ââåäåíèå

Â ñîâðåìåííîì ìèðå ýëåêòðèôèêàöèè æåëåç-
íûõ äîðîã óäåëÿåòñÿ îãðîìíîå çíà÷åíèå. Òàê, â
Øâåéöàðèè ýëåêòðèôèöèðîâàíî ïî÷òè 100% æå-
ëåçíûõ äîðîã (îêîëî 3000 êì), â Øâåöèè — ñâû-
øå 60% (áîëåå 7500 êì), â Èòàëèè — îêîëî 50%
(áîëåå 8000 êì). Íà ýëåêòðè÷åñêîé òÿãå îñóùåñòâ-
ëÿåòñÿ áîëåå 50% âñåõ ãðóçîâûõ ïåðåâîçîê [1].

Ýëåêòðèôèêàöèÿ æåëåçíîé äîðîãè ïîâûøàåò
ïðîïóñêíóþ è ïðîâîçíóþ ñïîñîáíîñòü, íàä¸æ-
íîñòü ðàáîòû, ñîêðàùàåò ýêñïëóàòàöèîííûå ðàñ-
õîäû, äåëàåò æåëåçíîäîðîæíûé òðàíñïîðò áîëåå
êîìôîðòàáåëüíûì. Êðîìå òîãî, ýëåêòðèôèöèðî-
âàííûå æåëåçíûå äîðîãè ÿâëÿþòñÿ áîëåå ýêîëî-
ãè÷åñêè ÷èñòûìè [2—4].

Îäíàêî íà ñåãîäíÿøíèé äåíü ïðèìåðíî ïîëî-
âèíà æåëåçíûõ äîðîã íå ýëåêòðèôèöèðîâàíà, ïî-
ýòîìó äëÿ ïðèâîäà ëîêîìîòèâà íåîáõîäèìî èñ-
ïîëüçîâàòü òåïëîâûå äâèãàòåëè. Îäíèì èç âîçìîæ-
íûõ âàðèàíòîâ ÿâëÿåòñÿ ïðèìåíåíèå ãàçîòóðáèí-
íîé óñòàíîâêè [5, 6], êîãäà ìîùíîñòü ÃÒÓ ïåðå-
äà¸òñÿ íà ýëåêòðîãåíåðàòîð, à ýëåêòðîäâèãàòåëè
ïðèâîäÿò â äâèæåíèå ëîêîìîòèâ. Â ïåðñïåêòèâå íà
ãàçîòóðáîâîç ìîãóò óñòàíàâëèâàòüñÿ àâèàöèîííûå
äâèãàòåëè ãðàæäàíñêîé àâèàöèè, âûðàáîòàâøèå
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Ïðîâåäåíû èññëåäîâàíèÿ âîçìîæíûõ ïóòåé ñîâåðøåíñòâîâàíèÿ ñèëîâîé óñòàíîâêè ãàçîòóðáîâîçà ñ ó÷åòîì
îãðàíè÷åíèé, íàêëàäûâàåìûõ îñîáåííîñòÿìè ïðèìåíåíèÿ ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ) íà æåëåçíîäîðîæíîì
òðàíñïîðòå. Ðàáîòà ïðîâîäèëàñü â íåñêîëüêî ýòàïîâ: âåðèôèêàöèÿ ìàòåìàòè÷åñêèõ ìîäåëåé, èñïîëüçóåìûõ ïðè
âûïîëíåíèè ïðîåêòíîãî ðàñ÷åòà è ðàñ÷åòà ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ÃÒÄ, ñ öåëüþ ïîâûøåíèÿ èäåíòè÷-
íîñòè èõ ìàòåìàòè÷åñêèì ìîäåëÿì, èñïîëüçóåìûì ÏÀÎ «Êóçíåöîâ»; èññëåäîâàíèå âëèÿíèÿ ÷èñëà ñòóïåíåé êîì-
ïðåññîðà íèçêîãî äàâëåíèÿ íà ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè ãàçîòóðáèííîé óñòàíîâêè (ÃÒÓ), èñïîëüçóåìîé
â ñîñòàâå ãàçîòóðáîâîçà; ðàçðàáîòêà ïðåäëîæåíèé ïî ñîâåðøåíñòâîâàíèþ óñëîâèé ñîâìåñòíîé ðàáîòû óçëîâ ñ öåëüþ
ñîêðàùåíèÿ ðàñõîäà âîçäóõà ÷åðåç ÃÒÓ.

