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

Ââåäåíèå

Ðàñ÷åò ïîòåðü äàâëåíèÿ â òîïëèâíîé ñèñòåìå
ñòàöèîíàðíîãî ãàçîòóðáèííîãî äâèãàòåëÿ ÿâëÿåòñÿ
íåîòúåìëåìîé ÷àñòüþ ðåøåíèÿ ðÿäà èíæåíåðíûõ
è ýêñïëóàòàöèîííûõ çàäà÷. Ê ïðèìåðó, òàêîé ðàñ-
÷åò òðåáóåòñÿ äëÿ îïðåäåëåíèÿ ìèíèìàëüíî íåîá-
õîäèìîãî äàâëåíèÿ ãàçà íà âõîäå â äâèãàòåëü äëÿ
îáåñïå÷åíèÿ âûõîäà äâèãàòåëÿ íà ðàáî÷èå ðåæè-
ìû. Òàêæå äàííûé ðàñ÷åò ìîæåò áûòü ïîëåçåí ïðè
èçìåíåíèè ñîñòàâà òîïëèâíîãî ãàçà, òàê êàê ìå-
íÿþòñÿ åãî ñâîéñòâà, à çíà÷èò, èçìåíÿòñÿ ïîòåðè
äàâëåíèÿ, ÷òî ìîæåò ïîòðåáîâàòü âíåñåíèÿ èçìå-
íåíèé â ðåãóëèðóþùóþ àïïàðàòóðó. Èçâåñòíî, ÷òî
â ïðîöåññå ðàáîòû êàìåðû ñãîðàíèÿ ïðîèñõîäèò
êîêñîâàíèå òîïëèâíûõ ôîðñóíîê. Ýòî ÷àñòî ïðè-
âîäèò ê óâåëè÷åíèþ ñîïðîòèâëåíèÿ òîïëèâíîé ñè-
ñòåìû, à ñëåäîâàòåëüíî, è ê óâåëè÷åíèþ ïîòåðü
äàâëåíèÿ. Ëþáûå íåñîîòâåòñòâèÿ â äîçèðóþùåì
îáîðóäîâàíèè òàêæå ìîãóò áûòü îïðåäåëåíû ïðè
ïîìîùè ðàñ÷åòà ïîòåðü äàâëåíèÿ [1, 2].

Òîïëèâíàÿ ñèñòåìà ñòàöèîíàðíîãî ãàçîòóð-
áèííîãî äâèãàòåëÿ ïðåäñòàâëÿåò ñîáîé ãèäðàâëè-
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Ðàññìîòðåíà òîïëèâíàÿ ñèñòåìà ñòàöèîíàðíîãî êîíâåðòèðîâàííîãî àâèàöèîííîãî äâèãàòåëÿ, ñëóæàùåãî äëÿ
ïðèâîäà íàãíåòàòåëÿ ãàçîïåðåêà÷èâàþùåãî àãðåãàòà. Ïðåäñòàâëåíà ìåòîäèêà ðàñ÷åòà ïîòåðü äàâëåíèÿ äëÿ òîï-
ëèâíîé ñèñòåìû òàêîãî äâèãàòåëÿ. Îáîñíîâàíà àêòóàëüíîñòü òåìû, íåîáõîäèìîñòü ôîðìèðîâàíèÿ ïîäîáíûõ ìå-
òîäèê. Ñ öåëüþ ïðîâåðêè àäåêâàòíîñòè ðàçðàáîòàííîé ìåòîäèêè ïðîâåäåíû ñòåíäîâûå èñïûòàíèÿ äâèãàòåëÿ
ÍÊ-16ÑÒ ñ èçìåðåíèåì äàâëåíèÿ â òîïëèâîïîäâîäÿùèõ òðóáîïðîâîäàõ ê ôîðñóíêàì, à òàêæå íà äîçàòîðå ãàçà.
Ïî ðåçóëüòàòàì èññëåäîâàíèé óñòàíîâëåíî, ÷òî óðîâåíü äàâëåíèÿ ãàçîîáðàçíîãî òîïëèâà, èçìåðåííîãî â 8 òðó-
áîïðîâîäàõ, ðàâíîìåðíî ðàñïîëîæåííûõ ïî îêðóæíîñòè, ðàçëè÷àþòñÿ íåçíà÷èòåëüíî, òåì ñàìûì ïîäòâåðæäåíà
ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ òîïëèâà ïî òðóáîïðîâîäàì. Ñðàâíåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà è ðàñ÷åòíûõ èñ-
ñëåäîâàíèé ïîäòâåðæäàåò, ÷òî èõ ðàñõîæäåíèå íå ïðåâûøàåò 6%.

Êëþ÷åâûå ñëîâà:  ïîòåðè äàâëåíèÿ, òîïëèâíàÿ ñèñòåìà, êàìåðà ñãîðàíèÿ, ãàçîòóðáèííûé äâèãàòåëü, ïðèðîä-
íûé ãàç.

