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

Ââåäåíèå

Ïåðñïåêòèâû ðàçâèòèÿ ñîâðåìåííîé ìàëîé
àâèàöèè âî ìíîãîì îïðåäåëÿþòñÿ ïîâûøåíèåì
ýôôåêòèâíîñòè ÌÃÒÄ [9]. Îäíî èç ãëàâíûõ íà-
ïðàâëåíèé ñîâåðøåíñòâîâàíèÿ ÌÃÒÄ, ñïîñîá-
ñòâóþùèõ ïîïóëÿðèçàöèè ãàçîòóðáèííûõ äâèãà-
òåëåé â ìàëîé àâèàöèè, — ïîâûøåíèå ýêîíîìè÷-
íîñòè.

Îäíèì èç íàèáîëåå äîñòóïíûõ è ýôôåêòèâíûõ
ñïîñîáîâ ïîâûøåíèÿ ýêîíîìè÷íîñòè ÌÃÒÄ ÿâ-
ëÿåòñÿ ïðèìåíåíèå ðåãåíåðàöèè òåïëà [13, 19]. Â
ýòîì ñëó÷àå íà ýôôåêòèâíîñòü äâèãàòåëÿ ñóùå-
ñòâåííîå âëèÿíèå îêàçûâàåò òåïëîîáìåííèê. Â
ñóùåñòâóþùèõ êîíñòðóêöèÿõ ïðèìåíÿþòñÿ òðóá-
÷àòûå è ïëàñòèí÷àòûå òåïëîîáìåííèêè [1, 6].
Ïðèìåíåíèå ïëàñòèí÷àòîé ìàòðèöû ïîçâîëÿåò
äîáèòüñÿ ëó÷øèõ òåïëîãèäðàâëè÷åñêèõ è ãàáàðèò-
íî-ìàññîâûõ õàðàêòåðèñòèê òåïëîîáìåííèêà.

Â ñëó÷àå ïðèìåíåíèÿ ïëàñòèí÷àòîãî òåïëîîá-
ìåííèêà â ÌÃÒÄ ñëîæíîãî öèêëà ãåîìåòðèÿ òåï-
ëîîáìåííîé ïîâåðõíîñòè, îáåñïå÷èâàþùàÿ íàè-
ëó÷øóþ ýôôåêòèâíîñòü òåïëîîáìåíà, ïîäáèðàåòñÿ
èíäèâèäóàëüíî äëÿ êàæäîé çàäà÷è [7, 17]. Ïîýòîìó
âàæíîå çíà÷åíèå èìååò ìåòîäèêà ïðîåêòèðîâàíèÿ
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Âûÿâëåíû îñîáåííîñòè ïðèìåíåíèÿ ëàçåðíûõ òåõíîëîãèé ïðè èçãîòîâëåíèè ïëàñòèí÷àòîãî òåïëîîáìåííèêà
ìàëîðàçìåðíûõ ãàçîòóðáèííûõ äâèãàòåëåé (ÌÃÒÄ) ñëîæíîãî öèêëà. Èññëåäîâàíà ñïåöèôèêà ñîåäèíåíèÿ òîíêî-
ñòåííûõ è ðàçíîòîëùèííûõ äåòàëåé. Ñ ïðèìåíåíèåì ëàçåðíûõ òåõíîëîãèé èçãîòîâëåí ýêñïåðèìåíòàëüíûé ïëà-
ñòèí÷àòûé òåïëîîáìåííèê. Êîíâåðò òåïëîîáìåííèêà ïîäâåðãàëñÿ èñïûòàíèÿì íà ãåðìåòè÷íîñòü, êîòîðûå ïîä-
òâåðäèëè ãåðìåòè÷íîñòü ñâàðíîãî øâà ïðè äàâëåíèÿõ äî 4 àòì. Ñîçäàííûé â ïðîöåññå ðàáîòû ýêñïåðèìåíòàëü-
íûé òåïëîîáìåííèê ïðîøåë êîìïëåêñíûå èñïûòàíèÿ íà ñòåíäå ÖÈÀÌ è ïîäòâåðäèë çàÿâëåííûå õàðàêòåðèñòèêè.

Êëþ÷åâûå ñëîâà: ìàëîðàçìåðíûé ãàçîòóðáèííûé äâèãàòåëü (ÌÃÒÄ), ïëàñòèí÷àòûé òåïëîîáìåííèê, ëàçåðíûå
òåõíîëîãèè.

òåïëîîáìåííèêà, ïîçâîëÿþùàÿ ïîëó÷èòü íàèëó÷-
øèå òåïëîãèäðàâëè÷åñêèå õàðàêòåðèñòèêè [15].

