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Èññëåäîâàíû ïðî÷íîñòíûå õàðàêòåðèñòèêè ìîäåëè òóðáèíû, èçãîòîâëåííîé èç PLA-ïëàñòìàññû ñ ïîìîùüþ
àääèòèâíûõ òåõíîëîãèé. Ïðîâåäåíû èñïûòàíèÿ òóðáèíû íà ïðî÷íîñòü, è ñäåëàíà îöåíêà âëèÿíèÿ ðàñòÿãèâàþ-
ùèõ íàïðÿæåíèé ïðè âðàùåíèè òóðáèíû íà å¸ ðàáîòîñïîñîáíîñòü. Äàíà îöåíêà èñïîëüçîâàíèÿ äåòàëåé, èçãîòîâ-
ëåííûõ àääèòèâíûì ìåòîäîì, â ðàçëè÷íûõ àãðåãàòàõ, â òîì ÷èñëå â ëàáîðàòîðíûõ ñòåíäàõ äëÿ èññëåäîâàíèÿ òóð-
áèí íà ñæàòîì âîçäóõå.

Êëþ÷åâûå ñëîâà: ãàçîâûå òóðáèíû, PLA-ïëàñòìàññà, ïðî÷íîñòü òóðáèí, SLM-ïå÷àòü, èñïûòàíèå íà ïðî÷íîñòü,
3D-ïðîòîòèïèðîâàíèå, êîýôôèöèåíò çàïàñà ïðî÷íîñòè.

Ââåäåíèå

Çà ïîñëåäíèå äåñÿòèëåòèÿ ÷åëîâå÷åñòâî äîñ-
òèãëî çíà÷èòåëüíîãî ïðîãðåññà â îáëàñòè èçó÷åíèÿ
ñòðóêòóð ðàçëè÷íûõ ìàòåðèàëîâ è ñïîñîáîâ èõ
îáðàçîâàíèÿ. Ïðè ýòîì ñòàëî âîçìîæíûì ïîëó÷å-
íèå ìàòåðèàëîâ, îáëàäàþùèõ óíèêàëüíûì íàáî-
ðîì ôèçè÷åñêèõ è õèìè÷åñêèõ ñâîéñòâ.

Ïåðñïåêòèâíûìè ÿâëÿþòñÿ èññëåäîâàíèÿ, ñâÿ-
çàííûå ñ ïðèìåíåíèåì àääèòèâíûõ òåõíîëîãèé â
ðàçëè÷íûõ îòðàñëÿõ ïðîìûøëåííîñòè, â òîì ÷èñ-
ëå â àâèàöèîííîì è ðàêåòíî-êîñìè÷åñêîì ìàøè-
íîñòðîåíèè [1—3]. Â îòëè÷èå îò ñóùåñòâóþùèõ

ìåòîäîâ ïðîèçâîäñòâà äåòàëåé, àääèòèâíûå òåõíî-
ëîãèè ïîçâîëÿþò ìèíèìèçèðîâàòü, à â íåêîòîðûõ
ñëó÷àÿõ — ïîëíîñòüþ èñêëþ÷èòü íåîáõîäèìîñòü
ìåõàíè÷åñêîé îáðàáîòêè äåòàëåé [4], ÷òî ñóùå-
ñòâåííî ñíèæàåò êàê çàòðà÷èâàåìîå âðåìÿ, òàê è
ñòîèìîñòü ãîòîâîé äåòàëè. Âî ìíîãèõ ìåæäóíàðîä-
íûõ ôèðìàõ óæå ïðèìåíÿþò 3D-ïðîòîòèïèðîâà-
íèå ðàçëè÷íûõ äåòàëåé ðàêåòíûõ è àâèàöèîííûõ
äâèãàòåëåé. Â íàñòîÿùåå âðåìÿ òàêèå çàðóáåæíûå
êîìïàíèè, êàê Ariane Group, Aerojet Rocketdyne,
Blue Origin, Rocket Lab, SpaceX [5], à òàêæå îòå-
÷åñòâåííûå ÊÁ Õèìàâòîìàòèêè [6] è ÀÎ «ÍÏÎ
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Ýíåðãîìàø» èì. Â.Ï. Ãëóøêî [7] óñïåøíî èñïîëü-
çóþò àääèòèâíûå òåõíîëîãèè ïðè èçãîòîâëåíèè
äåòàëåé óçëîâ è àãðåãàòîâ ðàêåòîíîñèòåëåé.