ýëåìåíòîâ, êîòîðûå ñîåäèíåíû äðóã ñ äðóãîì.
Îáû÷íî îíà ñîñòîèò èç ýëåìåíòîâ, ïðåäíàçíà÷åí-
íûõ äëÿ ïåðåäà÷è òîïëèâà íà ðàññòîÿíèå (òðóáî-
ïðîâîäû), óïðàâëåíèÿ ïîòîêîì (êëàïàíû, çàñëîí-
êè), èçìåíåíèÿ íàïðàâëåíèé è ðàçäåëåíèÿ ïîòî-
êà (êîëåíà, îòâîäû, òðîéíèêè, êîëëåêòîðû), èç-
ìåíåíèÿ ñêîðîñòè (ñóæåíèÿ, ðàñøèðåíèÿ), äîçè-
ðîâàíèÿ è îðãàíèçàöèè ðàñïûëèâàíèÿ (æèêëåðû,
ôîðñóíêè) [3].

Â äàííîé ðàáîòå ïðåäñòàâëåíà ìåòîäèêà ðàñ-
÷åòà ïîòåðü äàâëåíèÿ. Îïðåäåëåíèå ïîòåðü ïðîâî-
äèòñÿ äëÿ ó÷àñòêîâ òîïëèâíîé ñèñòåìû îò äîçàòî-
ðà ãàçà äî âûõîäà èç ôîðñóíîê êàìåðû ñãîðàíèÿ.

Ìåòîäèêà ðàñ÷åòà çàêëþ÷àåòñÿ â ñëåäóþùåì:
• ïðè ðàñ÷åòå êîíå÷íûé ó÷àñòîê òîïëèâíîé

ñèñòåìû ðàçäåëÿåòñÿ íà îòäåëüíûå ó÷àñòêè (ó÷à-
ñòîê ñîäåðæèò òîëüêî îäíî ïóòåâîå èëè ìåñòíîå
ñîïðîòèâëåíèå), ãèäðàâëè÷åñêèå ñîïðîòèâëåíèÿ
êîòîðûõ ñîñòàâëÿþò â ñóììå ïîòåðè äàâëåíèÿ íà
âñåì ó÷àñòêå;

• âûáèðàåòñÿ ðàñ÷åòíûé ó÷àñòîê;
• ÷àñòè ñèñòåìû, ïðèìûêàþùèå ê íåìó, îòáðà-

ñûâàþòñÿ è çàìåíÿþòñÿ ãðàíè÷íûìè óñëîâèÿìè;
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• íàõîäÿòñÿ òåïëîôèçè÷åñêèå ñâîéñòâà ðàáî-
÷åãî òåëà (ïëîòíîñòü, äèíàìè÷åñêàÿ âÿçêîñòü) ïðè
çàäàííîé òåìïåðàòóðå;

• çàïèñûâàþòñÿ è ðåøàþòñÿ óðàâíåíèÿ, îïðå-
äåëÿþùèå ãðàíè÷íûå óñëîâèÿ íà âûáðàííîì ó÷à-
ñòêå, è òåì ñàìûì âû÷èñëÿþòñÿ çíà÷åíèÿ ðàñõî-
äà ðàáî÷åãî òåëà ÷åðåç ó÷àñòîê, ñêîðîñòè òå÷åíèÿ
ðàáî÷åãî òåëà â ó÷àñòêå;

• ðàñ÷åò ðåæèìà òå÷åíèÿ æèäêîñòè (÷èñëî Ðåé-
íîëüäñà, ïðèâåäåííàÿ ïëîòíîñòü ïîòîêà ìàññû,
ïðèâåäåííàÿ ñêîðîñòü), èç êîòîðîãî îïðåäåëÿåò-
ñÿ ñêîðîñòíîé íàïîð;

• êîýôôèöèåíò ñîïðîòèâëåíèÿ çàâèñèò îò êîí-
ñòðóêöèè êîíêðåòíîãî ýëåìåíòà ó÷àñòêà. Îí âû-
÷èñëÿåòñÿ ïî ôîðìóëå äëÿ ðàñ÷åòíîãî îïðåäåëå-
íèÿ êîýôôèöèåíòà ñîïðîòèâëåíèÿ â çàâèñèìîñ-
òè îò åãî îñíîâíûõ ïàðàìåòðîâ, ïðèâåäåííîé â
ñïðàâî÷íèêå [4]. Òàêæå òàì äàíû ãðàôè÷åñêîå
èçîáðàæåíèå ýòîé çàâèñèìîñòè è òàáëèöû ÷èñëåí-
íûõ çíà÷åíèé êîýôôèöèåíòà ñîïðîòèâëåíèÿ;

• ïîòåðè äàâëåíèÿ íà ó÷àñòêå ðàâíû ïðîèçâå-
äåíèþ ñêîðîñòíîãî íàïîðà è êîýôôèöèåíòà ñî-
ïðîòèâëåíèÿ.

Ðàñ÷åò ïîòåðü äàâëåíèÿ âåäåòñÿ ïî ýëåìåíòàì
òîïëèâíîé ñèñòåìû, íà÷èíàÿ îò ñðåçà ôîðñóíîê.

