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Ââåäåíèå

Èíòåðåñ ê ïðèìåíåíèþ òóðáîâèíòîâûõ äâèãà-
òåëåé (ÒÂÄ) â àâèàöèè èñòîðè÷åñêè ïîâûøàëñÿ
äâàæäû. Ïåðâûé ïåðèîä, äîñòàòî÷íî ïðîäîëæè-
òåëüíûé, ïðèõîäÿùèéñÿ íà 50-å è ïåðâóþ ïîëî-
âèíó 60-õ ãîäîâ, ñâÿçàí ñ òåì, ÷òî ñ ïîìîùüþ ÒÂÄ
àâèàöèÿ ñìîãëà ðåøèòü ïðîáëåìó òðàíñïîðòíûõ è
ïàññàæèðñêèõ ïåðåâîçîê ïðè ïðèåìëåìûõ çíà÷å-
íèÿõ ïðîèçâîäèòåëüíîñòè. Îäíàêî óñïåõè, äîñòèã-
íóòûå â ðàçðàáîòêå äâóõêîíòóðíûõ äâèãàòåëåé
(ÒÐÄÄ), è íèçêèå öåíû íà òîïëèâî ñäåëàëè èìåí-
íî èõ ëèäåðàìè àâèàöèè âïëîòü äî íàñòîÿùåãî
âðåìåíè.

Â ñâÿçè ñ âîçíèêøèì â êîíöå 60-õ—íà÷àëå 70-õ
ãîäîâ òîïëèâíî-ýíåðãåòè÷åñêèì êðèçèñîì âíîâü
çíà÷èòåëüíî óñèëèëñÿ èíòåðåñ ê òóðáîâèíòîâûì
äâèãàòåëÿì. Â ðåçóëüòàòå áûëè ðàçðàáîòàíû ïðî-
åêòû íîâîãî ïîêîëåíèÿ ÒÂÄ — òóðáîâèíòîâåíòè-
ëÿòîðíûå ÃÒÄ (ÒÂÂÄ). Äâà òàêèõ äâèãàòåëÿ, Ä-27
è GE36, äîøëè äî ñòàäèè ëåòíûõ èñïûòàíèé.

ÓÄÊ 629.7.036.3 DOI:10.34759/vst-2020-2-81-89

ÑÎÂÅÐØÅÍÑÒÂÎÂÀÍÈÅ ÏÀÐÀÌÅÒÐÈ×ÅÑÊÎÉ ÌÎÄÅËÈ ÌÀÑÑÛ
ÀÂÈÀÖÈÎÍÍÛÕ ÒÓÐÁÎÂÈÍÒÎÂÛÕ ÄÂÈÃÀÒÅËÅÉ

Ãðèãîðüåâ Â.À.*, Ðûçûâàíîâ È.Ï.**, Çàãðåáåëüíûé À.Î.***

Ñàìàðñêèé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò èìåíè àêàäåìèêà Ñ.Ï. Êîðîë¸âà,
Ñàìàðñêèé óíèâåðñèòåò, Ìîñêîâñêîå øîññå, 34, Ñàìàðà, 443086, Ðîññèÿ

* e-mail: grigva47@gmail.com
** e-mail: iryzyvanov@gmail.com
*** e-mail: zao_sam156@mail.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 27.01.2020

Ïðåäñòàâëåíà óñîâåðøåíñòâîâàííàÿ ïàðàìåòðè÷åñêàÿ ìîäåëü ìàññû àâèàöèîííûõ òóðáîâèíòîâûõ äâèãàòåëåé,
ïðèìåíÿåìàÿ â çàäà÷å îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà òóðáîâèíòîâîãî äâèãàòåëÿ íà ýòàïå íà÷àëü-
íîãî ïðîåêòèðîâàíèÿ. Â îòëè÷èå îò òðàäèöèîííîãî ðàññìîòðåíèÿ, òóðáîâèíòîâîé äâèãàòåëü (ÒÂÄ) ïðåäñòàâëÿ-
åòñÿ â âèäå ìàññû ñîáñòâåííî äâèãàòåëÿ è ìàññû ðåäóêòîðà (êîòîðàÿ íå çàâèñèò îò ïàðàìåòðîâ ðàáî÷åãî ïðîöåñ-
ñà). Äàííàÿ ìîäåëü îñíîâàíà íà îáîáùåíèè ñòàòèñòè÷åñêèõ äàííûõ ñóùåñòâóþùèõ òóðáîâèíòîâûõ äâèãàòåëåé è
îòðàæàåò îáùèå çàêîíîìåðíîñòè çàâèñèìîñòè ìàññû äâèãàòåëÿ îò ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà. Îïðåäåëåíèå
ìàññû òóðáîâèíòîâîãî äâèãàòåëÿ íà ýòàïå íà÷àëüíîãî ïðîåêòèðîâàíèÿ ïîçâîëÿåò ðàçðàáîò÷èêó îöåíèòü ìàññó
ñèëîâîé óñòàíîâêè. Â ñòàòüå ïðåäëîæåíî ðàññìàòðèâàòü êîýôôèöèåíòû â ìîäåëè ìàññû êàê ôóíêöèè îò ïàðà-
ìåòðîâ ðàáî÷åãî ïðîöåññà. Òàêîé ïîäõîä ïîçâîëÿåò áîëåå òî÷íî îïðåäåëèòü ìàññó ÒÂÄ íà íà÷àëüíîì ýòàïå ïðî-
åêòèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: íà÷àëüíîå ïðîåêòèðîâàíèå ÒÂÄ, ìîäåëü ìàññû ÒÂÄ, ìàññà àâèàöèîííîé ñèëîâîé óñòàíîâ-
êè, ëåòàòåëüíûé àïïàðàò.

Îäíàêî äîâåäåíèÿ ýòèõ äâèãàòåëåé è òåì áî-
ëåå öåëîé ëèíåéêè ÒÂÂÄ äî ñåðèéíîãî ïðîèçâîä-
ñòâà òàê è íå ñëó÷èëîñü. Ãëàâíûì îáðàçîì ýòî
ñâÿçàíî ñ óâåëè÷åííûìè ðèñêàìè â ïðîèçâîäñòâå
è â ýêñïëóàòàöèè.