Ñóùåñòâóþò íåñêîëüêî îñíîâíûõ ìåòîäîâ 3D-
ïå÷àòè, ðàçëè÷àþùèõñÿ èñõîäíûì ìàòåðèàëîì è
òåõíîëîãèåé ôîðìèðîâàíèÿ äåòàëåé. Â ïîñëåäíåå
âðåìÿ àêòóàëüíûì ñòàíîâèòñÿ ïðîèçâîäñòâî äåòà-
ëåé ñ ïîìîùüþ ñåëåêòèâíîãî ëàçåðíîãî ñïåêàíèÿ
ïîðîøêîâ ìåòàëëîïîëèìåðíûõ êîìïîçèöèé
(SLM-ïå÷àòü, Selective laser melting) [8].

Òåõíîëîãèÿ SLM-ïå÷àòè çàêëþ÷àåòñÿ â ïî-
ñëîéíîì íàíåñåíèè è ñïåêàíèè ïîðîøêà íà ñïå-
öèàëüíîì îñíîâàíèè. Îäíàêî èñïîëüçîâàíèå ìå-
òîäà ñåëåêòèâíîãî ëàçåðíîãî ñïåêàíèÿ ïîðîøêîâ
ñâÿçàíî ñ ïðîáëåìàìè îáðàçîâàíèÿ ïîðèñòîñòè è
ñíèæåíèÿ ïðî÷íîñòè èçãîòàâëèâàåìûõ äåòàëåé.
Ïîýòîìó âîïðîñ ïðàêòè÷åñêîãî ïðèìåíåíèÿ â
ðàêåòíî-êîñìè÷åñêîé è àâèàöèîííîé òåõíèêå äå-
òàëåé, ñîçäàííûõ ñ ïîìîùüþ 3D-ïå÷àòè, äî ñèõ
ïîð îñòàåòñÿ îòêðûòûì. Ïðè âíåäðåíèè àääèòèâ-
íûõ òåõíîëîãèé â ñîâðåìåííîå ïðîèçâîäñòâî âàæ-
íûì ýòàïîì ÿâëÿåòñÿ ðàçðàáîòêà ìåòîäîâ ïðåäâà-
ðèòåëüíîãî ïðîãíîçèðîâàíèÿ ïðî÷íîñòíûõ õàðàê-
òåðèñòèê èçãîòàâëèâàåìûõ ýëåìåíòîâ êîíñòðóê-
öèè â óñëîâèÿõ âîçäåéñòâèÿ òåïëîâûõ è ìåõàíè-
÷åñêèõ íàãðóçîê ñ ïîìîùüþ ìàòåìàòè÷åñêîãî ìî-
äåëèðîâàíèÿ. Â ïðàêòè÷åñêèõ èññëåäîâàíèÿõ ÷àùå

âñåãî íåîáõîäèìî âûïîëíèòü áîëüøîå êîëè÷åñòâî
ïàðàìåòðè÷åñêèõ ðàñ÷¸òîâ ïðî÷íîñòíîãî ñîñòîÿ-
íèÿ ðàçëè÷íûõ ýëåìåíòîâ ïðîåêòèðóåìîé äåòàëè
èëè êîíñòðóêöèè. Äëÿ ýòîãî ïðåäïî÷òèòåëüíåå
èñïîëüçîâàòü øèðîêî ðàñïðîñòðàíåííûå ïðî-
ãðàììíûå êîìïëåêñû, êîòîðûå ìîæíî äîïîëíèòü
ðÿäîì àíàëèòè÷åñêèõ ìåòîäèê, ó÷èòûâàþùèõ îñî-
áåííîñòè òåõíîëîãèè ñîçäàíèÿ äåòàëåé è ïî-
ëó÷àåìîé ñòðóêòóðû.