Ðåçóëüòàòîì ðàñ÷åòà ÿâëÿåòñÿ îïðåäåëåíèå ïîòåðü
äàâëåíèÿ íà ó÷àñòêàõ è ïîòðåáíîãî äàâëåíèÿ íà
âõîäå â òîïëèâíóþ ñèñòåìó [5].

Òîïëèâíàÿ ñèñòåìà ñòàöèîíàðíîãî ãàçîòóðáèí-
íîãî äâèãàòåëÿ ïðåäíàçíà÷åíà äëÿ ïîäâîäà òîïëè-
âà â êàìåðó ñãîðàíèÿ èç òîïëèâíîé ìàãèñòðàëè.
Ïðèíöèïèàëüíàÿ ñõåìà òàêîé ñèñòåìû ïðåäñòàâ-
ëåíà íà ðèñ. 1. Îíà ñîñòîèò èç íà÷àëüíîãî ó÷àñò-
êà (îò òîïëèâíîé ìàãèñòðàëè äî äîçàòîðà ãàçà) è
êîíå÷íîãî ó÷àñòêà (îò äîçàòîðà ãàçà äî âûõîäà èç
òîïëèâíûõ ôîðñóíîê). Êîíå÷íûé ó÷àñòîê òîïëèâ-
íîé ñèñòåìû âêëþ÷àåò â ñåáÿ äîçàòîð ãàçà, òîï-
ëèâíûé ïàòðóáîê, ðåñèâåð, øòóöåð ïîäâîäà òîï-
ëèâà, òîïëèâíûé êîëëåêòîð ïëèòû, òîïëèâíûå
êàíàëû îò êîëëåêòîðà ê ôîðñóíêàì, ôîðñóíêó
êàìåðû ñãîðàíèÿ [6, 7].

Äàâëåíèå íà âõîäå â òîïëèâíóþ ñèñòåìó (ðèñ. 2)
(íà âõîäå â ñòîïîðíûé êëàïàí) ïðèíèìàåòñÿ ðàâ-
íûì äàâëåíèþ òîïëèâíîãî ãàçà â ìàãèñòðàëè. Äàâ-
ëåíèå çà ôîðñóíêàìè ïðèíèìàåòñÿ ðàâíûì äàâëå-

íèþ â êàìåðå ñãîðàíèÿ *
êñ 2âäÐ Ð= [8].

Ïîñëåäîâàòåëüíîñòü ðàñ÷åòà ïîòåðü äàâëåíèÿ
íà íà÷àëüíîì ó÷àñòêå òîïëèâíîé ñèñòåìû (îò ñòî-
ïîðíîãî êëàïàíà äî äîçàòîðà ãàçà) äàíà â [9].

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà òîïëèâíîé ñèñòåìû: ÑÊ— ñòîïîðíûé êëàïàí; ÄÃ— äîçàòîð ãàçà; Ð— ðàñïðåäåëè-
òåëü; ÒÊ – òîïëèâíûé êîëëåêòîð; Ô – ôîðñóíêà

Ðèñ. 2. Òîïëèâíàÿ ñèñòåìà
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Ðàññ÷èòûâàåòñÿ ïðèâåäåííàÿ ïëîòíîñòü ïîòîêà
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ãäå ρ  – ïëîòíîñòü ïðèðîäíîãî ãàçà.
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ãäå íà÷ξ  – êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðî-

òèâëåíèÿ íà íà÷àëüíîì ó÷àñòêå.
Ïîòåðè îòíåñåíû ê ñå÷åíèþ òðóáû ïåðåä äî-

çàòîðîì ãàçà. Ïðè ýòîì íà÷ξ = îáùξ = 1,44.

Çàòåì âûïîëíÿåòñÿ ðàñ÷åò ïîòåðü äàâëåíèÿ íà
êîíå÷íîì ó÷àñòêå òîïëèâíîé ñèñòåìû îò äîçàòî-
ðà ãàçà äî âûõîäà èç ôîðñóíêè. Äëÿ âûïîëíåíèÿ
ðàñ÷åòà êîíå÷íûé ó÷àñòîê òîïëèâíîé ñèñòåìû
äåëèòñÿ íà îòäåëüíûå ýëåìåíòû, ãèäðàâëè÷åñêèå
ñîïðîòèâëåíèÿ êîòîðûõ ñîñòàâëÿþò â ñóììå ïî-
òåðè äàâëåíèÿ íà âñåì ó÷àñòêå: äîçàòîð ãàçà, øòó-
öåð ïîäâîäà òîïëèâà, òîïëèâíûé êîëëåêòîð, òîï-
ëèâíûå òðóáêè îò êîëëåêòîðà ê ôîðñóíêàì, âõîä-
íîé êàíàë â ôîðñóíêå, ïîâîðîò òîïëèâíîãî ïîòîêà
â êàíàëå ôîðñóíêè (ïåðåä øíåêîì), çàâèõðèòåëü
(øíåê) ôîðñóíêè, ñå÷åíèå íà âûõîäå èç ôîðñóí-
êè [10].