Â íàñòîÿùåå âðåìÿ ÒÂÄ ïðèìåíÿþòñÿ íà òÿ-
æåëûõ ñàìîëåòàõ (Òó-95, Àí-22 è äð.), ñðåäíèõ
òðàíñïîðòíûõ (Ñ-130, Àí-70 è ò. ä.), ñàìîëåòàõ
ìåñòíûõ àâèàëèíèé (Àí-24, Èë-114 è ò.ä.), íà
íåáîëüøèõ àäìèíèñòðàòèâíûõ ñàìîëåòàõ
(2…5-ìåñòíûõ) è â àâèàöèè îáùåãî íàçíà÷åíèÿ.

Ñîçäàíèå íîâûõ ïðîåêòîâ êàê ïîëíîðàçìåð-
íûõ, òàê è îñîáåííî ìàëîðàçìåðíûõ ÒÂÄ ñâÿçà-
íî ñ íåîáõîäèìîñòüþ ðàçðàáîòêè íîâîãî ìåòîäè-
÷åñêîãî îáåñïå÷åíèÿ [1]. Êàê ïîêàçàíî â ðàáîòå
[2], âûáîð ðàöèîíàëüíûõ çíà÷åíèé ïàðàìåòðîâ
ðàáî÷åãî ïðîöåññà îñíîâûâàåòñÿ íà ñîçäàíèè
àäåêâàòíûõ òåîðåòè÷åñêèõ ìîäåëåé ïðîòåêàíèÿ
óäåëüíîãî ðàñõîäà òîïëèâà (Ñóä, Ñý, Ñå) è ìàññû
ñèëîâîé óñòàíîâêè (CÓ) ïðè èçìåíåíèè ïàðàìåò-



82 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

ðîâ ðàáî÷åãî ïðîöåññà (ñòåïåíè ïîâûøåíèÿ äàâ-

ëåíèÿ â êîìïðåññîðå *
êπ , òåìïåðàòóðû ãàçà ïåðåä

òóðáèíîé *
ãÒ , ñòåïåíè ïîíèæåíèÿ äàâëåíèÿ â âû-

õîäíîì óñòðîéñòâå ñπ ). È åñëè çàâèñèìîñòè Ñóä,

Ñý = f ( *
êπ , *

ãÒ , ñπ ) õîðîøî èçâåñòíû è îáëàäàþò

âûñîêîé òî÷íîñòüþ, òî ìîäåëè ìàññû ÑÓ ñ ÒÂÄ
Ìñó îáû÷íî èìåþò ñòàòèñòè÷åñêóþ îñíîâó è, êàê
ñëåäñòâèå, íåâûñîêóþ òî÷íîñòü. Òàêèå çàâèñèìî-
ñòè, êàê è áîëüøèíñòâî ïîõîæèõ ìîäåëåé, îïîñ-
ðåäîâàíû íà ìíîæåñòâå êîíñòðóêòèâíûõ ðåøåíèé
è èìåþò êîððåëÿöèîííûé õàðàêòåð. Îäíàêî èõ
öåííîñòü çàêëþ÷àåòñÿ â òîì, ÷òî îíè äàþò àïðè-
îðíóþ èíôîðìàöèþ, íàêîïëåííóþ íà áàçå ïðåä-
øåñòâóþùåãî îïûòà êîíñòðóèðîâàíèÿ, è ïîçâîëÿ-
þò íà ýòîé îñíîâå ðàçâèòü ìåòîäû ïðîãíîçèðîâà-
íèÿ ìàññû àâèàöèîííûõ ÃÒÄ è åå çàâèñèìîñòåé
äëÿ ñîçäàâàåìûõ ÃÒÄ [2—11].

Ìàññà ÑÓ ñ ÒÂÄ âåñüìà çíà÷èòåëüíà, òàê êàê
â åå ñîñòàâ âõîäÿò òàêèå ýëåìåíòû, êàê ìàññà ðå-
äóêòîðà è âîçäóøíûõ âèíòîâ, ñîñòàâëÿþùèå ïî-
÷òè 50...60% îáùåé ìàññû ÑÓ. Â 70-å ãîäû áûëè
ñîçäàíû ìîäåëè ìàññû ÑÓ, êîòîðûå ïîçâîëÿþò
ïðè îïòèìèçàöèîííûõ ðàñ÷åòàõ ó÷åñòü òîò ôàêò,
÷òî ìàññà ðåäóêòîðà è âîçäóøíûõ âèíòîâ íå çà-

âèñèò îò ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà *
êπ , *

ãÒ  [2,

12] è îïðåäåëÿåòñÿ ãëàâíûì îáðàçîì çàìåòíîé

çàâèñèìîñòüþ îò âåëè÷èíû ñπ .

Îäíèì èç îñíîâíûõ òðåáîâàíèé, ïðåäúÿâëÿå-
ìûõ ê ìàòåìàòè÷åñêîé ìîäåëè ìàññû ÃÒÄ íà ñòà-
äèè ïàðàìåòðè÷åñêèõ èññëåäîâàíèé, ÿâëÿåòñÿ
ïðàâèëüíîå îòðàæåíèå ôèçè÷åñêîé êàðòèíû âëè-
ÿíèÿ îïòèìèçèðóåìûõ ïàðàìåòðîâ ðàáî÷åãî ïðî-
öåññà äâèãàòåëÿ íà åãî ìàññó.