Ïðîåêòèðîâàíèå è ðàñ÷åò òåïëîîáìåííèêîâ
äîñòàòî÷íî ñëîæíû, íî íàèáîëüøèå òðóäíîñòè
ñâÿçàíû ñî ñòàäèåé èçãîòîâëåíèÿ èçäåëèÿ. Êëþ-
÷åâûå ýòàïû èçãîòîâëåíèÿ òåïëîîáìåííèêà ïîä-
ðàçóìåâàþò ðàáîòó ñ òîíêîñòåííûìè (b1 < 1 ìì;
b2 < 1 ìì; b1 ≈ b2) è ðàçíîòîëùèííûìè (b1<<b2) äå-
òàëÿìè èç æàðîïðî÷íûõ ñòàëåé.

Àíàëèç ñóùåñòâóþùèõ òåõíîëîãèé èçãîòîâëå-
íèÿ ïîêàçàë, ÷òî íàèáîëåå ýôôåêòèâíûì ñïîñî-
áîì ðàáîòû ñ òàêèìè äåòàëÿìè ÿâëÿåòñÿ ëàçåðíàÿ
ðåçêà è ñâàðêà íà ìàëîìîùíîé óñòàíîâêå [8]. Äëÿ
âûïîëíåíèÿ îòäåëüíûõ îïåðàöèé íà ëàçåðíîé
óñòàíîâêå íåîáõîäèì êîìïëåêò ñïåöèàëüíîé òåõ-
íîëîãè÷åñêîé îñíàñòêè, ïîçâîëÿþùåé ïîçèöèî-
íèðîâàòü äåòàëè [16].

Òåõíîëîãè÷åñêîå îáîðóäîâàíèå
äëÿ ïðîâåäåíèÿ èññëåäîâàíèé

Îïåðàöèè ïî ðåçêå è ñâàðêå äåòàëåé â ïðîöåññå
ñîçäàíèÿ òåïëîîáìåííèêà îñóùåñòâëÿëèñü íà
ìàëîìîùíîé ëàçåðíîé óñòàíîâêå ñ ×ÏÓ Bulat HTS
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Portal–300 [18]. Óñòàíîâêà âûïîëíåíà â âèäå ïå-
ðåäâèæíîé ïëàòôîðìû ñ ðàçìåùåííûìè íà íåé
îñíîâíûì áëîêîì óñòàíîâêè è ëàçåðíûì èçëó÷à-
òåëåì (ðèñ. 1). Ëàçåðíûé èçëó÷àòåëü çàêðåïëåí íà
äâóõêîîðäèíàòíîé ñèñòåìå ïîçèöèîíèðîâàíèÿ ñ
ðåãóëèðîâêîé ïîëîæåíèÿ â âåðòèêàëüíîé ïëîñêî-
ñòè. Âíóòðè îñíîâíîãî áëîêà, â åãî ïðàâîé ÷àñ-
òè, íà âåðòèêàëüíûõ ïàíåëÿõ ðàñïîëîæåí èñòî÷-
íèê ýëåêòðîïèòàíèÿ ëàçåðíîé óñòàíîâêè. Â ëåâîé
÷àñòè êîðïóñà, âíóòðè, ðàçìåùåíà ñèñòåìà îõëàæ-
äåíèÿ êâàíòðîíà èçëó÷àòåëÿ.

Îñíîâíîé áëîê 1 óñòàíîâêè ñîäåðæèò â ñåáå
èñòî÷íèê ïèòàíèÿ è ñèñòåìó îõëàæäåíèÿ. Íàëè-
÷èå â ñîñòàâå óñòàíîâêè îïòè÷åñêîé êîíòðîëüíî-
ôîêóñèðóþùåé ñèñòåìû 3 ñ áèíîêóëÿðíîé íàñàä-
êîé ïîçâîëÿåò ïðîèçâîäèòü òî÷íîå ïîçèöèîíèðî-
âàíèå ìåñòà ñâàðêè/ðåçêè â çîíå îáðàáîòêè è êîí-
òðîëèðîâàòü âûïîëíåíèå òåõíîëîãè÷åñêèõ îïåðà-
öèé. Ñèíõðîíèçèðîâàííûå àëüôà-êîëîííû 5 îáåñ-
ïå÷èâàþò ðåãóëèðîâêó ïîëîæåíèÿ ëàçåðíîãî èçëó-
÷àòåëÿ â âåðòèêàëüíîé ïëîñêîñòè. Ïàíåëü óïðàâ-

ëåíèÿ 6 ñëóæèò äëÿ èçìåíåíèÿ ïàðàìåòðîâ è ðå-
æèìîâ ðàáîòû óñòàíîâêè.