Ðàñ÷åò ïîòåðü äàâëåíèÿ òîïëèâíîãî ãàçà íà
ó÷àñòêå îò äîçàòîðà äî âûõîäà èç ôîðñóíêè êàìå-
ðû ñãîðàíèÿ äâèãàòåëÿ ÍÊ-16ÑÒ ïðîâîäèëñÿ â
ñëåäóþùåé ïîñëåäîâàòåëüíîñòè [11]:

1) â ñå÷åíèè íà âûõîäå èç ôîðñóíêè;
2) â øíåêå (çàâèõðèòåëå) ôîðñóíêè;
3) íà ïîâîðîòå òîïëèâíîãî ïîòîêà â ôîðñóí-

êå;
4) âî âõîäíîì êàíàëå ôîðñóíêè;
5) â òîïëèâîïîäâîäÿùèõ òðóáêàõ;
6) â ðàçäàþùåì ó÷àñòêå êîëëåêòîðà;
7) ïðè âõîäå èç òîïëèâíîãî ïàòðóáêà â êîëëåê-

òîð;
8) â òðóáîïðîâîäå (íà ó÷àñòêå îò äîçàòîðà ãàçà

äî òîïëèâíîãî ïàòðóáêà).

Ïîòåðè â ñå÷åíèè íà âûõîäå èç ôîðñóíêè

Âûõîäíàÿ ÷àñòü ôîðñóíêè óñòàíàâëèâàåòñÿ â
öåíòðàëüíóþ ÷àñòü çàâèõðèòåëÿ, òåì ñàìûì ôîð-
ìèðóÿ ãîðåëî÷íîå óñòðîéñòâî, ãåîìåòðèÿ êîòîðîãî
ïîêàçàíà íà ðèñ. 3 [12, 13].

Îïðåäåëÿåòñÿ ÷èñëî Ðåéíîëüäñà
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◊ ◊                     (5)

ãäå Gò – ðàñõîä òîïëèâíîãî ãàçà; Ä0 – äèàìåòð íà
âûõîäå èç ôîðñóíêè; nôîðñ – êîëè÷åñòâî ôîðñóíîê;
F0 – ïëîùàäü íà âûõîäå èç ôîðñóíêè; μ  – êîýô-

ôèöèåíò äèíàìè÷åñêîé âÿçêîñòè ãàçà (ìåòàí).

Âû÷èñëÿåòñÿ ïðèâåäåííàÿ ñêîðîñòü λ  èç ñî-
îòíîøåíèÿ:

( ) ò ò

ôîð êð 0 êñ

,
G Ò

q
n m F P

λ
◊

=
◊ ◊ ◊                (6)

Ðèñ. 3. Ñå÷åíèå íà âûõîäå èç ôîðñóíêè: Ä0 – äèàìåòð
ñîïëà ôîðñóíêè; Ä1 – äèàìåòð êîðïóñà ôîðñóíêè; Ä2 –
äèàìåòð âòóëêè âîçäóøíîãî çàâèõðèòåëÿ
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ãäå êðm  – êîýôôèöèåíò, õàðàêòåðèçóþùèé ðîä

ãàçà; F0 – ïëîùàäü íà âûõîäå èç ôîðñóíêè; Ðêñ –
äàâëåíèå â êàìåðå ñãîðàíèÿ.

Ïî çíà÷åíèþ ( )q λ  ïðè k = 1,33 ïî òàáëèöàì

ãàçîäèíàìè÷åñêèõ ôóíêöèé (ÃÄÔ) îïðåäåëÿåòñÿ

ïðèâåäåííàÿ ñêîðîñòü λ .
Êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ

ðàññ÷èòûâàåòñÿ ïî ôîðìóëå [4]:

2

0 0

1 2

0 0
òð

1 2 ã

0,5 1 1

1 1 ,
Ä

F F

F F

F F l
F F

ξ

τ λ

Ê ˆ Ê ˆ
= - + - +Á ˜ Á ˜Ë ¯ Ë ¯

Ê ˆ
+ - - +Á ˜Ë ¯

              
(7)

ãäå F0 — ïëîùàäü ñîïëà ôîðñóíêè; F1 — ïëîùàäü
êîðïóñà ôîðñóíêè; F2 — ïëîùàäü âòóëêè çàâèõðè-
òåëÿ ôîðñóíêè; l — äëèíà êàíàëà; Äã — ãèäðàâëè-
÷åñêèé (ýêâèâàëåíòíûé) äèàìåòð; τ  — êîýôôè-
öèåíò, ó÷èòûâàþùèé âëèÿíèå òîëùèíû ñòåíêè;

ãÄ
l

 — îòíîøåíèå äëèíû êàíàëà ê ãèäðàâëè÷åñ-

êîìó äèàìåòðó; òðλ  – êîýôôèöèåíò ñîïðîòèâëå-

íèÿ òðåíèÿ, îïðåäåëÿåòñÿ èç ðèñ. 4.