Èñïîëüçóåìûå òåîðåòè÷åñêèå ìîäåëè ìàññû
ÒÂÄ áàçèðóþòñÿ íà ïàðàìåòðè÷åñêîé çàâèñèìî-
ñòè, èìåþùåé åäèíóþ ñòðóêòóðó [12]:

( ) 21 * 0,286
ÒÂÄ â ê ã ñ ðåñ1 .

mm
TÌ BG k k kπ= -      (1)

Êîíñòàíòà B õàðàêòåðèçóåò îñðåäíåííûå ïî-
êàçàòåëè ïðåäåëà òåõíîëîãè÷åñêîãî óðîâíÿ ÃÒÄ,
êîýôôèöèåíò m1 îòðàæàåò çàâèñèìîñòü ìàññû
ÒÂÄ îò ðàñõîäà âîçäóõà, êîýôôèöèåíò m2 ïîêàçû-
âàåò, êàê ìåíÿåòñÿ ìàññà äâèãàòåëÿ ïðè èçìåíå-
íèè ñòåïåíè ïîâûøåíèÿ äàâëåíèÿ â êîìïðåññî-
ðå. Ñòîèò îòìåòèòü, ÷òî â äàííîé çàâèñèìîñòè
êîýôôèöèåíòû B, m1, m2 ïîäîáðàíû òàêèì îáðà-
çîì, ÷òî âêëþ÷àþò â ÒÂÄ ìàññó ðåäóêòîðà, ÷òî â

òèïè÷íûõ äèàïàçîíàõ èçìåíåíèÿ àíàëèçèðóåìûõ

ïàðàìåòðîâ *
êπ , *

ãÒ , ñπ  ìîæåò ïðèâîäèòü ê çàâû-

øåííîé ïîãðåøíîñòè, òàê êàê ìàññà ðåäóêòîðà íå

çàâèñèò îò *
êπ , *

ãÒ , ñπ , à ýòî â ñâîþ î÷åðåäü

óìåíüøàåò òî÷íîñòü äàííîé ìîäåëè. Åñëè ýòó
ìàññó âûäåëèòü îòäåëüíî, òî

ÒÂÄ ÃÒÄ ðåä .Ì M M= +                 (2)

Ìàññó ÃÒÄ â ýòîì ñëó÷àå ìîæíî îïðåäåëèòü ïî
çàâèñèìîñòè (1), ïðè ýòîì êîýôôèöèåíòû B, m1,
m2 ìîæíî ïðèíÿòü ïî ðåêîìåíäàöèè [2] äëÿ âåð-
òîëåòíûõ ÃÒÄ ÑÒ áåç ðåäóêòîðà.

Ìàññó ðåäóêòîðà ïî ðåêîìåíäàöèè [1] ìîæíî
îïðåäåëèòü:

â max
ðåä ðåñ

â ðåä

1
1 ,

N
Ì А k

n i

Ê ˆ
= +Á ˜

Ë ¯
           (3)

ãäå Nâ max ≈ 0,9…0,95 Ný max;
nâ — ÷àñòîòà âðàùåíèÿ âîçäóøíîãî âèíòà;
iðåä — ïåðåäàòî÷íîå ÷èñëî ðåäóêòîðà, iðåä =

= 10…16;
A ≈ 60 äëÿ ñîâðåìåííûõ ðåäóêòîðîâ; A ≈ 56 äëÿ

ïåðñïåêòèâíûõ ðåäóêòîðîâ.
Äëÿ ñîâåðøåíñòâîâàíèÿ ïàðàìåòðè÷åñêîé

ìîäåëè ìàññû áûë ïðîâåäåí ïîèñê îïóáëèêîâàí-
íûõ çíà÷åíèé îñíîâíûõ ïàðàìåòðîâ, âêëþ÷àÿ ãîä
ñåðòèôèêàöèè, äëÿ ÒÂÄ [13—20], ýòè äàííûå ïðè-
âåäåíû â òàáë. 1, ãäå ïðèñóòñòâóåò ìàññà ÌÃÒÄ ôàêò,
ðàâíàÿ ìàññå ÒÂÄ ñ âû÷åòîì ìàññû ðåäóêòîðà
(ìàññà ðåäóêòîðà îïðåäåëÿëàñü ñîãëàñíî ôîðìó-
ëå (3)).

Èñïîëüçóÿ íàéäåííûå ñòàòèñòè÷åñêèå äàííûå,
ïåðâîíà÷àëüíî êîýôôèöèåíòû B, m1, m2 ïîäáèðà-
ëèñü èñõîäÿ èç ñëåäóþùåãî óñëîâèÿ:

* *
ÃÒÄ ôàêò â ê ã c 1 2

ÃÒÄ ôàêò ÃÒÄ ðàñ÷

( , , , , , , , )

0.

f M G T k B m m

M M

π =

= - =
        (4)

Â ðåçóëüòàòå îïòèìèçàöèè áûëè ïîëó÷åíû
çíà÷åíèÿ ïàðàìåòðîâ B, m1, m2, ïðè êîòîðûõ ìàññà
ÃÒÄ ñòðåìèëàñü ê ÌÃÒÄ ôàêò. Èñïîëüçóÿ çíà÷åíèÿ
m1, m2, ìîæíî ñôîðìóëèðîâàòü èõ çàâèñèìîñòü îò

ïàðàìåòðîâ m1 = f (Gâ), m2 = f ( *
êπ ) (ðèñ. 1, 2) ïó-

òåì àïïðîêñèìàöèè ìàññèâà äàííûõ. Êàê âèäíî
èç äàííûõ ðèñóíêîâ, ïîëó÷åííûå çàâèñèìîñòè
èìåþò íåïðèåìëåìîå çíà÷åíèå äîñòîâåðíîñòè àï-
ïðîêñèìàöèè R 2, ÷òî â ñâîþ î÷åðåäü íå îáåñïå-
÷èâàåò òðåáóåìîé òî÷íîñòè ìîäåëè ÌÒÂÄ.
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Íà ñëåäóþùåì ýòàïå äëÿ êàæäîãî äâèãàòåëÿ
çíà÷åíèÿ B, m1, m2 êîððåêòèðîâàëèñü òàêèì îá-
ðàçîì, ÷òîáû çíà÷åíèÿ R 2 ëèíåéíûõ çàâèñèìîñ-

òåé m1 = f (Gâ), m2 = f ( *
êπ ) áûëè áîëåå 0,95. Çíà-

÷åíèÿ êîýôôèöèåíòà B ïîäáèðàëèñü èñõîäÿ èç óñ-
ëîâèÿ îáåñïå÷åíèÿ ñîâåðøåíñòâóåìîé ìîäåëè
ìèíèìàëüíîé ïîãðåøíîñòè è áûëè ïîëó÷åíû â
äèàïàçîíå 38...42.