Ðàáî÷èì èíñòðóìåíòîì óñòàíîâêè ÿâëÿåòñÿ
ñôîêóñèðîâàííûé ëó÷ èìïóëüñíîãî òâåðäîòåëüíî-
ãî ëàçåðà, ðàáîòàþùåãî â ðåæèìå ñâîáîäíîé ãå-
íåðàöèè.

Îñíîâíûì ýëåìåíòîì ëàçåðà ÿâëÿåòñÿ ñïåöè-
àëüíîå óñòðîéñòâî – êâàíòðîí, êîíñòðóêòèâíî
îáúåäèíÿþùèé â ñåáå àêòèâíûé ýëåìåíò, ãàçîðàç-
ðÿäíóþ ëàìïó íàêà÷êè è êåðàìè÷åñêèé îòðàæà-
òåëü. Îòðàæàòåëü íàïðàâëÿåò ñâåòîâóþ ýíåðãèþ,
èçëó÷àåìóþ ëàìïîé íàêà÷êè, â àêòèâíûé ýëåìåíò
ëàçåðà. Àêòèâíûé ýëåìåíò ïðåäñòàâëÿåò ñîáîé
ñòåðæåíü èç àëþìîèòòðèåâîãî ãðàíàòà, àêòèâèðî-
âàííîãî èîíàìè íåîäèìà. Îí ðàçìåùåí â îïòè÷åñ-
êîì ðåçîíàòîðå ëàçåðà, îáðàçîâàííîì äèýëåêòðè-
÷åñêèìè çåðêàëàìè.

Ëàìïà íàêà÷êè – ãàçîíàïîëíåííàÿ ãåðìåòè÷-
íàÿ êîíñòðóêöèÿ èç êâàðöåâîãî ñòåêëà ñ äâóìÿ
ýëåêòðîäàìè. Ñâåòîâàÿ ýíåðãèÿ âñïûøêè ëàìïû
ïîãëîùàåòñÿ àêòèâíûì ýëåìåíòîì, ïåðåâîäÿ èîíû

Ðèñ. 1. Îáùèé âèä ëàçåðíîé óñòàíîâêè HTS Portal–300: 1 – îñíîâíîé áëîê; 2 – ñòîéêà óïðàâëåíèÿ; 3 – ëàçåðíûé
èçëó÷àòåëü ñ êîíòðîëüíî-ôîêóñèðóþùåé ñèñòåìîé; 4 – äâóõêîîðäèíàòíàÿ ñèñòåìà ïîçèöèîíèðîâàíèÿ; 5 – ñèí-
õðîíèçèðîâàííûå àëüôà-êîëîííû; 6 – ïàíåëü óïðàâëåíèÿ
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íåîäèìà â âîçáóæäåííîå ñîñòîÿíèå, ÷òî â ñâîþ
î÷åðåäü ïðèâîäèò ê ãåíåðàöèè ëàçåðíîãî èçëó÷å-
íèÿ.

Ìàëàÿ ðàñõîäèìîñòü ëàçåðíîãî ëó÷à ïîçâîëÿ-
åò ôîêóñèðîâàòü åãî ýíåðãèþ â ïÿòíå íåáîëüøî-
ãî äèàìåòðà. Ïðè ýòîì òåìïåðàòóðà â çîíå îáðà-
áîòêè ìîæåò äîñòèãàòü íåñêîëüêèõ òûñÿ÷ ãðàäóñîâ.

Ëàçåðíàÿ óñòàíîâêà ïîçâîëÿåò âûïîëíÿòü êàê
ðåçêó [4, 5], òàê è ñâàðêó [2, 3, 11] äåòàëåé. Ïî-
ýòîìó ñëåäóåò ïîäðîáíåå îñòàíîâèòüñÿ íà êàæäîé
èç âûïîëíÿåìûõ îïåðàöèé.

Ëàçåðíàÿ ðåçêà ëèñòîâ

Ââèäó ìàëîé òîëùèíû ëèñòîâ ðåçêó äåòàëåé
äëÿ ñîçäàíèÿ òåïëîîáìåííèêà öåëåñîîáðàçíî
âûïîëíÿòü íà ëàçåðíîé óñòàíîâêå. Òåõíîëîãè÷åñ-
êèé ïðîöåññ èçãîòîâëåíèÿ òåïëîîáìåííèêà âêëþ-
÷àåò ðàáîòó ñ ëåãèðîâàííûìè ñòàëÿìè ìàðêè
20Õ23Í18 òîëùèíîé 0,2 ìì è 12Õ18Í10Ò òîëùè-
íîé 2 ìì [12].