Ïîòåðè äàâëåíèÿ â øíåêå (çàâèõðèòåëå)
ôîðñóíêè

Óñòàíàâëèâàåìûé âíóòðè êîðïóñà ôîðñóíêè
øíåê ïðåäñòàâëÿåò ñîáîé çàâèõðèòåëü ñ ÷åòûðü-
ìÿ ëîïàòêàìè, çàêðó÷åííûìè ïî âèíòîâîé ëèíèè
ïðàâîé íàðåçêè, õîä 32 ìì, òîëùèíà ëîïàòîê 1 ìì
(ðèñ. 5).

Äëÿ îïðåäåëåíèÿ ïëîùàäè øíåêà èñïîëüçóåòñÿ
çàâèñèìîñòü:

( )2 2
íàð.øí âí.øí

øí 0

íàð.øí âí.øí
0

Ä Ä
cos

4

Ä Ä
,

2

F

à n

π
α

-
= -

-Ê ˆ
- Á ˜

Ë ¯

          
(8)

ãäå a0 – òîëùèíà ëîïàòêè çàâèõðèòåëÿ; n – ÷èñ-
ëî ëîïàòîê.

Ðèñ. 4. Êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ äëÿ òðóá êðóãëîãî ñå÷åíèÿ (ïëîùàäè îïðåäåëÿþòñÿ èñõîäÿ èç èçâå-
ñòíûõ äèàìåòðîâ ïðîõîäíûõ ñå÷åíèé)

Ðèñ. 5. Øíåê (çàâèõðèòåëü) ôîðñóíêè
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Êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ
íàõîäèòñÿ ïî ôîðìóëå

1 2,ξ σ σ= ◊

ãäå 1 2,σ σ  — êîýôôèöèåíòû, ó÷èòûâàþùèå ãåî-

ìåòðè÷åñêèå îñîáåííîñòè ðåøåòêè (îïðåäåëÿåò-
ñÿ ïî äàííûì ñïðàâî÷íèêà [4] äëÿ ðåøåòêè èç
ñòåðæíåé, ðàñïîëîæåííûõ ïîä óãëîì àòàêè α > 0).

Ïîòåðè äàâëåíèÿ íà ïîâîðîòå òîïëèâíîãî ïîòîêà
â ôîðñóíêå

Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ôîðñóíêè íà-
õîäèòñÿ êàê ðàçíîñòü ïëîùàäåé êàíàëà è øòîêà
[14, 15].

Êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ

íàõîäèòñÿ ïî ôîðìóëå äëÿ Re ≥ 2·105:

ïîâ 1 1 òð .А Сξ ξ ξ= ◊ ◊ +                  (9)

Çäåñü 1 ( )А f δ=  — êîýôôèöèåíò, ó÷èòûâàþùèé

âëèÿíèå óãëà èçîãíóòîñòè ëîïàòîê ;δ  Ñ1— êîýô-
ôèöèåíò, ó÷èòûâàþùèé âëèÿíèå îòíîñèòåëüíîé

íàòÿíóòîñòè ïîïåðå÷íîãî ñå÷åíèÿ êîëåíà; òðξ  –

êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ,

0
òð òð

ã

1 0,0175 ,
Ä

r
ξ δ λ

Ê ˆ
= + ◊ ◊ ◊Á ˜Ë ¯          (10)

ãäå òðλ  – êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ;

Äã – ãèäðàâëè÷åñêèé (ýêâèâàëåíòíûé) äèàìåòð;

δ  – óãîë ïîâîðîòà; r0 – ðàäèóñ çàêðóãëåíèÿ.

Ïîòåðè äàâëåíèÿ âî âõîäíîì êàíàëå ôîðñóíêè

Ñíà÷àëà îïðåäåëÿþòñÿ ãåîìåòðè÷åñêèå ïàðà-
ìåòðû è ïëîùàäè â õàðàêòåðíûõ ñå÷åíèÿõ.

Çàòåì íàõîäèòñÿ êîýôôèöèåíò ãèäðàâëè÷åñêî-

ãî ñîïðîòèâëåíèÿ ζ  ïëàâíîãî ñóæåíèÿ ñå÷åíèÿ

êàíàëà ïî ãðàôèêó 0( , ),f nζ α=  ñîãëàñíî ñïðàâî÷-

íèêó [4] (êîíôóçîðû êðóãëîãî ñå÷åíèÿ, l0 /Ä0 > 0,

Re ≥ 105).

Ïîòåðè äàâëåíèÿ â òîïëèâîïîäâîäÿùèõ òðóáêàõ

Òîïëèâî îò êîëëåêòîðà ê ôîðñóíêàì ïîäâîäèò-
ñÿ ïî òðóáàì (ðèñ. 8), êîýôôèöèåíò ñîïðîòèâëå-
íèÿ äëÿ êîòîðûõ ÿâëÿåòñÿ ñóììîé êîýôôèöèåí-
òîâ ïîòåðü íà ïîâîðîòû è íà òðåíèå:

0
ì òð ì òð

ã

0,0175 ,
Ä

R
ξ ξ ξ ξ δ λ= + = + ◊ ◊ ◊       (11)