Ðåçóëüòàò êîððåêòèðîâêè êîýôôèöèåíòîâ m1,
m2 ïðèâåäåí íà ðèñ. 3 è 4.

Ïîëó÷åíû ëèíåéíûå çàâèñèìîñòè êîýôôèöè-
åíòîâ:

1 â 0,0310  0,7221;m G= +                (5)

*
2 ê 0,0322  0,1915.m π= +                (6)

Òàáëèöà 1

Îñíîâíûå òåõíè÷åñêèå äàííûå ÒÂÄ (H = 0; V = 0)

¹ ÃÒÄ ÌÒÂÄ, êã ÌÃÒÄ ôàêò, êã Mðåä, êã Gâ, êã/c *
êπ  *

ãÒ , Ê Ãîä ñåðòèôèêàöèè Ný, êÂò 

1 TPE331-1 152 108 44 2,81 8,34 1278 1967 496 

2 TPE331-2 152 107 45 2,81 8,54 1278 1967 533 

3 TPE331-8 168 117 51 2,6 10,8 1278 1976 645 

4 PT6A-50 263 186 77 3,9 8,6 1423 1976 863 

5 LTP101-600 152 108 44 2,27 8,5 1313 1976 456 

6 TPE331-9 168 117 51 2,6 10,8 1278 1977 645 

7 ÒÂÄ-10Б 225 157 68 4,58 7,4 1160 1978 706,08 

8 TPE331-11 182 127 55 3 10,8 1278 1979 746 

9 LTP101-700A-1 145 102 43 2,27 8,6 1313 1980 551,6 

10 CT7-5 307 218 89 3,48 18 1473 1983 1213 

11 CT7-5À 349 242 107 4,5 18 1473 1983 1276 

12 PW120 417,8 295 123 7,71 15 1490 1983 1471 

13 CT7-7E 307 215 92 4,5 18 1473 1984 1249,5 

14 TPE331-14 251 174 77 5,17 10,8 1278 1984 919 

15 TPE331-15  259 183 76 5,17 10,8 1278 1984 1213 

16 PW124 481 344 137 6,38 14,1 1366 1988 1853 

17 TPF351-20 347 247 100 6,3 13,3 1078 1990 1120 

18 ÒÂ7-117Ñ 570 405 165 8,7 16 1525 1991 1838,8 

19 ÒÂÄ-1500Б 240 169 71 4,4 14,4 1540 1992 956,15 

20 ÒÂ3-117ÂÌÀ-ÑБÌ 570 394 176 9,3 10 1293 1997 1840 

21 ÒÂ7-117ÑÄ 530 370 160 9,2 17 1530 1997 2059,4 

22 ÂÊ-1500Ñ 340 235 105 7,3 7,4 1187 1999 1104 

23 ÒÂÄ-20Ì 240 166 74 5,9 9 1160 1995 1066,5 
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Òàê êàê íàéòè çàâèñèìîñòü êîýôôèöèåíòà Â
îò êàêîãî-òî êîíêðåòíîãî ïàðàìåòðà çàòðóäíè-
òåëüíî, çíà÷åíèå Â  áûëî âûáðàíî ðàâíûì 40, êàê
ñðåäíåå àðèôìåòè÷åñêîå çíà÷åíèå äëÿ ìàññèâà
äàííûõ êîýôôèöèåíòà Â, ïîëó÷åííîãî äëÿ êàæ-
äîãî èç èñïîëüçóåìûõ ÒÂÄ.

Ïåðåä óòî÷íåíèåì B, m1, m2 ñëåäóåò óòî÷íèòü
çíà÷åíèå äâóõ êîýôôèöèåíòîâ: êîýôôèöèåíòà
èçìåíåíèÿ ìàññû çà ñ÷åò ñèñòåìû îõëàæäåíèÿ
äåòàëåé ãîðÿ÷åé ÷àñòè kT ã è êîýôôèöèåíòà ñîâåð-
øåíñòâîâàíèÿ ìàññû ÃÒÄ ïî ãîäàì kc. Ìåòîäîëî-
ãèÿ òàêîãî óòî÷íåíèÿ ïðèìåíèòåëüíî ê âåðòîëåò-
íûì äâèãàòåëÿì ïðèâåäåíà â [21, 22].

Îáû÷íî, íà÷èíàÿ ñ òåìïåðàòóðû *
ãÒ = 1250 Ê,

âîçíèêàåò íåîáõîäèìîñòü èñïîëüçîâàòü îõëàæäà-
åìûå òóðáèíû, ÷òî âåäåò ê óâåëè÷åíèþ ìàññû
ñèñòåìû îõëàæäåíèÿ è ñîîòâåòñòâåííî ðîñòó ìàñ-
ñû ÃÒÄ (êàíàëû ïîäâîäà îõëàæäàþùåãî âîçäóõà,
ïàòðóáêè, ïîêðûâíûå äèñêè, äâóõñëîéíàÿ êîíñò-
ðóêöèÿ êîðïóñà òóðáèíû, ñèñòåìà ëàáèðèíòíûõ
óïëîòíåíèé, ñîïëîâûå ïîäêðó÷èâàþùèå ðåøåòêè/
çàêðó÷èâàþùèé àïïàðàò, òåïëîèçîëÿöèÿ, óïëîò-
íåíèÿ, ñèñòåìà óïðàâëåíèÿ).

Êîýôôèöèåíò, êîòîðûé ó÷èòûâàë áû âëèÿíèå

òåìïåðàòóðû *
ãÒ  íà ìàññó äâèãàòåëÿ, áûë ïðåäëî-

æåí Â.Ã. Ìàñëîâûì â [12]:

kT ã = 1 + 0,0002( *
ãÒ – 1200).          (7)

Ïðè ýòîì ñëåäóåò ó÷åñòü, ÷òî áàçà äâèãàòåëåé
äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà kT ã âêëþ÷àëà â
ñåáÿ äâèãàòåëè äî 1975 ãîäà âûïóñêà. Äëÿ óòî÷íå-
íèÿ êîýôôèöèåíòà kT ã áûëî ïðîäåëàíî èññëåäî-
âàíèå àíàëîãè÷íî [21], íî äëÿ ÒÂÄ.