Êëþ÷åâûå ñëîâà: ãàçîòóðáîâîç, ãàçîòóðáèííàÿ óñòàíîâêà, ìàòåìàòè÷åñêàÿ ìîäåëü, êëèìàòè÷åñêèå õàðàêòåðèñ-
òèêè, ýòàï êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ.

ëåòíûé ðåñóðñ è äîðàáîòàííûå äëÿ ïðèìåíåíèÿ íà
æåëåçíîé äîðîãå. Òàêîé ïîäõîä ñóùåñòâåííî ñíè-
æàåò ñåáåñòîèìîñòü ïåðåâîçîê è âíåäðåíèÿ ãàçî-
òóðáèííûõ ëîêîìîòèâîâ â ýêîíîìèêó ñòðàíû
[7—9].

Â ÑÑÑÐ ðàáîòû ïî ñîçäàíèþ ãàçîòóðáîâîçà
íà÷àëèñü â 1954 ãîäó. Áûëî ðàçðàáîòàíî íåñêîëüêî
ìîäåëåé ëîêîìîòèâîâ è âûïóùåíû îïûòíûå ýê-
çåìïëÿðû, ïðîõîäèâøèå èñïûòàíèÿ. Â 1970-õ ïðî-
åêòû ïî ñîçäàíèþ ãàçîòóðáîâîçîâ áûëè ïðåêðàùå-
íû, òàê êàê îíè íå ìîãëè êîíêóðèðîâàòü ñ ýëåê-
òðîâîçàìè è òåïëîâîçàìè [10]. Â äðóãèõ ñòðàíàõ
ëîêîìîòèâû ñ ãàçîòóðáèííîé óñòàíîâêîé â íàñòî-
ÿùåå âðåìÿ íå èñïîëüçóþòñÿ èç-çà ñëîæíîñòè
ïðîåêòèðîâàíèÿ.

Â ðàìêàõ Ïîñòàíîâëåíèÿ Ïðàâèòåëüñòâà ÐÔ îò
9 àïðåëÿ 2010 ã. N 218 «Î ìåðàõ ãîñóäàðñòâåííîé
ïîääåðæêè ðàçâèòèÿ êîîïåðàöèè ðîññèéñêèõ îá-
ðàçîâàòåëüíûõ îðãàíèçàöèé âûñøåãî îáðàçîâàíèÿ,
ãîñóäàðñòâåííûõ íàó÷íûõ ó÷ðåæäåíèé è îðãàíè-
çàöèé, ðåàëèçóþùèõ êîìïëåêñíûå ïðîåêòû ïî
ñîçäàíèþ âûñîêîòåõíîëîãè÷íîãî ïðîèçâîäñòâà»,
â ðàìêàõ ïîäïðîãðàììû «Èíñòèòóöèîíàëüíîå ðàç-
âèòèå íàó÷íî-èññëåäîâàòåëüñêîãî ñåêòîðà» ãîñó-
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äàðñòâåííîé ïðîãðàììû Ðîññèéñêîé Ôåäåðàöèè
«Ðàçâèòèå íàóêè è òåõíîëîãèé» íà 2013—2020
ãîäû» ñîâìåñòíî ñ ÏÀÎ «Êóçíåöîâ» ïðîâîäèëèñü
èññëåäîâàíèÿ âîçìîæíûõ ïóòåé ñîâåðøåíñòâîâà-
íèÿ ñèëîâîé óñòàíîâêè ãàçîòóðáîâîçà, ñ ó÷åòîì
îãðàíè÷åíèé, íàêëàäûâàåìûõ îñîáåííîñòÿìè ïðè-
ìåíåíèÿ ãàçîòóðáèííûõ äâèãàòåëåé íà æåëåçíîäî-
ðîæíîì òðàíñïîðòå.