Âàæíûì ìîìåíòîì äëÿ ïîëó÷åíèÿ êà÷åñòâåí-
íîãî ðåçà ÿâëÿåòñÿ äàâëåíèå ïîäà÷è âîçäóõà â çîíó
ðåçêè. Ñ ïîìîùüþ âîçäóõà, ïîäâåä¸ííîãî ê ñîïëó
ðåæóùåé ãîëîâêè, îñóùåñòâëÿþòñÿ îõëàæäåíèå
ñîïëà ãîëîâêè, çàùèòà îò ïîïàäàíèÿ ÷àñòèö ðàñ-
ïëàâëåííîãî ìåòàëëà íà çàùèòíîå ñòåêëî è óäà-
ëåíèå ðàñïëàâëåííîãî ìåòàëëà èç ïîëîñòè ðåçà.
Ñîîòâåòñòâåííî, ÷åì âûøå äàâëåíèå ïðîäóâêè,
òåì ÷èùå âûõîäíàÿ êðîìêà ðåçà. Êðîìå ýòîãî, ñ
ðîñòîì äàâëåíèÿ ñíèæàåòñÿ êîëè÷åñòâî âûïëåñ-
êîâ è îáëîÿ. Äàâëåíèå ïîäà÷è âîçäóõà âàðüèðóåòñÿ
â ïðåäåëàõ 5—8 Áàð, â çàâèñèìîñòè îò âîçìîæíî-
ñòåé ïèòàþùåé ïíåâìîñèñòåìû, à òàêæå òîëùè-
íû ëèñòà çàãîòîâêè.

Â òåõíîëîãèè ëàçåðíîé ðåçêè òîíêèõ ëèñòîâ
ïîäáîð íàèáîëåå ýôôåêòèâíîãî äàâëåíèÿ ïîäà÷è
âîçäóõà çàíèìàåò âàæíîå ìåñòî. Äëÿ òîíêîãî ëè-
ñòà 20Õ23Í18 òîëùèíîé 0,2 ìì íåîáõîäèìî ïî-
äîáðàòü äàâëåíèå ïîäà÷è âîçäóõà òàê, ÷òîáû è
ïðîäóâ áûë äîñòàòî÷íûé äëÿ ïîëó÷åíèÿ êðîìêè
ïðèåìëåìîãî êà÷åñòâà è ÷òîáû ñòðóÿ âîçäóõà íå
ïðîãèáàëà ëèñò, óâîäÿ åãî èç ôîêóñà ëó÷à. Åñëè æå
âêëþ÷åíà ñèñòåìà îòñëåæèâàíèÿ ïîëîæåíèÿ ãî-
ëîâêè ïî âåðòèêàëüíîé îñè (îñü Z), òî ïðè çàâû-
øåííîì äàâëåíèè íåðåäêî íàáëþäàåòñÿ ýôôåêò
«ïëàâàíèÿ» ãîëîâêè ïî îñè Z. Èíûìè ñëîâàìè, â
çîíå îáðàçîâàíèÿ ðåçà ôîðìèðóåòñÿ îáëàñòü äèñ-
êðåòíîãî äàâëåíèÿ, è ëèñò ìåòàëëà, èìåÿ ñîá-
ñòâåííûå óïðóãèå ñâîéñòâà, íà÷èíàåò ïóëüñèðî-
âàòü. Ñèñòåìà ñëåæåíèÿ ñòðåìèòñÿ îòðàáîòàòü ýòè
ýâîëþöèè, íî, â ñèëó íåäîñòàòî÷íîãî ñâîåãî áû-
ñòðîäåéñòâèÿ, ñ çàäà÷åé ñïðàâëÿåòñÿ ïëîõî, ÷òî

ïðèâîäèò ê ïëàâàíèþ ðàçìåðà ïÿòíà êîíòàêòà è,
êàê ñëåäñòâèå, ê ïîëó÷åíèþ âîëíèñòîé êðîìêè.