Áûëè ïîñòðîåíû äâå ìîäåëè êîëåñà òóðáèíû
â CAD-ñèñòåìå NX è ïåðåíåñåíû â CAE-ñèñòåìó
Ansys. Áûë ïðîâåäåí ðàñ÷åò êîýôôèöèåíòà çàïà-
ñà ïðî÷íîñòè ñ ó÷åòîì âëèÿíèÿ öåíòðîáåæíîé
íàãðóçêè è òåìïåðàòóðû, äàëåå áûëî ïðîâåäåíî
ñðàâíåíèå ðàññ÷èòàííîãî çíà÷åíèÿ êîýôôèöèåíòà
çàïàñà ïðî÷íîñòè ñ çíà÷åíèåì, ðåêîìåíäîâàííûì
ÖÈÀÌ.

Â êà÷åñòâå èñõîäíûõ çíà÷åíèé äëÿ èññëåäîâà-
íèÿ ýòèõ ìîäåëåé áûëà çàäàíà ÷àñòîòà âðàùåíèÿ

Ðèñ. 1. Çàâèñèìîñòè m1 îò ðàñõîäà âîçäóõà: à — ïîëó-
÷åííàÿ çàâèñèìîñòü (R 2 = 0,11); á — óòî÷íåííàÿ çàâè-
ñèìîñòü (m1 = 0,031Gâ + 0,7221; R 2 = 0,95) Ðèñ. 2. Çàâèñèìîñòè m2 îò ñòåïåíè ïîâûøåíèÿ äàâëå-

íèÿ â êîìïðåññîðå: à — ïîëó÷åííàÿ çàâèñèìîñòü
(R 2 = 0,31); á — óòî÷íåííàÿ çàâèñèìîñòü

(m2 = 0,0322 *
êπ + 0,1915; R 2 = 0,96)

à)

á)

à)

á)
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21000 ìèí-1 è òåìïåðàòóðà 1200 Ê. Äàëåå èçìåíÿ-
ëàñü òåìïåðàòóðà â äèàïàçîíå 1200…1800 Ê, èç-çà
÷åãî óìåíüøàëñÿ êîýôôèöèåíò çàïàñà ïðî÷íîñòè,
è ñîîòâåòñòâåííî âîçíèêëà ïîòðåáíîñòü äîáàâëå-
íèÿ óçëîâ, îòâå÷àþùèõ çà îõëàæäåíèå òóðáèíû.
Ôèêñèðóÿ ðîñò ìàññû çà ñ÷åò äîáàâëåíèÿ ýëåìåí-
òîâ ñèñòåìû îõëàæäåíèÿ ïðè âîçðàñòàíèè *

ãÒ , îï-
ðåäåëÿëàñü çàâèñèìîñòü êîýôôèöèåíòà kT ã = f ( *

ãÒ ).
Îíà ïðåäñòàâëåíà â âèäå:

kT ã = 0,8039 + 2·10–4 *
ãÒ ,              (8)

Óòî÷íåííûé êîýôôèöèåíò ïî ñðàâíåíèþ ñ kT ã
[10] èìååò áîëåå ïîëîãèé õàðàêòåð (ðèñ. 3), ÷òî
ìîæíî îáúÿñíèòü ïðîãðåññîì â êîíñòðóêòèâíîì
ñîâåðøåíñòâå ñèñòåì îõëàæäåíèÿ ïî ñðàâíåíèþ
ñ 1975 ãîäîì.

Êîýôôèöèåíò kñ õàðàêòåðèçóåò ñîâåðøåíñòâî-
âàíèå ìàññû äâèãàòåëÿ âíåäðåíèåì êîíñòðóêòèâ-
íî-òåõíîëîãè÷åñêèõ ðåøåíèé (çàâèñèò âî ìíîãîì
îò ãîäà ñåðòèôèêàöèè ïðîåêòèðóåìîãî ÃÒÄ).

Äàííûé êîýôôèöèåíò, êàê è ïðî÷èå â ýòîé
ìîäåëè, îñíîâàí íà àíàëèçå ñòàòèñòè÷åñêèõ äàí-
íûõ, ñîçäàííûõ ÃÒÄ, ïðè ýòîì äëÿ kñ ïðåäûäóùåé
ìîäåëè ñòàòèñòè÷åñêàÿ áàçà äàííûõ ïðèíèìàëàñü
çà 1980 ãîä. Äëÿ ôîðìèðîâàíèÿ îáëèêà ðàáî÷åãî
ïðîöåññà ïî ñèñòåìíûì êðèòåðèÿì, â ñâÿçè ñ
ïîÿâëåíèåì íîâûõ âàðèàíòîâ äâèãàòåëåé, íåîáõî-
äèìî ïåðèîäè÷åñêîå óòî÷íåíèå kñ. Â äàííîé ðà-
áîòå êîýôôèöèåíò kñ áûë àêòóàëèçèðîâàí, äëÿ
ÒÂÄ ïîñëå 1985 ãîäà âûïóñêà — ïóòåì àïïðîêñè-
ìàöèè èíòåãðàëüíûõ êîëè÷åñòâåííûõ çíà÷åíèé

ck , êîòîðûå äëÿ êàæäîãî äâèãàòåëÿ îïðåäåëÿëèñü

êàê

äâ ý ÃÒÄ
ñ

äâ ý áàçîâûé ÃÒÄ

( / )
.

( / )

M N
k

M N
=               (9)

Çà áàçîâûé âàðèàíò ÒÂÄ áûë ïðèíÿò äâèãàòåëü
ÂÊ-1500Ñ, ñ ãîäîì ñåðòèôèêàöèè 1999.

Â ðåçóëüòàòå àïïðîêñèìàöèè ïîëó÷åííûõ çíà-

÷åíèé ck  (ðèñ. 4) êîýôôèöèåíò kñ äëÿ ñîâðåìåí-

íûõ ÒÂÄ ìîæíî ïðåäñòàâèòü êàê

4 2 4
ñ ãîä ãîä 18,7911 2 10 87 10 ,k t t- -= - ◊ - ◊       (10)

ãäå tãîä — ãîä íà÷àëà ñåðèéíîãî âûïóñêà ÒÂÄ.