Ðàáîòà ïðîâîäèëàñü â íåñêîëüêî ýòàïîâ: âåðè-
ôèêàöèÿ ìàòåìàòè÷åñêèõ ìîäåëåé, èñïîëüçóåìûõ
ïðè âûïîëíåíèè ïðîåêòíîãî ðàñ÷åòà è ðàñ÷åòà
ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ÃÒÄ, ñ öåëüþ
ïîâûøåíèÿ èäåíòè÷íîñòè èõ ìàòåìàòè÷åñêèì
ìîäåëÿì, èñïîëüçóåìûì íà ïðåäïðèÿòèè; èññëå-
äîâàíèå âëèÿíèÿ ÷èñëà ñòóïåíåé êîìïðåññîðà
íèçêîãî äàâëåíèÿ (ÍÄ) íà ýêñïëóàòàöèîííûå õà-
ðàêòåðèñòèêè ÃÒÓ, èñïîëüçóåìîé â ñîñòàâå ãàçî-
òóðáîâîçà; ðàçðàáîòêà ïðåäëîæåíèé ïî ñîâåðøåí-
ñòâîâàíèþ óñëîâèé ñîâìåñòíîé ðàáîòû óçëîâ ñ
öåëüþ ñîêðàùåíèÿ ðàñõîäà âîçäóõà ÷åðåç ÃÒÓ [11-
15].

Âåðèôèêàöèÿ ìàòåìàòè÷åñêèõ ìîäåëåé
òóðáîâàëüíîãî äâèãàòåëÿ

Â ïåðâóþ î÷åðåäü íåîáõîäèìî ïðîèçâåñòè âå-
ðèôèêàöèþ èñïîëüçóåìûõ â CAE-ñèñòåìå ÀÑÒÐÀ

[17, 18] ìàòåìàòè÷åñêèõ ìîäåëåé è ïðîâåðèòü
àäåêâàòíîñòü ïîëó÷àåìûõ ðåçóëüòàòîâ. Äëÿ ýòîãî
áûë âûïîëíåí ðàñ÷åò êëèìàòè÷åñêèõ õàðàêòåðè-
ñòèê ÃÒÓ ñ èñõîäíûì ãàçîãåíåðàòîðîì è ïðîâåäå-
íî ñðàâíåíèå ðåçóëüòàòîâ ýòîãî ðàñ÷åòà ñ äàííû-
ìè, ïîëó÷åííûìè ñ ÏÀÎ «Êóçíåöîâ». Â ðåçóëüòàòå
áûëè ïîñòðîåíû ãðàôèêè äëÿ óñëîâèé Í = 0,
Ne = 6 ÌÂò (ðèñ. 1).

Ñîïîñòàâëåíèå ðåçóëüòàòîâ ðàñ÷åòà êëèìàòè-
÷åñêèõ õàðàêòåðèñòèê ÃÒÓ íà áàçå èñõîäíîãî ãà-
çîãåíåðàòîðà ñ äàííûìè, ïîëó÷åííûìè îò ïðåä-
ïðèÿòèÿ, ïîçâîëÿåò ãîâîðèòü îá èäåíòè÷íîñòè ìà-
òåìàòè÷åñêèõ ìîäåëåé òåðìîãàçîäèíàìè÷åñêîãî
ðàñ÷åòà ÏÀÎ «Êóçíåöîâ» è ìàòåìàòè÷åñêèõ ìîäå-
ëåé ÀÑÒÐÀ è ïðîâîäèòü äàëüíåéøèå èññëåäîâà-
íèÿ ñ ïðèåìëåìîé òî÷íîñòüþ.

Âëèÿíèå ÷èñëà ñòóïåíåé êîìïðåññîà ÍÄ
íà äðîññåëüíûå õàðàêòåðèñòèêè ÃÒÓ

Îäíèì èç íàïðàâëåíèé ïîâûøåíèÿ ýôôåêòèâ-
íîñòè ýêñïëóàòàöèè ÃÒÓ, ïðåäíàçíà÷åííîé äëÿ
èñïîëüçîâàíèÿ â ñîñòàâå ãàçîòóðáîâîçà, ÿâëÿåòñÿ
ñîêðàùåíèå ðàñõîäà âîçäóõà ÷åðåç óñòàíîâêó, êî-
òîðîå ïîçâîëèò ñíèçèòü ïîòåðè ïîëíîãî äàâëåíèÿ
âî âñàñûâàþùåì òðàêòå çà ñ÷åò áîëåå ðàöèîíàëü-
íûõ óñëîâèé ðàáîòû âîçäóøíûõ ôèëüòðîâ. Äàëåå