Ðàññìîòðèì ñïåöèôèêó ðàáîòû ñ çàãîòîâêîé èç
ëèñòà 12Õ18Í10Ò òîëùèíîé 2 ìì. Çäåñü âûøåîïè-
ñàííîé ïðîáëåìû íå ñóùåñòâóåò, ÷òî îáóñëîâëå-
íî æåñòêîñòüþ áîëåå òîëñòîãî ëèñòà. Îäíàêî ïî-
ÿâëÿþòñÿ ïðîáëåìû øåðîõîâàòîñòè êðîìêè ïîñ-
ëå ðåçêè è å¸ îòêëîíåíèå îò ïåðïåíäèêóëÿðíîñ-
òè. Äëÿ äîñòèæåíèÿ ãëàäêîé è ðîâíîé ïîâåðõíî-
ñòè áåç óêëîíà íåîáõîäèìî ïîäîáðàòü îïòèìàëü-
íûé ðåæèì ðåçàíèÿ. Ïîäáîð çàêëþ÷àåòñÿ, â ïåð-
âóþ î÷åðåäü, â íàõîæäåíèè îïòèìàëüíûõ çíà÷å-
íèé ýíåðãèè èìïóëüñà, ÷òî ïîçâîëÿåò äîñòè÷ü
ïåðïåíäèêóëÿðíîñòè êðîìêè. Âàðüèðîâàíèå ÷àñ-
òîòû è ñêîðîñòè ïåðåìåùåíèÿ êàðåòêè ïîçâîëÿ-
åò ïîëó÷èòü òðåáóåìóþ øåðîõîâàòîñòü ðåçà.

Ïðè âûïîëíåíèè îïåðàöèé ðåçêè îñóùåñòâëÿ-
åòñÿ çàãðóçêà ëàçåðíîé óñòàíîâêè íà ìîùíîñòü,
ïðèáëèæàþùóþñÿ ê 100%, ÷åì îáåñïå÷èâàåòñÿ
ìàêñèìàëüíàÿ ñêîðîñòü ðåçêè. Ïðè ýòîì ñëåäóåò
ñòðåìèòüñÿ ê ïîëó÷åíèþ ýíåðãèè èìïóëüñà îò
4 Äæ è âûøå äëÿ ìàòåðèàëà òîëùèíîé îò 1,5 ìì.
Ýíåðãèÿ èìïóëüñà ðåãóëèðóåòñÿ ïîñðåäñòâîì èç-
ìåíåíèÿ íàïðÿæåíèÿ è äëèòåëüíîñòè, ïðè ýòîì
âàðüèðóåòñÿ ÷àñòîòà, íåïîñðåäñòâåííî âëèÿþùàÿ
íà ìîùíîñòü íàãðóçêè. Ñ óâåëè÷åíèåì ýíåðãèè
èìïóëüñà ïðèõîäèòñÿ ñíèæàòü ÷àñòîòó, ÷òîáû íà-
õîäèòüñÿ â ðàìêàõ äîïóñòèìîé íàãðóçêè. Òàêèì
îáðàçîì, ñòàíîâèòñÿ ïîíÿòíî, ÷òî ÷åì áîëüøå
òîëùèíà ìàòåðèàëà (ëèáî åãî òóãîïëàâêîñòü), òåì
áîëüøå ïðèõîäèòñÿ óâåëè÷èâàòü ýíåðãèþ èìïóëü-
ñà, æåðòâóÿ ñêîðîñòüþ îáðàáîòêè.

Â ïðîöåññå ïîëó÷åíèÿ äåòàëåé ìåòîäîì ëàçåð-
íîé ðåçêè íà ñòàíêå ñ ×ÏÓ áûëà âûÿâëåíà âàæ-
íàÿ òåõíîëîãè÷åñêàÿ îñîáåííîñòü, êàñàþùàÿñÿ
òî÷íîñòè ãåîìåòðèè. Êîãäà ïðîöåññ ëàçåðíîé ðåç-
êè âûõîäèò íà çàâåðøàþùóþ ñòàäèþ — âûðåçà-
íèå êîíòóðà äåòàëè, å¸ íà÷èíàåò ðàçâîðà÷èâàòü â
ñòîðîíó óæå ñäåëàííîãî ðàçðåçà. Ñîîòâåòñòâåííî,
÷òîáû èçáåæàòü ñìåùåíèÿ â ãåîìåòðèè êîíòóðà,
íåîáõîäèìî îñòàâëÿòü íåáîëüøèå ïåðåìû÷êè, ñ
ôèíàëüíûì èõ âûðåçàíèåì. Äðóãèì ñïîñîáîì
óñòðàíåíèÿ âûÿâëåííîé ïðîáëåìû ÿâëÿåòñÿ âû-
ïîëíåíèå âñòàâîê â ðàçðåç, ñîîòâåòñòâóþùèõ åãî
òîëùèíå, ïî ìåðå ðåçêè.