Ïðèìåíåíèå ïîëó÷åííîé çàâèñèìîñòè êîýô-
ôèöèåíòà kñ â ìîäåëè ìàññû ÒÂÄ (3) óæå íà ýòà-
ïå íà÷àëüíîãî ïðîåêòèðîâàíèÿ ïîçâîëÿåò ïîâû-
ñèòü îáúåêòèâíîñòü ïðèíèìàåìûõ ïðîåêòíûõ ðå-
øåíèé, â òîì ÷èñëå ñ ó÷åòîì íåîïðåäåëåííîñòè
èñõîäíûõ äàííûõ [22].

Ïî ïîëó÷åííîìó çíà÷åíèþ êîýôôèöèåíòà Â è
óðàâíåíèÿì êîýôôèöèåíòîâ m1, m2, kTã, kñ áûë
ïðîèçâåäåí ðàñ÷åò ìàññû ÒÂÄ. Ðåçóëüòàòû ðàñ÷åòà
ïðèâåäåíû â òàáë. 2.

Ðåçóëüòàòû óòî÷íåíèÿ êîýôôèöèåíòîâ Â, m1,
m2, kTã â ìîäåëè ìàññû ñàìîëåòíûõ ÒÂÄ (1) ïðåä-
ñòàâëåíû â òàáë. 3.

Ñðåäíåå êâàäðàòè÷íîå îòêëîíåíèå ïîãðåøíî-
ñòè ðàññìàòðèâàåìîé ìîäåëè ðàâíî 10%. Îäíàêî,
êàê îòìå÷àåòñÿ â [3], öåííîñòü òàêèõ ìîäåëåé çàê-
ëþ÷àåòñÿ â òîì, ÷òî îíè ïîçâîëÿþò ïîëó÷èòü àï-
ðèîðíóþ èíôîðìàöèþ íà îñíîâå îïûòà ïðåäøå-
ñòâóþùåãî ïðîåêòèðîâàíèÿ è ðàçâèòü íà ýòîé áàçå
ìåòîäû ïðèìåðíîé îöåíêè ìàññû. Ïðè ýòîì âàæ-
íûì ôàêòîðîì ÿâëÿåòñÿ íå òî÷íîñòü îïðåäåëåíèÿ
ìàññû, à àäåêâàòíîñòü ïðîòåêàíèÿ çàâèñèìîñòåé
ìàññû äâèãàòåëÿ îò îïòèìèçèðóåìûõ ïàðàìåòðîâ.

Âûâîäû

Â ðåçóëüòàòå ïðîäåëàííîé ðàáîòû áûëà óñîâåð-
øåíñòâîâàíà ïàðàìåòðè÷åñêàÿ ìîäåëü ìàññû àâèà-
öèîííîãî ÒÂÄ. Äëÿ ýòîãî ìàññà ðåäóêòîðà áûëà
âûäåëåíà èç ìàññû ÒÂÄ è îïðåäåëåíû ôóíêöèî-

Ðèñ. 3. Ñîâåðøåíñòâîâàíèå êîýôôèöèåíòà kT ã:
(          ) — ìîäåëü kT ã ïî äàííûì ÃÒÄ äî 1975 ãîäà;
(— — –) — óòî÷íåííûé êîýôôèöèåíò kT ã

Ðèñ. 4. Èçìåíåíèå êîýôôèöèåíòà kñ â çàâèñèìîñòè
îò ãîäà ñåðòèôèêàöèè äâèãàòåëÿ
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Òàáëèöà 2

Ñðàâíåíèå ôàêòè÷åñêîé è ïîëó÷åííîé ìàññû

¹ ÃÒÄ ÌÒÂÄ ôàêò, êã ÌÒÂÄ ðàñ÷, êã σ, % 

1 TPE331-1 152 167 10 

2 TPE331-2 152 164 8 

3 TPE331-8 168 156 7 

4 PT6A-50 263 225 14 

5 LTP101-600 152 133 13 

6 TPE331-9 168 155 8 

7 ÒÂÄ-10Á 225 227 1 

8 TPE331-11 182 171 6 

9 LTP101-700A-1 145 128 12 

10 CT7-5 307 249 19 

11 CT7-5À 349 313 10 

12 PW120 417,8 490 17 

13 CT7-7E 307 296 3 

14 TPE331-14 251 266 3 

15 TPE331-15 259 396 18 

16 PW124 481 336 3 

17 TPF351-20 347 585 3 

18 ÒÂ7-117Ñ 570 240 0 

19 ÒÂÄ-1500Á 240 544 5 

20 ÒÂ3-117ÂÌÀ-ÑÁÌ 570 612 16 

21 ÒÂ7-117ÑÄ 530 338 1 

22 ÂÊ-1500Ñ 340 255 6 

23 ÒÂÄ-20 240 267 6 

Òàáëèöà 3

Ðåêîìåíäàöèè ïî ïðèìåíåíèþ êîýôôèöèåíòîâ

Çíà÷åíèÿ Â m1 m2 ãTk   

Äî óòî÷íåíèÿ 52 1 0,33 *
ã1 0,0002 ( –  1200)T+  

Óòî÷íåííûå 36 1 â 0,03  0,72m G= +  *
2 ê 0,03  0,19m π= +  4 *

ã ã 0,8039  2·10Tk T-= +  
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íàëüíûå çàâèñèìîñòè êîýôôèöèåíòîâ Â, m1, m2,
kTã, kñ.

Ïî ïîëó÷åííûì çàâèñèìîñòÿì m1 = f (Gâ),

m2 = f ( *
êπ ) ìîæíî îïðåäåëèòü, êàê ìåíÿåòñÿ ìàññà

ÃÒÄ ïðè èçìåíåíèè òàêèõ ïàðàìåòðîâ ðàáî÷åãî
ïðîöåññà, êàê ðàñõîä âîçäóõà è ñòåïåíü ïîâûøå-
íèÿ äàâëåíèÿ. Îáðàòèì âíèìàíèå, ÷òî ìàññà äâè-
ãàòåëÿ çàâèñèò îò ðàñõîäà âîçäóõà Gâ áîëüøå, ÷åì

îò ñòåïåíè ïîâûøåíèÿ äàâëåíèÿ *
êπ , â 2…10 ðàç.