ãäå ìξ  – êîýôôèöèåíò ñîïðîòèâëåíèÿ íà ïîâî-

ðîò, ì 1 1 1А В Ñξ = ◊ ◊  (A1 – êîýôôèöèåíò, ó÷èòûâà-

þùèé âëèÿíèå óãëà èçîãíóòîñòè îòâîäà; B1 – êî-
ýôôèöèåíò, ó÷èòûâàþùèé âëèÿíèå îòíîñèòåëüíî-
ãî ðàäèóñà çàêðóãëåíèÿ; C1 – êîýôôèöèåíò, ó÷è-
òûâàþùèé âëèÿíèå îòíîñèòåëüíîé âûòÿíóòîñòè

ïîïåðå÷íîãî ñå÷åíèÿ); òðξ  – êîýôôèöèåíò ñîïðî-

òèâëåíèÿ òðåíèÿ; Äã – ãèäðàâëè÷åñêèé (ýêâèâà-

ëåíòíûé) äèàìåòð; δ — óãîë ïîâîðîòà; R0 – ðà-

äèóñ çàêðóãëåíèÿ; òðλ — êîýôôèöèåíò ñîïðîòèâ-

ëåíèÿ òðåíèÿ.

Ðèñ. 6. Ôîðñóíêà

Ðèñ. 7. Âõîäíîé êàíàë ôîðñóíêè

Ðèñ. 8. Òîïëèâîïîäâîäÿùèå òðóáêè
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Ïîòåðè íà òðåíèå íà ïðÿìûõ ó÷àñòêàõ òðóáû
(ïðÿìîé âõîäíîé ó÷àñòîê è ïðÿìîé ó÷àñòîê ìåæäó
ïîâîðîòàìè) íàõîäÿòñÿ ïî ñïðàâî÷íèêó [4], ãäå
îïðåäåëÿåòñÿ êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ

òðλ  â çàâèñèìîñòè îò Re.

Ïîòåðè äàâëåíèÿ
â ðàçäàþùåì ó÷àñòêå êîëëåêòîðà

Òîïëèâíûé ãàç ïîäâîäèòñÿ îò êîëëåêòîðà
Äêîëë=0,054 ì ê ôîðñóíêàì ïî 32 òðóáêàì äèàìåò-
ðîì Äòðóá=10 ìì (ðèñ. 9).

Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êîëëåêòîðà
Fêîëë îïðåäåëÿåòñÿ â ñîîòâåòñòâèè ñ ãåîìåòðèåé.

Êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ
îïðåäåëÿåòñÿ êàê ñîïðîòèâëåíèå íèæíåãî îòâåòâ-
ëåíèÿ ðàçäàþùåãî êîðîáêà â çàâèñèìîñòè îò îòíî-

øåíèÿ ñêîðîñòåé â òðóáêå è â êîëëåêòîðå 
òðóá

êîëë

w

w

êîëë êîëë êð

òðóá òðóá êð

;

,

w a

w a

λ

λ

= ◊

= ◊                  (12)

ãäå wêîëë — ñêîðîñòü â êîëëåêòîðå;
wòðóá — ñêîðîñòü â òðóáêå;

êîëëλ  — ïðèâåäåííàÿ ñêîðîñòü â êîëëåêòîðå;

òðóáλ  — ïðèâåäåííàÿ ñêîðîñòü â òðóáêå;

àêð — êðèòè÷åñêàÿ ñêîðîñòü çâóêà.

Ïîòåðè äàâëåíèÿ ïðè âõîäå
èç òîïëèâíîãî ïàòðóáêà â êîëëåêòîð

Òîïëèâíûé ãàç ïîñòóïàåò â êîëëåêòîð èç òîï-
ëèâíîãî ïàòðóáêà (ðèñ. 10) äèàìåòðîì Äïàòð.

Êîýôôèöèåíò ïîòåðü äàâëåíèÿ íà ïîâîðîòå
ïîòîêà ïðè âòåêàíèè â êîëëåêòîð îïðåäåëÿåòñÿ,
ñîãëàñíî ñïðàâî÷íèêó [4] (êàê äëÿ òðîéíèêà ñèì-
ìåòðè÷íîé ôîðìû ñ ðåçêèì ïîâîðîòîì íà 90° äëÿ
ðàçäåëåíèÿ ïîòîêà) ïî ôîðìóëå:

2

êîëë

ïàòð

1 ,
w

k
w

ξ
Ê ˆ

= + ◊ Á ˜
Ë ¯

                  (13)

ãäå k = 0,3 (äëÿ ñâàðíûõ òðîéíèêîâ).

Ïîòåðè äàâëåíèÿ â òðóáîïðîâîäå (íà ó÷àñòêå
îò äîçàòîðà ãàçà äî òîïëèâíîãî ïàòðóáêà)

Òîïëèâíûé ãàç ïîñòóïàåò èç äîçàòîðà â òîï-
ëèâíûé ïàòðóáîê ïî òðóáîïðîâîäó (ðèñ. 11) äèà-
ìåòðîì Äòðóá = 0,047 ì ñ ïëîùàäüþ ïîïåðå÷íîãî
ñå÷åíèÿ òðóá, ðàâíîé 17,34·10-4 ì2.