Ïîìèìî âíåøíèõ íàãðóçîê, íà íåñóùóþ ñïî-
ñîáíîñòü ðàáî÷èõ êîë¸ñ ãàçîâûõ òóðáèí îêàçûâà-
þò âëèÿíèå óñëîâèÿ íàãðóæåíèÿ, íàïðèìåð òåì-
ïåðàòóðà ãàçà [9]. Îäíàêî ãàçîâûå òóðáèíû, êîòî-
ðûå èñïîëüçóþòñÿ â ëàáîðàòîðíûõ ñòåíäàõ íà
ñæàòîì âîçäóõå, îáû÷íî ðàáîòàþò ïðè íåâûñîêèõ
ðàáî÷èõ òåìïåðàòóðàõ ïîðÿäêà 30—50 °Ñ [10], ñëå-
äîâàòåëüíî, ïðè ïðî÷íîñòíûõ ðàñ÷åòàõ äèñêà òóð-
áèíû òåìïåðàòóðíûìè íàïðÿæåíèÿìè ìîæíî ïðå-
íåáðå÷ü.

Äëÿ îáîñíîâàíèÿ âîçìîæíîñòè èñïîëüçîâàíèÿ
3D-ïå÷àòè â ïðîèçâîäñòâå òóðáèí äëÿ ëàáîðàòîð-
íûõ ñòåíäîâ íà ñæàòîì âîçäóõå áûëè ïðîâåäåíû
ðàñ÷åòû íà ïðî÷íîñòü òóðáèíû, íàïå÷àòàííîé íà
3D-ïðèíòåðå èç PLA-ïëàñòìàññû. Äëÿ ïîäòâåðæ-
äåíèÿ ðàñ÷åòîâ áûëî ïðîâåäåíî èñïûòàíèå.

Ãåîìåòðèÿ òóðáèíû è íàãðóçêè,
äåéñòâóþùèå íå íå¸

Ïðè ðàçðàáîòêå 3D-ìîäåëè òóðáèíû ãåîìåòðèÿ
ðàáî÷åãî êîëåñà áûëà âûáðàíà íà îñíîâå ïðîòî-
òèïà, â êà÷åñòâå êîòîðîãî èñïîëüçîâàëàñü êîíñò-
ðóêöèÿ òóðáèíû, èñïîëüçîâàííîé â ëàáîðàòîðíîì
ñòåíäå, óñòàíîâëåííîì â ÌÃÒÓ èì. Í.Ý. Áàóìà-
íà, äëÿ ïðîâåäåíèÿ ëàáîðàòîðíûõ ðàáîò ïî èçó÷å-
íèþ ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê àêòèâíûõ òóð-
áèí [10].

Íà ðèñ. 1 ïðåäñòàâëåíû îáùèé âèä äèñêà òóð-
áèíû è íàãðóçêè, äåéñòâóþùèå íà íåãî (à), à òàê-
æå ïîïåðå÷íîå ñå÷åíèå ëîïàòêè (á).

Èñõîäíûå ðàçìåðû äëÿ ïðî÷íîñòíîãî ðàñ÷¸òà:

0 02 110 ììd r= =  – äèàìåòð êîðíåâîãî ñå÷åíèÿ

ëîïàòîê;

Ðèñ. 1. Ýñêèç òóðáèíû ñ ãåîìåòðèåé è íàãðóçêàìè, äåéñòâóþùèìè íà íå¸ (à), è ïîïåðå÷íîå ñå÷åíèå ëîïàòêè (á)

à) á)
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2 140  ììD R= =  – íàðóæíûé äèàìåòð ëîïà-

òî÷íîãî âåíöà;
b = 11 ìì – øèðèíà ðåø¸òêè;

δ = 4,3 ìì – ìàêñèìàëüíàÿ òîëùèíà ïðîôèëÿ.
Ìàòåðèàë ìîäåëè – PLA-ïëàñòìàññà

( 3 ò
êã1060 ,  40 ÌÏà

ì
ρ σ= = [12]).