Â ñîîòâåòñòâèè ñ âûÿâëåííûìè îñîáåííîñòÿ-
ìè äëÿ ïîëó÷åíèÿ êà÷åñòâåííûõ êðîìîê äåòàëåé
òåïëîîáìåííèêà îñóùåñòâëÿëñÿ ïîäáîð ðåæèìîâ
ðåçêè. Ïðè ýòîì îñíîâíûìè âàðüèðóåìûìè ïàðà-
ìåòðàìè ÿâëÿþòñÿ íàïðÿæåíèå U, ÷àñòîòà ν  è
äëèòåëüíîñòü èìïóëüñîâ τ . Ðåçóëüòàòû ïîäáîðà
ðåæèìîâ ïðåäñòàâëåíû â òàáë. 1.



93Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

Ëàçåðíàÿ ñâàðêà òîíêîñòåííûõ
è ðàçíîòîëùèííûõ äåòàëåé

Íàèáîëåå ñëîæíûì è òðóäîåìêèì ïðîöåññîì
ïðè èçãîòîâëåíèè òåïëîîáìåííèêà ÿâëÿåòñÿ ñâàð-
êà. Ëàçåðíàÿ ñâàðêà â ïðîöåññå ñîçäàíèÿ ïëàñòèí-
÷àòîãî òåïëîîáìåííèêà ïðèìåíÿåòñÿ íà íåñêîëü-
êèõ îñíîâíûõ ýòàïàõ: ïðè ñîåäèíåíèè ïëàñòèí â
êîíâåðò (ñâàðêà òîíêîñòåííûõ äåòàëåé), ôîðìè-
ðîâàíèè òåïëîîáìåííîé ìàòðèöû è ñîáñòâåííî
òåïëîîáìåííèêà (ñâàðêà ðàçíîòîëùèííûõ äåòà-
ëåé). Ïðè ñîåäèíåíèè òîíêîñòåííûõ è ðàçíîòîë-
ùèííûõ äåòàëåé îñîáîãî âíèìàíèÿ çàñëóæèâàåò
ëàçåðíàÿ ñâàðêà. Îòñóòñòâèå ìåõàíè÷åñêîãî âîç-
äåéñòâèÿ äåëàåò ìåòîä îñîáåííî ïðèâëåêàòåëüíûì
äëÿ ñâàðêè òîíêèõ èçäåëèé.

Â ïåðâóþ î÷åðåäü ïðè ïîäáîðå ðåæèìà ñâàð-
êè, â îòëè÷èå îò ëàçåðíîé ðåçêè, ïîÿâëÿþòñÿ åùå
äâà ñóùåñòâåííûõ ïàðàìåòðà ðåãóëèðîâêè – ôîð-
ìà èìïóëüñà è ðàçìåð ïÿòíà. Ñóùåñòâóåò âîçìîæ-
íîñòü ìàíèïóëèðîâàòü èìè è ïðè ðåçêå, íî â äàí-
íîì ñëó÷àå îíè ìàëîýôôåêòèâíû, ïîòîìó ðåæå èñ-
ïîëüçóþòñÿ.

Íà ëàçåðíîé óñòàíîâêå Bulat HTS Portal–300
ïðè ñâàðêå ïðèìåíÿåòñÿ äðóãîé òèï îáúåêòèâà,
àäàïòèðîâàííûé íåïîñðåäñòâåííî ïîä ýòó çàäà÷ó.
Â åãî êîíñòðóêöèè íå ïðåäóñìîòðåíà ïîäà÷à âîç-
äóõà íà ïðîäóâ, çà íåíàäîáíîñòüþ, íî èìååòñÿ
ýëåìåíò ïîäà÷è çàùèòíîãî ãàçà. Êîíñòðóêòèâíî
îòñóòñòâóåò âîçìîæíîñòü çàäåéñòâîâàòü ¸ìêîñòíûé
äàò÷èê ñèñòåìû ñëåæåíèÿ ïî îñè Z, çàòî îïòèêà
ñàìîãî îáúåêòèâà ïîçâîëÿåò â ïîëíîé ìåðå âèçó-
àëüíî êîíòðîëèðîâàòü ôîêóñèðîâêó è ïðîöåññ, êàê
ñ ïîìîùüþ ìèêðîñêîïà, òàê è ïîñðåäñòâîì âñòðî-
åííîé öèôðîâîé êàìåðû. Óïðàâëåíèå îñüþ Z îñó-
ùåñòâëÿåòñÿ â ðó÷íîì èëè ïðîãðàììíîì ðåæèìå.
Íàëè÷èå õîðîøåãî âèçóàëüíîãî êîíòðîëÿ î÷åíü
âàæíî ïðè ðàáîòå ñ òðóäíîäîñòóïíûìè ìåñòàìè.
Íåîáõîäèìî ñòðåìèòüñÿ ê ìàêñèìàëüíîé (â èäå-
àëå, ïîëíîé) àâòîìàòèçàöèè ïðîöåññà, íî íå ñòîèò
çàáûâàòü ïðî öèêëû ïóñêî-íàëàäêè, ãäå ïîäîáíûå
ñèòóàöèè ïðèñóòñòâóþò êàê øòàòíûå.