Îïðåäåëÿþòñÿ ïðèâåäåííàÿ ïëîòíîñòü q( λ ) è

ïðèâåäåííàÿ ñêîðîñòü λ  ïîòîêà ãàçà â òðóáîïðî-
âîäå.

Ñîãëàñíî [4], êîýôôèöèåíò ñîïðîòèâëåíèÿ
êîëåíà ïðè ãëàäêèõ ñòåíêàõ âû÷èñëÿåòñÿ êàê ñóì-

ìà êîýôôèöèåíòîâ ìåñòíîãî ìξ  è ñîïðîòèâëåíèÿ

òðåíèÿ ïîâîðîòà òðξ

ïîâ ì òð,ξ ξ ξ= +                       (14)

Ðèñ. 9. Ñå÷åíèå êîëëåêòîðà

Ðèñ. 10. Òîïëèâíûé ïàòðóáîê

Ðèñ. 11. Òðóáîïðîâîä
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ãäå ìξ  – êîýôôèöèåíò ñîïðîòèâëåíèÿ íà ïîâî-

ðîòå, ìξ =À1· Â1· Ñ1;

A1 – êîýôôèöèåíò, ó÷èòûâàþùèé âëèÿíèå
óãëà èçîãíóòîñòè îòâîäà; B1 – êîýôôèöèåíò, ó÷è-
òûâàþùèé âëèÿíèå îòíîñèòåëüíîãî ðàäèóñà çàê-
ðóãëåíèÿ; C1 – êîýôôèöèåíò, ó÷èòûâàþùèé âëè-
ÿíèå îòíîñèòåëüíîé âûòÿíóòîñòè ïîïåðå÷íîãî
ñå÷åíèÿ;

òðξ  — êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ

ïîâîðîòà,

òð ã òð(1 0,0175 / Ä ) ,rξ δ λ= + ◊ ◊ ◊          (15)

ãäå Äã — ãèäðàâëè÷åñêèé (ýêâèâàëåíòíûé) äèà-
ìåòð;

δ  — óãîë ïîâîðîòà;

r – ðàäèóñ çàêðóãëåíèÿ;

òðλ  — êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ;

Îïðåäåëåíèå îáùèõ ïîòåðü äàâëåíèÿ îáùÐΔ

è îáùåãî êîýôôèöèåíòà ñîïðîòèâëåíèÿ îáùς
ó÷àñòêà òîïëèâíîé ñèñòåìû îò äîçàòîðà ãàçà
äî âûõîäà èç ôîðñóíêè êàìåðû ñãîðàíèÿ

Îáùåå ñîïðîòèâëåíèå ó÷àñòêà îò äîçàòîðà ãàçà
äî âûõîäà èç ôîðñóíêè êàìåðû ñãîðàíèÿ ñîñòàâ-
ëÿåò [16, 17]:

îáù ñ øí ôîð êàí òðóá

êîëë ïàòð òðóáîïð;

Ð Ð Ð Ð Ð Ð

Ð Ð Ð

Δ Δ Δ Δ Δ Δ

Δ Δ Δ

= + + + + +

+ + +

*
äîç ê.ñ îáù .Ð Ð ÐΔ= +

Ñ öåëüþ ïðîâåðêè àäåêâàòíîñòè ðàçðàáîòàí-
íîé ìåòîäèêè ðàñ÷åòà ïðîâåäåíû ñòåíäîâûå èñ-

ïûòàíèÿ äâèãàòåëÿ ÍÊ-16ÑÒ ñ èçìåðåíèåì äàâ-
ëåíèÿ â òîïëèâîïîäâîäÿùèõ òðóáîïðîâîäàõ ê
ôîðñóíêàì è íà äîçàòîðå ãàçà. Èçìåðåíèÿ ïðîâî-
äèëèñü òàêæå äëÿ íàõîæäåíèÿ îêðóæíîé íåðàâíî-
ìåðíîñòè ðàñïðåäåëåíèÿ äàâëåíèÿ òîïëèâà [18].

Äëÿ èçìåðåíèÿ äàâëåíèÿ òîïëèâà â òðóáîïðî-
âîäàõ ¹ 1,5,9,13,17,21,25,29 áûëî óñòàíîâëåíî âî-
ñåìü äàò÷èêîâ äàâëåíèÿ ÌÄ-15Ò, ðàâíîìåðíî ðàñ-
ïîëîæåííûõ ïî îêðóæíîñòè (ðèñ. 12) [19]. Èñïû-
òàíèÿ ïðîâîäèëèñü íà ñëåäóþùèõ ðåæèìàõ ðàáî-
òû äâèãàòåëÿ: nÍÄ = 4500, 4700, 4900, 5100, 5250,
5350 è ÐÎìàêñ.