Ðèñ. 1. Ðåçóëüòàòû ñîïîñòàâëåíèÿ êëèìàòè÷åñêèõ õàðàêòåðèñòèê ÃÒÓ ïî ðàçíûì ìîäåëÿì
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áóäåò ðàññìîòðåíà âîçìîæíîñòü ñíèæåíèÿ ðàñõîäà
âîçäóõà ÷åðåç äâèãàòåëü ïðè óñëîâèè ñîõðàíåíèÿ
ýôôåêòèâíîé ìîùíîñòè ãàçîòóðáèííîé óñòàíîâ-
êè çà ñ÷åò ñíÿòèÿ îäíîé è äâóõ ïåðâûõ ñòóïåíåé
êîìïðåññîðà ÍÄ [19, 20].

Ðàññìîòðèì, êàêèå èçìåíåíèÿ ïîâëå÷åò çà
ñîáîé ñíÿòèå ïåðâîé ñòóïåíè êîìïðåññîðà íèçêî-
ãî äàâëåíèÿ. Â ñîîòâåòñòâèè ñ óðàâíåíèÿìè, îïè-
ñûâàþùèìè óñëîâèÿ ñîâìåñòíîé ðàáîòû óçëîâ
äâèãàòåëÿ, ìîæíî (ñ íåçíà÷èòåëüíûìè äîïóùåíè-
ÿìè) ñäåëàòü âûâîä, ÷òî ïîëîæåíèå ëèíèè ðàáî-
÷èõ ðåæèìîâ íà õàðàêòåðèñòèêå êîìïðåññîðà ÍÄ
ïðè ñîêðàùåíèè ÷èñëà ñòóïåíåé îñòàíåòñÿ íåèç-
ìåííûì. Èçìåíåíèÿ êîñíóòñÿ, ãëàâíûì îáðàçîì,
õàðàêòåðèñòèêè ïîëó÷åííîãî (÷åòûðåõ— èëè òðåõ-
ñòóïåí÷àòîãî) êîìïðåññîðà ÍÄ. ×òîáû îïðåäåëèòü
ñîîòâåòñòâóþùèå õàðàêòåðèñòèêè êîìïðåññîðîâ ñ
ñîêðàùåííûì ÷èñëîì ñòóïåíåé, áóäåì èñïîëüçî-
âàòü äàííûå î ðàñïðåäåëåíèè ïàðàìåòðîâ ïî ñòó-
ïåíÿì, ïðåäîñòàâëåííûå çàêàç÷èêîì.

Áóäåì ñ÷èòàòü, ÷òî õàðàêòåðèñòèêà êîìïðåññî-
ðà ÍÄ ñî ñíÿòîé ïåðâîé ñòóïåíüþ (÷åòûðåõñòóïåí-
÷àòîãî) â îòíîñèòåëüíîì âèäå ñîõðàíèòñÿ ïðàêòè-
÷åñêè íåèçìåííîé, à äëÿ òîãî, ÷òîáû ïîëó÷èòü
õàðàêòåðèñòèêó êîìïðåññîðà â îáðàçìåðåííîì
âèäå, ðàññìîòðèì ñëåäóþùèå ñîîáðàæåíèÿ. Èìåÿ

äàííûå î ÊÏÄ *
ñò i  è ñòåïåíè ïîâûøåíèÿ äàâëå-

íèÿ *
ñò i  êàæäîé ñòóïåíè èñõîäíîãî êîìïðåññîðà

è ïîëàãàÿ, ÷òî ýòè çíà÷åíèÿ ñîõðàíÿòñÿ ïðèìåð-
íî ïîñòîÿííûìè, â ðàñ÷åòíîé òî÷êå ìîæíî îïðå-