Ïðè óâåëè÷åíèè *
êπ  ðîñò ìàññû äâèãàòåëÿ îáúÿñ-

íÿåòñÿ ñëåäóþùèì: ñ ðîñòîì *
êπ  óâåëè÷èâàåòñÿ

êîëè÷åñòâî ñòóïåíåé êîìïðåññîðà, ÷òî â ñâîþ
î÷åðåäü óâåëè÷èâàåò ìàññó äâèãàòåëÿ. Ïðè óâåëè-
÷åíèè Gâ òàêæå óâåëè÷èâàåòñÿ ìàññà äâèãàòåëÿ,
ýòî ìîæíî îáúÿñíèòü ñëåäóþùèì îáðàçîì: äîñòè-
æåíèå óâåëè÷åíèÿ ðàñõîäà âîçäóõà ñâÿçàíî ñ óâå-
ëè÷åíèåì ïëîùàäè ñå÷åíèÿ äâèãàòåëÿ íà âõîäå è
óâåëè÷åíèåì ãàáàðèòîâ äâèãàòåëÿ è ñîîòâåòñòâåí-
íî åãî ìàññû.

Ïî óòî÷íåííûì çàâèñèìîñòÿì áûë ïðîâåäåí
ðàñ÷åò ìàññû 23 äâèãàòåëåé, ñðåäíåå êâàäðàòè÷-
íîå îòêëîíåíèå óòî÷íåííîé ìîäåëè ñîñòàâèëî
10%, ÷òî ìîæåò ñâèäåòåëüñòâîâàòü î òîì, ÷òî ïî-
ëó÷åííûå çàâèñèìîñòè äàþò âîçìîæíîñòü áîëåå
òî÷íî îïðåäåëèòü ìàññó äâèãàòåëÿ íà ýòàïå íà-
÷àëüíîãî ïðîåêòèðîâàíèÿ.

Áèáëèîãðàôè÷åñêèé ñïèñîê

1. Ãðèãîðüåâ Â.À., Æäàíîâñêèé À.Â., Êóçüìè÷åâ Â.Ñ. è
äð. Âûáîð ïàðàìåòðîâ è òåðìîãàçîäèíàìè÷åñêèå
ðàñ÷åòû àâèàöèîííûõ ãàçîòóðáèííûõ äâèãàòåëåé. —
Ñàìàðà: Èçä-âî ÑÃÀÓ, 2009. — 201 ñ.

2. Ìàñëîâ Â.Ã., Êóçüìè÷åâ Â.Ñ., Êîâàðöåâ À.Í. è äð.
Òåîðèÿ è ìåòîäû íà÷àëüíûõ ýòàïîâ ïðîåêòèðîâà-
íèÿ àâèàöèîííûõ ÃÒÄ: Ó÷åá. ïîñîáèå. — Ñàìàðà:
Èçä-âî ÑÃÀÓ, 1996. — 147 ñ.

3. Torenbeek E. Synthesis of Subsonic Airplane Design.
— Delft, Delft University Press, Springer, 1982. — 598 p.

4. Raymer D.P. Aircraft Design: A Conceptual Approach.
— 5th ådition. — American Institute of Aeronautics and
Astronautics, Washington, 2012. — 800 p.

5. Pera R.J., Onat E., Klees G.W., Tjonneland E. A method
to estimate weight and dimensions of aircraft gas
turbine engines. — Final Report. National Aeronautics
and Space Administration (NASA) Lewis Research
Center. 1977. — 47 p.

6. Svoboda C. Turbofan Engine Database as a Preliminary
Design Tool // Aircraft Design. 2000. Vol. 3. No. 1,
pp. 17-31. DOI: 10.1016/S1369-8869(99)00021-X

7. Onat E., Klees G.W. A Method of estimate weight and
dimensions of large and small gas turbine engines. —
Technical Report. National Aeronautics and Space

Administration (NASA) — Lewis Research Center.
1979. — 132 p.

8. Guha A., Boylan D., Gallagher P. Determination of
optimum specific thrust for civil aero gas turbine
engines: a multidisciplinary design synthesis and
optimisation // Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace
Engineering. 2012. Vol. 227. No. 3, pp. 502— 527.
DOI: 10.1177/0954410011435623

9. Ôèëèíîâ Å.Ï., Àâäååâ Ñ.Â., Êðàñèëüíèêîâ Ñ.À. Êîð-
ðåëÿöèîííî-ðåãðåññèîííûå ìîäåëè ðàñ÷åòà ìàññû
ìàëîðàçìåðíûõ àâèàöèîííûõ ãàçîòóðáèííûõ äâè-
ãàòåëåé // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2018. Ò. 25. ¹ 3. Ñ. 73-81.

10. Ýçðîõè Þ.À., Êàëåíñêèé Ñ.Ì., Êèçååâ È.Ñ. Îöåíêà
ìàññîâûõ ïîêàçàòåëåé òóðáîðåàêòèâíîãî äâóõêîí-
òóðíîãî äâèãàòåëÿ ñ ôîðñàæíîé êàìåðîé íà íà÷àëü-
íîé ñòàäèè åãî ïðîåêòèðîâàíèÿ // Âåñòíèê Ìîñêîâ-
ñêîãî àâèàöèîííîãî èíñòèòóòà. 2017. Ò. 24. ¹ 1.
Ñ. 26-37.

11. Áàêóëåâ Â.È., Êðàâ÷åíêî È.Â. Îïðåäåëåíèå ìàññî-
âûõ õàðàêòåðèñòèê ÃÒÄ íà ýòàïå ïðîåêòèðîâàíèÿ
// Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà.
1997. Ò. 4. ¹ 1. Ñ. 20–24.

12. Ìàñëîâ Â.Ã. Òåîðèÿ âûáîðà îïòèìàëüíûõ ïàðàìåò-
ðîâ ïðè ïðîåêòèðîâàíèè àâèàöèîííûõ ÃÒÄ. — Ì.:
Ìàøèíîñòðîåíèå, 1981. — 123 ñ.