Íà÷èíàåòñÿ òåõíîëîãè÷åñêèé ïðîöåññ ñ íàëàä-
êè îáîðóäîâàíèÿ, îïðåäåëåíèÿ ïàðàìåòðîâ îïòè-
ìàëüíîãî ðåæèìà. Îòðàáîòêó ðåæèìîâ ñâàðêè
ñëåäóåò ïðîâîäèòü íà îïûòíûõ îáðàçöàõ. Â ïåð-
âóþ î÷åðåäü íåîáõîäèìî îïðåäåëèòü øèðèíó ñâàð-
íîãî øâà. Äàííûé ýòàï îñóùåñòâëÿåòñÿ èçìåíå-
íèåì ðàçìåðà ïÿòíà. Íà óñòàíîâêå Bulat HTS
Portal–300 èìååòñÿ ñòóïåí÷àòûé ðåãóëÿòîð ýòîãî
ïàðàìåòðà. Ïåðâîíà÷àëüíî ñèñòåìà ôîêóñèðóåò-
ñÿ âåðòèêàëüíûì ïåðåìåùåíèåì ñòîëà (ãðóáî) è
ãîëîâêè ïî îñè Z êàðåòêè (òîíêî). Ðåãóëÿòîð ðàç-
ìåðà ïÿòíà óïðàâëÿåò òåëåñêîïîì, ìåíÿÿ ôîêóñè-
ðîâêó ëó÷à, ïåðåòÿæêó, êàê â «+», òàê è â «–».

Âñå ïàðàìåòðû ðåãóëèðîâêè èìïóëüñà, ïî ïî-
íÿòíûì ïðè÷èíàì, ïðåäâàðèòåëüíî óâîäÿòñÿ ê
ìèíèìàëüíûì çíà÷åíèÿì, è äàëåå ïðîèçâîäÿòñÿ
ïðîáíûå îäèíî÷íûå èìïóëüñû ñ ïëàâíûì, ïîñòå-
ïåííûì ïîâûøåíèåì ýòèõ ïàðàìåòðîâ äî äîñòè-
æåíèÿ íóæíîãî ðåçóëüòàòà, ò.å. êà÷åñòâà ïëàâëå-
íèÿ ìàòåðèàëà. Òàêèì îáðàçîì, îïðåäåëèâ ïðåä-
âàðèòåëüíûå ïàðàìåòðû èìïóëüñà, ìîæíî ïåðåõî-
äèòü ê âûïîëíåíèþ ïðîáíûõ øâîâ, ïðîâîäÿ äî-
âîäî÷íûå ðåãóëèðîâêè, äîáèâàÿñü íåîáõîäèìîãî
êà÷åñòâà ñâàðíîãî øâà. Äëÿ âûïîëíåíèÿ ïðîáíûõ
øâîâ óæå íåîáõîäèìî ñòðîèòü êîðîòêèå òðàåêòî-
ðèè, ïîäáèðàòü ÷àñòîòó èìïóëüñîâ è ñêîðîñòü
äâèæåíèÿ.

Âàæíûì ïàðàìåòðîì, ñïîñîáñòâóþùèì ïîëó-
÷åíèþ êà÷åñòâåííîãî ñâàðíîãî øâà, ÿâëÿåòñÿ
ôîðìà èìïóëüñà (ðèñ. 2). Ïðè ðàáîòå ñ òîíêèì
ìåòàëëîì (â ðàññìàòðèâàåìîì ñëó÷àå 20Õ23Í18
òîëùèíîé 0,2 ìì) öåëåñîîáðàçíî ïðèìåíÿòü ôîð-
ìó èìïóëüñîâ «êîëîêîë» 8, ïëàâíîå íàðàùèâàíèå
ìîùíîñòè èìïóëüñà ñ ïëàâíûì å¸ óìåíüøåíèåì.
Ýòî ïîçâîëÿåò ïëàâíî ðàçîãðåâàòü ìåòàëë äî ïëàâ-
ëåíèÿ â òî÷êå êîíòàêòà è òàê æå ïëàâíî ñîïðîâîæ-
äàòü ñíèæåíèå òåìïåðàòóðû, ÷òî îáåñïå÷èâàåò
êà÷åñòâåííîå îáðàçîâàíèå ñâàðî÷íîé âàííû. Æ¸-
ñòêîå æå âîçäåéñòâèå ïðèâîäèò ê íåñòàáèëüíîìó
ïðîöåññó ïðîãðåâà è ïëàâëåíèÿ, îáðàçîâàíèþ
âûïëåñêîâ è ïóçûðåé, ñîîòâåòñòâåííî, ñòðàäàåò è