Íàãðóçêà:
• öåíòðîáåæíàÿ ñèëà Fö/á ïðè ω = 2520 ðàä/ñ;
• âðàùàþùèé ìîìåíò Ìâð = 3 Í·ì.
Ãåîìåòðè÷åñêèå óñëîâèÿ: â ðàñ÷¸òàõ ó÷èòûâà-

þòñÿ ðåàëüíûå óñëîâèÿ ðàçìåðû ðàáî÷åãî êîëåñà
è âñå îñîáåííîñòè åãî êîíñòðóêöèè – ëîïàòêè,
ïîëêè, îñîáåííîñòè ôîðìû ïîïåðå÷íîãî ñå÷åíèÿ.
Â äèñêå òóðáèíû îòñóòñòâóþò îòâåðñòèÿ äëÿ ïåðå-
ïóñêà ãàçà, âëèÿíèå êîòîðûõ íåîáõîäèìî áûëî áû
ó÷åñòü ïðè èõ íàëè÷èè [11].  Ôèçè÷åñêèå óñëîâèÿ:
ïðèíèìàåòñÿ îñåñèììåòðè÷íîå ðàñïðåäåëåíèå
âðàùàþùåãî ìîìåíòà è öåíòðîáåæíîé ñèëû â
ñå÷åíèÿõ ðàáî÷åãî êîëåñà. Äðóãèå ôèçè÷åñêèå
ýôôåêòû (ïîëçó÷åñòü ìàòåðèàëà, âèáðàöèÿ, íåî-
äíîðîäíîñòü è ò. ï.) íå ðàññìàòðèâàþòñÿ.

Ðàñ÷¸ò íà ïðî÷íîñòü â Autodesk Inventor

Â ïðîãðàììå Autodesk Inventor áûëà ïîñòðîå-
íà 3D-ìîäåëü èñïûòûâàåìîé òóðáèíû (ðèñ. 2)
[13]. Ñ ïîìîùüþ ìîäóëÿ Autodesk Simulation

Mechanical 2019 áûë ïðîâåä¸í å¸ ïðî÷íîñòíîé
ðàñ÷¸ò [14].

Çàêðåïëåíèå – êîíñîëüíîå, çà òîðöåâóþ ïî-
âåðõíîñòü âòóëêè òóðáèíû.

Íà ðèñ. 3 ïðåäñòàâëåíà èñïîëüçîâàííàÿ êîíå÷-
íî-ýëåìåíòíàÿ ìîäåëü, êîòîðàÿ ñîäåðæèò îêîëî
4,15 ìëí ýëåìåíòîâ.

Ñãóùåíèå ñåòêè ïðèâîäèëîñü ê îñíîâàíèþ
òîëüêî îäíîé ëîïàòêè, ïîñêîëüêó íàãðóçêà ðàñ-
ïðåäåëÿåòñÿ ñèììåòðè÷íî. Ðåçóëüòàòû ðàñ÷¸òà
ïðåäñòàâëåíû íà ðèñ. 4 è 5 (óâåëè÷åíî).

Èç ïîëåé ðàñïðåäåëåíèÿ êîýôôèöèåíòà çàïà-
ñà, ïðåäñòàâëåííûõ íà ðèñ. 5 è 6, âèäíî, ÷òî ìè-
íèìàëüíûé êîýôôèöèåíò çàïàñà ñîîòâåòñòâó-
åò êîðíåâûì ñå÷åíèÿì ëîïàòîê è ñîñòàâëÿåò íå
ìåíåå 3.3.

Ðèñ. 2. 3D-ìîäåëü òóðáèíû

Ðèñ. 3. Îáùèé âèä êîíå÷íî-ýëåìåíòíîé ìîäåëè â âèäå
íåñòðóêòóðèðîâàííîé ñåòêè (à) è ëîïàòêè óâåëè÷åíî (á)

à)

á)

Ðèñ. 4. Ïîëå ðàñïðåäåëåíèÿ êîýôôèöèåíòà çàïàñà
ïî äèñêó òóðáèíû
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Òåîðåòè÷åñêèé ðàñ÷¸ò íà ïðî÷íîñòü

Ðàñ÷¸ò íàïðÿæåíèé â äèñêå òóðáèíû ïðîâî-
äèëñÿ ïî ìåòîäèêå, èçëîæåííîé â [16].