äåëèòü ñîîòâåòñòâóþùèå çíà÷åíèÿ *
êíä  è *

êíä  ÷å-

òûðåõñòóïåí÷àòîãî êîìïðåññîðà ÍÄ â öåëîì. Â îò-
ñóòñòâèå ïåðâîé ñòóïåíè òåìïåðàòóðà íà âõîäå âî
âòîðóþ ñòóïåíü ñíèçèòñÿ, è äëÿ òîãî, ÷òîáû îï-
ðåäåëèòü íîâîå çíà÷åíèå ïðèâåäåííîé ÷àñòîòû

âðàùåíèÿ êíä.ïð.íîân  â ðàñ÷åòíîé òî÷êå, äîñòàòî÷-

íî îïðåäåëèòü çíà÷åíèå ÷àñòîòû âðàùåíèÿ èñõîä-
íîãî êîìïðåññîðà, ïðèâåäåííîå ïî ïàðàìåòðàì íà
âõîäå â åãî âòîðóþ ñòóïåíü. Ïî ýòèì ïàðàìåòðàì
ïðîèçâîäèòñÿ îáðàçìåðèâàíèå õàðàêòåðèñòèêè ÷å-
òûðåõñòóïåí÷àòîãî êîìïðåññîðà è âûïîëíÿåòñÿ
ïðîåêòíûé òåðìîãàçîäèíàìè÷åñêèé ðàñ÷åò.

Îïðåäåëåíèå õàðàêòåðèñòèêè êîìïðåññîðà ÍÄ
ñî ñíÿòûìè äâóìÿ ïåðâûìè ñòóïåíÿìè (òðåõñòó-
ïåí÷àòîãî) ïðîèçâîäèòñÿ àíàëîãè÷íûì îáðàçîì.

Õàðàêòåðèñòèêè òðåõ-, ÷åòûðåõ- è ïÿòèñòóïåí-
÷àòîãî êîìïðåññîðîâ ÍÄ ñ íàíåñåííîé íà íèõ
ëèíèåé ðàáî÷èõ ðåæèìîâ ïðåäñòàâëåíû íà ðèñ. 2.

Äëÿ òîãî ÷òîáû èññëåäîâàòü âëèÿíèå ÷èñëà
ñòóïåíåé êîìïðåññîðà ÍÄ, áûë âûïîëíåí ðàñ÷åò
äðîññåëüíûõ õàðàêòåðèñòèê ÃÒÓ íà çåìëå (Í = 0)
â ñòàíäàðòíûõ àòìîñôåðíûõ óñëîâèÿõ. Íà îñíîâà-

Ðèñ. 2. Âçàèìíîå ðàñïîëîæåíèå õàðàêòåðèñòèê òðåõ-, ÷åòûðåõ- è ïÿòèñòóïåí÷àòîãî êîìïðåññîðà ÍÄ è ëèíèè
ñîâìåñòíîé ðàáîòû
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íèè ïîëó÷åííûõ ðåçóëüòàòîâ áûëè ñäåëàíû âûâî-
äû î òîì, ÷òî áåç äîðàáîòîê (èçìåíåíèÿ óñëîâèé
ñîâìåñòíîé ðàáîòû óçëîâ ÃÒÓ çà ñ÷åò êîððåêöèè
ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ
òóðáèí) èçìåíÿòü ÷èñëî ñòóïåíåé êîìïðåññîðà íå
öåëåñîîáðàçíî.

Âëèÿíèå èçìåíåíèÿ ïðîïóñêíûõ ñïîñîáíîñòåé
ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé
òóðáèíû íà ïàðàìåòðû ÃÒÓ ñ òðåõ-, ÷åòûðåõ-
è ïÿòèñòóïåí÷àòûì êîìïðåññîðîì ÍÄ

Äëÿ îïðåäåëåíèÿ âëèÿíèÿ èçìåíåíèÿ ïðîïóñ-
êíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáèíû
ÍÄ è ñâîáîäíîé òóðáèíû íà ïàðàìåòðû ÃÒÓ ñ
òðåõ-, ÷åòûðåõ- è ïÿòèñòóïåí÷àòûì êîìïðåññîðîì
ÍÄ ïðîèçâåäåí ðàñ÷åò ïàðàìåòðîâ ÃÒÓ íà çåìëå
(Í = 0), â ñòàíäàðòíûõ àòìîñôåðíûõ óñëîâèÿõ íà
òðåõ ðåæèìàõ, çàäàâàåìûõ óðîâíåì ýôôåêòèâíîé
ìîùíîñòè (Ne = 10 ÌÂò, Ne = 8,3 ÌÂò è Ne =
= 6 ÌÂò), ñ âàðüèðîâàíèåì ïðîïóñêíîé ñïîñîá-