Ïî ðåçóëüòàòàì èñïûòàíèé íà ðåæèìå ÐÎìàêñ
óðîâåíü äàâëåíèÿ ãàçîîáðàçíîãî òîïëèâà, èçìå-
ðåííîãî â âîñüìè òîïëèâîïðîâîäÿùèõ òðóáêàõ ê
ôîðñóíêàì, ðàâíîìåðíî ðàñïîëîæåííûõ ïî îê-
ðóæíîñòè, ðàçëè÷àåòñÿ íåçíà÷èòåëüíî è íàõîäèòñÿ
â ïðåäåëàõ Ðò = 11,4…12,0·105 Ïà. Íà îñòàëüíûõ ðå-
æèìàõ óðîâåíü èçìåíåíèÿ äàâëåíèÿ òîïëèâà ïî
òðóáîïðîâîäàì òàêæå íåçíà÷èòåëüíûé (ðèñ. 13).

Ðèñ. 12. Ñõåìà óñòàíîâêè äàò÷èêîâ äàâëåíèÿ

Ðèñ. 13. Îêðóæíîå èçìåíåíèå äàâëåíèÿ â òðóáîïðîâîäàõ: w - 3405, S - 4508, c - 4701, × - 4894, ∗ - 5083,
� - 5254, + - 5354,       - 5513 (îá/ìèí)
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Äëÿ îïðåäåëåíèÿ äàâëåíèÿ çà äîçàòîðîì ãàçà
â òîïëèâîïðîâîä îò äîçàòîðà óñòàíîâëåí òðîéíèê
(ðèñ. 14), ê êîòîðîìó ïîäñîåäèíåíà èìïóëüñíàÿ
ëèíèÿ, ïîäêëþ÷åííàÿ ê ìàíîìåòðó (ðèñ.15), âû-
âåäåííîìó â ïóëüò óïðàâëåíèÿ [20].

Èç ãðàôèêîâ (ðèñ. 16 è 17) âèäíî, ÷òî ñ óâå-
ëè÷åíèåì ðåæèìà ðàáîòû äâèãàòåëÿ äàâëåíèå òîï-
ëèâà â ñèñòåìå ïîâûøàåòñÿ.

Ñðàâíåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà è ðàñ÷åò-
íûõ äàííûõ ïî äàâëåíèþ íà âûõîäå èç äîçàòîðà
ãàçà è â òîïëèâîïîäâîäÿùèõ òðóáêàõ ïîçâîëÿåò
óâèäåòü èõ óäîâëåòâîðèòåëüíóþ ñõîäèìîñòü. Ðàñ-
õîæäåíèå ýòèõ äàííûõ íå ïðåâûøàåò 6%.

Ðèñ. 14. Äîðàáîòêà òîïëèâíîé ñèñòåìû äëÿ îïðåäåëåíèÿ äàâëåíèÿ çà äîçàòîðîì ãàçà (ÄÃ): à — ýëåìåíòû òîïëèâ-
íîé ñèñòåìû; á — ìåñòî èçìåðåíèÿ äàâëåíèÿ

à)

á)

Âûâîäû

 Ðàçðàáîòàíà ìåòîäèêà ðàñ÷åòà ïîòåðü äàâëå-
íèÿ äëÿ òîïëèâíîé ñèñòåìû ñòàöèîíàðíîãî ÃÒÄ,
ðàáîòàþùåãî íà ãàçîîáðàçíîì òîïëèâå.

 Ìåòîäèêà ïîçâîëÿåò âûïîëíèòü ðàñ÷åò äëÿ
ðàçëè÷íûõ ðåæèìîâ ðàáîòû ÃÒÄ è îïðåäåëèòü ìè-
íèìàëüíî íåîáõîäèìîå äàâëåíèå äëÿ âûâîäà ÃÒÄ
íà íîìèíàëüíûé ðåæèì.
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Abstract

Pressure losses computing in the fuel system of the
stationary gas turbine engine is an integral part for
solving a number of engineering and operational tasks.
For example, such calculation is necessary to
determine a minimum required gas pressure at the inlet
of the engine to ensure the engine reaching its
operational modes. Likewise, this calculation may
come in handy at the fuel gas composition changing,
since gas properties change, which means the pressure
loss change too that can require to make changes in
control equipment. It is well known that fuel nozzles
are carbonized while a combustion chamber operation
process. Very often, it leads to the resistance increasing
of the fuel system, and therefore the of pressure losses
rising. Besides, any discrepancies in the dosing
equipment can be detected by a hydraulic calculation.

The article considers a fuel system of a stationary
converted aircraft engine intended for driving the gas
pumping unit supercharger. The pressure losses
computing technique for the fuel system of such
engine is presented in the article. A relevance of the
topic and the necessity of such techniques forming are
disclosed. To check the adequacy of the developed
technique the NK-16ST engine rig test was performed
with pressure measuring in the fuel supply pipelines
to the nozzles and in the gas doser. The results of the
studies revealed that the gas fuel pressure level
measured in the eight gas-extraction from collector to
nozzles pipelines differed insignificantly, which
confirmed the fuel distribution uniformity along the
pipelines. Experimental results comparison with the
computational studies confirms that their discrepancy
does not exceed 6%.

Keywords: pressure losses, fuel system, combustion
chamber, gas turbine engine, natural gas.
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