Ðàñòÿãèâàþùèå íàïðÿæåíèÿ ñâÿçàíû ñ âîçäåé-
ñòâèåì íà äèñê òóðáèíû öåíòðîáåæíûõ ñèë, êî-
òîðûå âûçâàíû âðàùåíèåì òóðáèíû. Íàèáîëüøåãî
çíà÷åíèÿ îíè äîñòèãàþò â êîðíåâûõ ñå÷åíèÿõ
ëîïàòîê. Ïðè îïðåäåëåíèè ðàñòÿãèâàþùèõ íàïðÿ-
æåíèé ëîïàòêó òóðáèíû óñëîâíî ðàññìàòðèâàþò
êàê ñòåðæåíü ñ ïîñòîÿííûì ïîïåðå÷íûì ñå÷åíè-
åì.

Íàïðÿæåíèÿ ðàñòÿæåíèÿ, âîçíèêàþùèå â ñå-
÷åíèè ëîïàòêè íà ðàññòîÿíèè r :

( )
2

2 2
2

0,5 1 ,
r

r R
R

σ ρω
Ê ˆ

= -Á ˜Ë ¯

ãäå ρ  — ïëîòíîñòü ìàòåðèàëà ëîïàòêè; ω  — óã-

ëîâàÿ ñêîðîñòü âðàùåíèÿ; R – íàðóæíûé ðàäèóñ
ëîïàòî÷íîãî âåíöà; r – ðàññìàòðèâàåìûé ðàäèóñ,

â êîòîðîì âîçíèêàþò íàïðÿæåíèÿ ( )rσ .

Íàïðÿæåíèÿ ðàñòÿæåíèÿ, âîçíèêàþùèå â êîð-
íåâîì ñå÷åíèè ëîïàòêè:

( )
2

2 2 0
ðàñòÿæ 0 2

0,5      1 ;
r

r R
R

σ σ ρ ω
Ê ˆ

= = -Á ˜
Ë ¯

ðàñòÿæ 6,31 ÌÏà.σ =

Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ëîïàòêè òóðáè-
íû ìîæíî ðàññ÷èòàòü ïî ôîðìóëå:

6 20,7  33,1 10 ì . F bδ -= = ◊

Ìîìåíò ñîïðîòèâëåíèÿ ñå÷åíèÿ íà èçãèá:

2
6 30,2  1,81 10  ì .

F
W

b
-ª = ◊

Êàñàòåëüíûå íàïðÿæåíèÿ îò âðàùàþùåãî ìî-
ìåíòà:

âð 0,83 ÌÏà.
2

Ì

W
τ = =

Ýêâèâàëåíòíîå íàïðÿæåíèå ýσ   ïî Ìèçåñó âû-

÷èñëÿåòñÿ ñëåäóþùèì îáðàçîì:

( ) ( ) ( )2 2 2

ý 1 2 2 3 3 1
1

 
2

9,15 ÌÏà,

σ σ σ σ σ σ σÈ ˘= - + - + - =Í ˙Î ˚

=

ãäå 1 2 3, , σ σ σ  – ãëàâíûå íàïðÿæåíèÿ [16], ÌÏà,

2
ðàñòÿæ ðàñòÿæ 2

1  6,42,
2 2

σ σ
σ τ

Ê ˆ
= + + =Á ˜

Ë ¯

2 0,σ =

2
ðàñòÿæ ðàñòÿæ 2

3  0,107.
2 2

σ σ
σ τ

Ê ˆ
= - + = -Á ˜

Ë ¯

Îñíîâíûì êðèòåðèåì ïðî÷íîñòè ÿâëÿåòñÿ êî-
ýôôèöèåíò çàïàñà — îòíîøåíèå ïðåäåëà òåêó÷å-
ñòè ê ýêâèâàëåíòíîìó íàïðÿæåíèþ ïî Ìèçåñó,
âîçíèêàþùåìó â êîíñòðóêöèè:

Ðèñ. 5. Ïîëå ðàñïðåäåëåíèÿ êîýôôèöèåíòà çàïàñà ïî ëîïàòêàì òóðáèíû
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ò

ý

.n
σ

σ

È ˘Î ˚=

Äëÿ èçäåëèé, êîòîðûå íàõîäÿòñÿ íà ñòàäèè
ïðîåêòèðîâàíèÿ, êîýôôèöèåíò çàïàñà íåîáõîäè-
ìî çàäàâàòü çàðàíåå. Êîýôôèöèåíò çàïàñà ïî íîð-
ìàì ðàñ÷åòà íà ïðî÷íîñòü ýëåìåíòîâ êîíñòðóêöèè
ÆÐÄ ñîñòàâëÿåò 1,2…1,5 [17].

Êîýôôèöèåíò çàïàñà ïðî÷íîñòè äèñêà òóðáè-
íû:

[ ]
ý

4,37.n
σ
σ

= =

Â [18] ïðåäëàãàåòñÿ ó÷èòûâàòü ñíèæåíèå ïðå-
äåëà òåêó÷åñòè ýëåìåíòà êîíñòðóêöèè â ñâÿçè ñ
ïîðèñòîñòüþ ìàòåðèàëà äåòàëè (äëÿ ñëó÷àÿ åå èç-
ãîòîâëåíèÿ ìåòîäîì 3D-ïðîòîòèïèðîâàíèÿ) ñ
ïîìîùüþ êîýôôèöèåíòà k:

n1 = kn,

ãäå n1 — êîýôôèöèåíò çàïàñà ïðî÷íîñòè äåòàëè,
âûïîëíåííîé ìåòîäîì ïðîòîòèïèðîâàíèÿ; n — çà-
ïàñ ïðî÷íîñòè äåòàëè, èçãîòîâëåííîé ñ èñïîëüçî-
âàíèåì ñóùåñòâóþùèõ òåõíîëîãèé.

Êîýôôèöèåíò k çàâèñèò îò ðàçëè÷íûõ ôàêòî-
ðîâ: îðèåíòàöèè èçäåëèÿ ïðè ñïåêàíèè îòíîñè-
òåëüíî ñïåöèàëüíîãî îñíîâàíèÿ; ñòðóêòóðû ïðî-
òîòèïèðîâàííîãî èçäåëèÿ, ôîðìèðóåìîé â ðåçóëü-
òàòå ñïëàâëåíèÿ è áûñòðîãî îõëàæäåíèÿ ïîñëå
óõîäà ëàçåðíîãî ëó÷à [19]; êîíòóðà çàïîëíåíèÿ;
ðàçìåðîâ îáðàçöà è ò. ä. [20]. Çíà÷åíèÿ êîýôôè-
öèåíòà, ó÷èòûâàþùåãî ïîòåðè ïðî÷íîñòè èç-çà
äåôåêòîâ, âîçíèêàþùèõ â ïðîöåññå ïðîòîòèïèðî-
âàíèÿ, îáû÷íî íàõîäÿòñÿ â äèàïàçîíå k = 0,6...0,9
[21]. Ïðè ïðîâåäåíèè ðàñ÷¸òà êîýôôèöèåíò ïðè-
íèìàåòñÿ ðàâíûì k = 0,75.

Ìîäèôèöèðîâàííûé êîýôôèöèåíò çàïàñà n1
ïðè ýòîì:

n1 = kn = 3,28.

Èñïûòàíèå íà ïðî÷íîñòü

Äëÿ ïðîâåäåíèÿ èñïûòàíèÿ áûëà èçãîòîâëåíà
îñåâàÿ àêòèâíàÿ ñâåðõçâóêîâàÿ ãàçîâàÿ òóðáèíà èç
PLA-ïëàñòìàññû ïî òåõíîëîãèè SLM-ïå÷àòè.

Äëÿ ïðîâåäåíèÿ èñïûòàíèé áûë ñîáðàí èñïû-
òàòåëüíûé ñòåíä, ñîñòîÿùèé èç ýëåêòðîäâèãàòåëÿ,
ðåãóëÿòîðà íàïðÿæåíèÿ, òàõîìåòðà, âèäåîêàìåðû,
à òàêæå èññëåäóåìîé òóðáèíû.

Ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòà çàêëþ÷à-
åòñÿ â ñëåäóþùåì: òóðáèíà ôèêñèðóåòñÿ íà âàëó
ýëåêòðîäâèãàòåëÿ ñ ïîìîùüþ øïîíî÷íîãî è êëå-

åâîãî ñîåäèíåíèé. Ïðè ïîäêëþ÷åíèè ýëåêòðîäâè-
ãàòåëÿ ê ñåòè (220 Â) âàë ñ òóðáèíîé ïðèâîäÿòñÿ
âî âðàùåíèå. ×àñòîòà âðàùåíèÿ èçìåíÿåòñÿ ðåãó-
ëÿòîðîì íàïðÿæåíèÿ, ïîäêëþ÷åííûì â öåïü ýëåê-
òðîäâèãàòåëÿ, è ìîæåò ïðèíèìàòü çíà÷åíèÿ îò 0
äî 24000 îá/ìèí, ÷òî ñîîòâåòñòâóåò èíòåðâàëó
íàïðÿæåíèé â ñåòè ýëåêòðîäâèãàòåëÿ îò 0 äî 220 Â.
Äàííûå î ñêîðîñòè âðàùåíèÿ ýëåêòðîäâèãàòåëÿ
ñíèìàþòñÿ ñ öèôðîâîãî îïòè÷åñêîãî òàõîìåòðà.
Çàïèñü ýêñïåðèìåíòà âåäåòñÿ íà âèäåîêàìåðó. Ïðè
óâåëè÷åíèè ÷àñòîòû âðàùåíèÿ óâåëè÷èâàåòñÿ çíà-
÷åíèå öåíòðîáåæíîé ñèëû, äåéñòâóþùåé íà òóð-
áèíó. Ïî äîñòèæåíèè ýëåêòðîäâèãàòåëåì ïðåäåëü-
íûõ çíà÷åíèé ÷àñòîòû âðàùåíèÿ ìàòåðèàë òóðáè-
íû ïîä äåéñòâèåì íàãðóçêè äåôîðìèðóåòñÿ, ÷òî
ôèêñèðóåò êàìåðà. Ýêñïåðèìåíò ïðîâîäèòñÿ íà
èñïûòàòåëüíîì ñòåíäå, îòäåëåííîì îò íàáëþäàòå-
ëåé áðîíåäâåðüþ; âñå èçìåðåíèÿ è âèäåîñú¸ìêà
âåäóòñÿ äèñòàíöèîííî.

Âûâîäû

Ðàñ÷åòû íà ïðî÷íîñòü îñåâîé àêòèâíîé ñâåðõ-
çâóêîâîé ãàçîâîé òóðáèíû, èçãîòîâëåííîé èç PLA-
ïëàñòìàññû ïî àääèòèâíîé òåõíîëîãèè SLM-ïå-
÷àòè, ïîêàçàëè, ÷òî êîýôôèöèåíò çàïàñà, êîòîðûé
õàðàêòåðèçóåò äèñê òóðáèíû â óñëîâèÿõ ðàáîòû íà
ëàáîðàòîðíûõ ñòåíäàõ íà ñæàòîì âîçäóõå, âûøå,
÷åì ïðåäåëüíî äîïóñòèìûé äëÿ äàííîãî àãðåãàòà.

Â êà÷åñòâå ïîäòâåðæäåíèÿ ðàñ÷åòîâ â õîäå èñ-
ïûòàíèÿ ÷àñòîòà âðàùåíèÿ òóðáèíû äîñòèãëà
24000 îá/ìèí, ÷òî ÿâëÿåòñÿ ïðåäåëüíî âîçìîæíîé
âåëè÷èíîé äëÿ èñïîëüçóåìîãî â èñïûòàíèÿõ äâè-
ãàòåëÿ, ïðè ýòîì â ñàìîé òóðáèíå âèäèìûå äåôåê-
òû îáíàðóæåíû íå áûëè.