íîñòè ñîïëîâîãî àïïàðàòà òóðáèíû ÍÄ  ÒÍÄA

â äèàïàçîíå 0…-15% è ïðîïóñêíîé ñïîñîáíîñòè

ñîïëîâîãî àïïàðàòà ñâîáîäíîé òóðáèíû  ÑÒA

â äèàïàçîíå 0…-30%. Ïðèìåðû ðàñ÷åòîâ ÃÒÓ ñ ïÿ-
òèñòóïåí÷àòûì êîìïðåññîðîì ÍÄ ïðèâåäåíû íà
ðèñ. 3; ñ ÷åòûðåõñòóïåí÷àòûì – íà ðèñ. 4; ñ òðåõ-
ñòóïåí÷àòûì – íà ðèñ. 5. Íåîáõîäèìî îòìåòèòü,
÷òî äëÿ ÃÒÓ ñ òðåõñòóïåí÷àòûì êîìïðåññîðîì ÍÄ
â äèàïàçîíå äîñòèæèìûõ âåëè÷èí òåìïåðàòóðû
ãàçà ïåðåä òóðáèíîé íåâîçìîæíî îáåñïå÷èòü ýô-

ôåêòèâíóþ ìîùíîñòü Ne = 10 ÌÂò, ïîýòîìó íèæå
ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ òîëüêî äëÿ
Ne = 8,3 ÌÂò  è Ne = 6 ÌÂò.

Íà îñíîâàíèè ïðîâåäåííûõ ðàñ÷åòîâ ìîæíî
ïðåäëîæèòü ñëåäóþùèå íàèáîëåå ðàöèîíàëüíûå
âàðèàíòû êîððåêöèè ïðîïóñêíûõ ñïîñîáíîñòåé
ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé
òóðáèíû:

— äëÿ ÃÒÓ ñ ïÿòèñòóïåí÷àòûì êîìïðåññîðîì

ÍÄ:  ÒÍÄA = –5% è  ÑÒA = –10%;

— äëÿ ÃÒÓ ñ ÷åòûðåõñòóïåí÷àòûì êîìïðåññî-

ðîì ÍÄ:  ÒÍÄA = –10% è  ÑÒA = –20%;

— äëÿ ÃÒÓ ñ òðåõñòóïåí÷àòûì êîìïðåññîðîì

ÍÄ:  ÒÍÄA = –15% è  ÑÒA = –30%.

Âëèÿíèå êîððåêöèè ïðîïóñêíûõ ñïîñîáíîñòåé
ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé
òóðáèíû íà äðîññåëüíûå õàðàêòåðèñòèêè ÃÒÓ

Áûë âûïîëíåí ðàñ÷åò äðîññåëüíûõ õàðàêòåðè-
ñòèê ÃÒÓ ñ ïÿòè-, ÷åòûðåõ- è òðåõñòóïåí÷àòûì
êîìïðåññîðîì ÍÄ ïðè óñëîâèè êîððåêöèè ïðî-
ïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáè-
íû ÍÄ è ñâîáîäíîé òóðáèíû â ñîîòâåòñòâèè ñ ðå-
êîìåíäàöèÿìè ïðåäûäóùåãî ðàçäåëà. Ïðîâåäåíî
ñðàâíåíèå ïîëó÷åííûõ ðåçóëüòàòîâ ñ äðîññåëüíû-
ìè õàðàêòåðèñòèêàìè ÃÒÓ áåç êîððåêöèè ïðîïóñ-
êíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ. Ïðèìåð
ñðàâíåíèÿ ïðåäñòàâëåí íà ðèñ. 6.