13. Øóñòîâ È.Ã. Äâèãàòåëè 1944-2000: àâèàöèîííûå,
ðàêåòíûå, ìîðñêèå, ïðîìûøëåííûå. Ñåðèÿ: Îòå÷å-
ñòâåííàÿ àâèàöèîííàÿ è ðàêåòíî-êîñìè÷åñêàÿ òåõ-
íèêà. — Ì.: ÀÊÑ-Êîíâåðñàëò, 2000. — 394 ñ.

14. Øóñòîâ È.Ã. (ðåä.) Àâèàöèîííûå äâèãàòåëè: Ñïðà-
âî÷íèê. — Ì.: Àýðîñôåðà, Î-âî àâèàñòðîèòåëåé,
2007. — 319 ñ.

15. Ñîðêèí Ë.È. (ðåä.) Èíîñòðàííûå àâèàöèîííûå äâè-
ãàòåëè (ïî äàííûì èíîñòðàííîé ïå÷àòè). — 11-å
èçä. — Ì.: ÖÈÀÌ, 1987. — 319 ñ.

16. Ñîðêèí Ë.È. (ðåä.) Èíîñòðàííûå àâèàöèîííûå äâè-
ãàòåëè: Ñïðàâî÷íèê. — Ì.: ÖÈÀÌ, 1992. — 286 ñ.

17. Ñîðêèí Ë.È. (ðåä.) Èíîñòðàííûå àâèàöèîííûå äâè-
ãàòåëè. — XIII èçä. — Ì.: Èçä. äîì «Àâèàìèð», 2000.
— 534 ñ.

18. Ñêèáèí Â.À., Ñîëîíèí Â.È. (ðåä.) Èíîñòðàííûå àâèà-
öèîííûå äâèãàòåëè: Ñïðàâî÷íèê ÖÈÀÌ. — Ì.:
Èçä. äîì «Àâèàìèð», 2005. — 592 ñ.

19. Çðåëîâ Â.À. Îòå÷åñòâåííûå ãàçîòóðáèííûå äâèãàòå-
ëè. Îñíîâíûå ïàðàìåòðû è êîíñòðóêòèâíûå ñõåìû:
Ó÷åá. ïîñîáèå. — Ì.: Ìàøèíîñòðîåíèå, 2005. —
336 ñ.

20. Çðåëîâ Â.À., Ìàñëîâ Â.Ã. Îñíîâíûå äàííûå îòå÷å-
ñòâåííûõ àâèàöèîííûõ ÃÒÄ è èõ ïðèìåíåíèå ïðè
ó÷åáíîì ïðîåêòèðîâàíèè: Ó÷åá. ïîñîáèå. — Ñàìà-
ðà: ÑÃÀÓ, 1999. — 160 ñ.

21. Ãðèãîðüåâ Â.À., Çàãðåáåëüíûé À.Î., Äèëèãåíñêèé Ä.Ñ.
Ó÷åò âëèÿíèÿ òåìïåðàòóðû ãàçà â ìîäåëè ìàññû
ÃÒÄ ñî ñâîáîäíîé òóðáèíîé äëÿ âåðòîëåòîâ //
Ïðîáëåìû è ïåðñïåêòèâû ðàçâèòèÿ äâèãàòåëåñòðî-
åíèÿ: ñáîðíèê äîêëàäîâ Ìåæäóíàðîäíîé íàó÷íî-
òåõíè÷åñêîé êîíôåðåíöèè (12-14 ñåíòÿáðÿ 2018).



88 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

— Ñàìàðà: Èçä-âî «Ñàìàðñêèé óíèâåðñèòåò», 2018.
Ñ. 254-255.

22. Ãðèãîðüåâ Â.À., Çàãðåáåëüíûé À.Î. Ó÷åò ñòåïåíè ñî-
âåðøåíñòâîâàíèÿ ìàññû ÃÒÄ ñî ñâîáîäíîé òóðáè-
íîé äëÿ âåðòîëåòîâ // Ïðîáëåìû è ïåðñïåêòèâû
ðàçâèòèÿ äâèãàòåëåñòðîåíèÿ: Ñáîðíèê äîêëàäîâ
Ìåæäóíàðîäíîé íàó÷íî-òåõíè÷åñêîé êîíôåðåíöèè
(12-14 ñåíòÿáðÿ 2018) — Ñàìàðà: Èçä-âî «Ñàìàð-
ñêèé óíèâåðñèòåò», 2018. Ñ.154-155.

Abstract

The modern approach to the aircraft engine
analysis as a part of an aircraft requires the presence
of a perfect technique for the thermo-gas dynamic
calculation (and such techniques do exist) and a
mathematical model of GTE mass (based on the
parametrical dependences, based on statistics of the
already created GTEs). Considering the last
circumstance, the assertion that such models need
periodic updating is possible.

It is expedient for the turboprop engine mass
models to present the equation of mass in the form
of the sum of the gas turbine engine and the gearbox
masses. The gas turbine engine mass should be
expressed in the form dependency on the working

process parameters ( , ,air ñ gG Tπ ).

This is explained by the fact that the gearbox mass
does not depend on the working process parameters,
and it is better to consider it by separate dependencies.

For the MGTE dependency actualization, the
basic specification data on twenty three turboprops,

such as , ,air ñ gG Tπ , and a certification year were used.

Coefficients B, m1 and m2 were refined and
corrected with the algorithm, proposed in the article.

Linear dependencies of m1 on the airflow rate, and
m2 on the of pressure increase degree were obtained.
To refine the kTg coefficient, which accounts for the
temperature Tg impact on the engine mass, turbine
models were developed, in which the structure being
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changed with temperature Tg. The corresponding
elements of the turbine cooling system were being
added, and the mass changed accordingly. This change
was expressed by an approximating expression for kTg.

By approximation of integral quantitative values

of impk , and assuming 1999 as a basic year, the

expression for kimp was obtained. This coefficient
characterizes the of engine mass improving by the
structural and technological solutions introduction.

The performed improvement of the parametric
model equation of the turboprop mass allowed
reducing its calculation error by 10%.

Keywords: conceptual design of turboprop engine,
mass model of turboprop engine, aircraft power plant
weight, flying vehicle.
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