Óñòàíîâëåíî, ÷òî èçãîòîâëåííàÿ ïðè ïîìîùè
àääèòèâíûõ òåõíîëîãèé òóðáèíà ìîæåò áûòü èñ-
ïîëüçîâàíà íà ëàáîðàòîðíûõ ñòåíäàõ, ðàáîòàþùèõ
íà ñæàòîì âîçäóõå.
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Abstract

Recently, the studies related to the additive
technologies application in various industries,
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including aviation and space-rocket mechanical
engineering, are considered promising. An indisputable
advantage of additive technologies is minimization,
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and, in some cases, complete elimination of the need
for parts machining, which significantly reduces both
the time consumption and the finished part cost.

There are several basic 3D-printing methods,
differing in the source material and technology of the
parts formation. Recently, the parts production by
selective laser sintering of metal polymer compositions
powders (SLM-printing) has become topical.

The SLM-printing technology consists in layer-by-
layer deposition and sintering of powder on a special
substrate. However, application of the selective laser
powders sintering method is associated with problems
of the porosity formation and a decrease in the strength
of the parts produced. Thus, the issue of practical
application for parts of the space-rocket and aviation
equipment, created by the 3D-printing, still remains
open.

To substantiate the possibility of 3D-printing
application in turbines production for laboratory test
benches on compressed air, the strength calculation
of the turbine from PLA-plastic printed on the 3D
printer were performed. The tests were performed to
confirm the calculations results.

When developing a turbine 3D-model the rotor
wheel geometry was selected, based on the prototype,
which was used in the turbine structure employed in
the laboratory test bench installation at the BMSTU
for the laboratory works for studying the energy
characteristics of active turbines.

Besides the external loads, the gas turbines rotor
wheels load-bearing capacity is affected by loading
conditions, such as gas temperature. However, the gas
turbines employed in laboratory work benches on the
compressed air are operating, as a rule, at low
operating temperature of 30–50°C. Thus, the
temperature stresses may be neglected while strength
calculations of the turbine disk.

A 3D-model of the turbine under test was built
with the Autodesk Inventor program. A finite-element
model containing about 4.15 million elements was
built for the above said model. Its strength analysis was
performed with the Autodesk Simulation Mechanical
2019 module. The mesh thickening was reduced to the
base of one blade only, since the load distribution is
symmetrical. It can be seen from the safety factor
distribution fields that minimum safety factor
corresponds to the root sections of the blades, and it
is no less than 3.3.

While theoretical calculations the modified safety
factor n1, accounting for the effect of the part material
porosity (for the case of its manufacture by 3D-
prototyping) through coefficient k, was 3.28.

For tests performing, an axial active supersonic gas
turbine was manufactured from PLA-plastic according
to the SLM-printing technology.

For tests performing, a test bench, consisting of an
electric motor, a voltage regulator, a tachometer, a
video camera, as well as a turbine under study was
assembled.

The methodology of the experiment conducting is
as follows: the turbine is fixed on the motor shaft by
the keyed and glue joints. When the motor is
connected to the mains (220 VAC), the shaft and the
turbine begin rotating. The rotational speed is changed
by a voltage regulator connected to the motor circuit,
and can aquire values from 0 to 24000 rpm, which
corresponds to the voltage range in the motor network
from 0 to 220 V. The data on the motor rotational
speed are read from the digital optical tachometer. The
experiment is being shot by the video camera.

The strength calculations of the axial supersonic
gas turbine fabricated from the PLA-plastic by the
SLM-printing additive technology revealed that the
safety factor in operation conditions of laboratory test
benches with compressed air was higher than the
maximum allowable one for the considered unit.

As a confirmation for calculations, the turbine
rotational speed during the test reached 24,000
revolutions per minute, which is the maximum
possible value for the engine used in the tests. With
this, visible defects were not detected in the turbine
itself.

On the assumption of the performed studies it was
established that the turbine manufactured using
additive technologies can be employed for the
laboratory text benches operating on compressed air.

Keywords: gas turbines, PLA-plastic, turbine
strength, SLM-printing, strength test, 3D-prototyping,
safety factor.
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