Ðèñ. 3. Âëèÿíèå èçìåíåíèÿ ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé òóðáèíû íà
ïàðàìåòðû ÃÒÓ ñ ïÿòèñòóïåí÷àòûì êîìïðåññîðîì ÍÄ (ÑÀÓ Í = 0), Ne = 10 ÌÂò
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Âûâîäû

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé áûëè
ïîëó÷åíû ñëåäóþùèå îñíîâíûå íàó÷íûå ðåçóëü-
òàòû:

Ðèñ. 4. Âëèÿíèå èçìåíåíèÿ ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé òóðáèíû íà
÷àñòîòó âðàùåíèÿ ðîòîðà âûñîêîãî äàâëåíèÿ ÃÒÓ ñ ÷åòûðåõñòóïåí÷àòûì êîìïðåññîðîì ÍÄ (ÑÀÓ Í = 0),
Ne = 8,3 ÌÂò

Ðèñ. 5. Âëèÿíèå èçìåíåíèÿ ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è ñâîáîäíîé òóðáèíû íà
ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ êîìïðåññîðà âûñîêîãî äàâëåíèÿ ÃÒÓ ñ òðåõñòóïåí÷àòûì êîìïðåññîðîì ÍÄ
(ÑÀÓ Í = 0), Ne = 6 ÌÂò

• ïðîèçâåäåíà âåðèôèêàöèÿ ìàòåìàòè÷åñêèõ
ìîäåëåé, èñïîëüçóåìûõ ïðè âûïîëíåíèè ïðîåêò-
íîãî ðàñ÷åòà è ðàñ÷åòà ýêñïëóàòàöèîííûõ õàðàê-
òåðèñòèê ÃÒÄ, ñ öåëüþ ïîâûøåíèÿ èäåíòè÷íîñ-
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òè èõ ìàòåìàòè÷åñêèì ìîäåëÿì, èñïîëüçóåìûì íà
ïðåäïðèÿòèè: ñîïîñòàâëåíèå ðåçóëüòàòîâ ðàñ÷åòà
êëèìàòè÷åñêèõ õàðàêòåðèñòèê ÃÒÓ íà áàçå èñõîä-
íîãî ãàçîãåíåðàòîðà ñ äàííûìè, ïîëó÷åííûìè îò
çàêàç÷èêà, ïîçâîëÿåò ãîâîðèòü îá èäåíòè÷íîñòè
ìàòåìàòè÷åñêèõ ìîäåëåé òåðìîãàçîäèíàìè÷åñêîãî
ðàñ÷åòà;

• ïðîèçâåäåíî èññëåäîâàíèå âëèÿíèÿ ÷èñëà
ñòóïåíåé êîìïðåññîðà ÍÄ íà ýêñïëóàòàöèîííûå
õàðàêòåðèñòèêè ÃÒÓ, èñïîëüçóåìîé â ñîñòàâå ãà-
çîòóðáîâîçà. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòà-
òîâ ìîæíî çàêëþ÷èòü, ÷òî áåç äîðàáîòîê (èçìåíå-
íèÿ óñëîâèé ñîâìåñòíîé ðàáîòû óçëîâ ÃÒÓ çà ñ÷åò
êîððåêöèè ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ
àïïàðàòîâ òóðáèí) èçìåíÿòü ÷èñëî ñòóïåíåé êîì-
ïðåññîðà ÍÄ íå öåëåñîîáðàçíî;

• ðàçðàáîòàíû ïðåäëîæåíèÿ ïî ñîâåðøåíñòâî-
âàíèþ óñëîâèé ñîâìåñòíîé ðàáîòû óçëîâ ñ öåëüþ
ñîêðàùåíèÿ ðàñõîäà âîçäóõà ÷åðåç ÃÒÓ. Íàèáîëåå
ðàöèîíàëüíûå âàðèàíòû êîððåêöèè ïðîïóñêíûõ
ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ òóðáèíû ÍÄ è
ñâîáîäíîé òóðáèíû:

— äëÿ ÃÒÓ ñ ïÿòèñòóïåí÷àòûì êîìïðåññîðîì

ÍÄ:   ÒÍÄA = –5% è  ÑÒA = –10%;

— äëÿ ÃÒÓ ñ ÷åòûðåõñòóïåí÷àòûì êîìïðåññî-

ðîì ÍÄ:  ÒÍÄA = –10% è  ÑÒA = –20%;

— äëÿ ÃÒÓ ñ òðåõñòóïåí÷àòûì êîìïðåññîðîì

ÍÄ:  ÒÍÄA = –15% è  ÑÒA = –30%.

Çà ñ÷åò êîððåêöèè ïðîïóñêíûõ ñïîñîáíîñòåé
òóðáèíû ÍÄ è ñâîáîäíîé òóðáèíû ìîæíî äîáèòüñÿ
ñíèæåíèÿ ðàñõîäà âîçäóõà ÷åðåç ÃÒÓ íà 13 êã/ñ
(27%) äëÿ âàðèàíòà ñ òðåõñòóïåí÷àòûì êîìïðåññî-
ðîì ÍÄ íà ðåæèìå Ne = 6 ÌÂò, íà 9,3 êã/ñ (17%) äëÿ
âàðèàíòà ñ ÷åòûðåõñòóïåí÷àòûì ÊÍÄ íà ðåæèìå
Ne = 8,3 ÌÂò è íà 4,7 êã/ñ (8%) — äëÿ âàðèàíòà ñ
ïÿòèñòóïåí÷àòûì êîìïðåññîðîì ÍÄ íà ðåæèìå
Ne = 8,3 ÌÂò; ïðè ýòîì âàðèàíòû ñ òðåõ- è ÷åòû-
ðåõñòóïåí÷àòûì êîìïðåññîðîì ÍÄ áåç êîððåêöèè
ïðîïóñêíûõ ñïîñîáíîñòåé ñîïëîâûõ àïïàðàòîâ
òóðáèí íà ñîîòâåòñòâóþùèõ ðåæèìàõ ðàáîòû èìå-
þò íåäîïóñòèìî âûñîêóþ âåëè÷èíó ÷àñòîòû âðà-
ùåíèÿ êîìïðåññîðà ÍÄ.
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Abstract

Up to now, at least half of the railways are not
electrified. Thus, it is necessary to employ heat engines
to set a locomotive into motion. Employing a gas
turbine unit (GTU) is one of the possible options. The
GTU power is transferred to the generator, and
electric motors set the locomotive into motion. It is
worth mentioning that in the future aircraft engines
of the civil aviation with worked-out lifetime, and
updated for the railway application may be installed
on a gas-turbine locomotive. Such an approach would
significantly reduce the transportation cost value and
gas-turbine locomotives implementation to the
national economy.

This work was performed in several stages:
– Mathematical models verification used while

performing design calculations and GTD operational
characteristics computing to increase their identity to
the mathematical models employed by PJSC
Kuznetsov;

– Studying the number of stages of a low-pressure
compressor (LP) effect on the of a gas turbine unit
performance employed as a part of the gas-turbine
locomotive;

– Proposals development on improving the units'
joint operation to reduce the air consumption through
the gas turbine unit.

One of the ways to improve the operation
efficiency of gas turbines for application as a part of
the gas turbine locomotive consists in the air flow
reduction through the unit, which would allow reduce
the total pressure losses in the suction tract due to
more rational operation conditions of the air filters.
The possibility of air consumption reduction through
the engine in condition of preserving the effective
power of the gas turbine unit by eliminating one and
two stages of the low pressure compressor will be
discussed further.

The following main scientific results were obtained
as a result of the study:

1) Mathematical models verification used while
performing design calculations and GTD operational
characteristics computing to increase their identity to
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the mathematical models employed by PJSC
Kuznetsov. Comparison of the results of GTU climatic
characteristics computing, based on the initial gas
generator, with data obtained at the PJSC Kuznetsov
allows talking about the identity of mathematical
models of thermo-gas-dynamic computation,
performed by the PJSC Kuznetsov, and ACTPA
mathematical models;

2) A study of the low-pressure compressor number
of stages impact on the operational characteristics of
the GTU employed as a part of the gas-turbine
locomotive. Based the obtained results, a conclusion
can be made on the inexpediency of changing the
number of stages of the low-pressure compressor
without refinements (changing the joint operation
conditions of the GTU units by throughput efficiency
correction of nozzles assembly);

3) Proposals on improving the joint operation
conditions of the units to the effect of air consumption
reduction through the GTU, and the most rational
options of nozzles assembly of the low-pressure turbine
and a free turbine were elaborated.

Keywords: gas-turbine locomotive, gas turbine unit,
mathematical model, climatic characteristics,
conceptual design stage.
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