Òàáëèöà 1

Ðåæèìû ðåçàíèÿ ëèñòîâ òîëùèíîé b íà ëàçåðíîé óñòàíîâêå ñ ×ÏÓ «Bulat HTS Portal–300»

¹ Íàèìåíîâàíèå ïàðàìåòðà Îáîçíà÷åíèå Åäèíèöû Ëèñò b = 0,2 ìì Ëèñò b = 2 ìì 

1 Íàïðÿæåíèå U Â 320-340 340-380 

2 Äëèòåëüíîñòü èìïóëüñîâ τ ìñ 0,9 1,6 

3 ×àñòîòà ν Ãö 100 60 

4 Äàâëåíèå ïîäà÷è âîçäóõà ð Áàð 5 8 
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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

êà÷åñòâî ñâàðî÷íîé âàííû, ÷òî, â ñâîþ î÷åðåäü,
ãðîçèò íåïðîâàðàìè è îáðàçîâàíèåì ìèêðîïîð.

Ïðè ðàáîòå ñ ìàòåðèàëîì áîëüøåé òîëùèíû
(â äàííîì ñëó÷àå 12Õ18Í10Ò òîëùèíîé 2 ìì)
íàèáîëåå ïîäõîäÿùåé ÿâëÿåòñÿ ôîðìà èìïóëüñà
«ïëàâíûé âõîä» 7, ïëàâíîå íàðàùèâàíèå ìîùíî-
ñòè ñ óäåðæàíèåì íà ìàêñèìóìå äî êîíöà èìïóëü-
ñà, ó÷èòûâàÿ ðàññåèâàíèå òåïëà áîëåå ìàññèâíîé
çàãîòîâêîé, ïîëó÷àÿ îïòèìàëüíûé àëãîðèòì âîç-
äåéñòâèÿ íà ìåòàëë. Íà ìåòàëëå áîëüøåé òîëùè-
íû èëè òóãîïëàâêîñòè ïðè íàëîæåíèè øèðîêî-
ãî øâà ìîæíî ïðèìåíÿòü è ïðÿìóþ ôîðìó èì-
ïóëüñà.

Äëÿ ïîëó÷åíèÿ íàèáîëåå êà÷åñòâåííîãî øâà
ñâàðêó íåîáõîäèìî ïðîèçâîäèòü ñ ïîäà÷åé çàùèò-
íîãî ãàçà — àðãîíà. Ïîäà÷ó àðãîíà òàêæå íåîáõî-
äèìî îòðåãóëèðîâàòü. Ïðè íåäîñòàòî÷íîì êîëè-
÷åñòâå àðãîíà â çîíå ñâàðêè îáðàçóåòñÿ êîïîòü, à
ïðè èçáûòî÷íîì – ñíèæåíèå ýôôåêòèâíîñòè
èìïóëüñà.

Èñêëþ÷åíèå äåôîðìàöèè è îòêëîíåíèé ñîåäè-
íÿåìûõ äåòàëåé â ïðîöåññå ñâàðêè äîñòèãàåòñÿ
ôèêñàöèåé ïðè ïîìîùè ñïåöèàëüíûõ ïðèæèìíûõ
ïðèñïîñîáëåíèé, à òàêæå ïðåäâàðèòåëüíûìè
«ïðèõâàòàìè» [20].

Ïðèñïîñîáëåíèå äëÿ ïðèæèìà ñâàðèâàåìûõ
êðîìîê (ðèñ. 3) îáåñïå÷èâàåò ïëîòíîå ïðèëåãàíèå
êîíâåðòîâ. Ïðåäâàðèòåëüíîå ïðèõâàòûâàíèå ïîä-
ðàçóìåâàåò íàíåñåíèå êîðîòêèõ øâîâ íà ìåñòå
áóäóùåãî øâà â íåñêîëüêèõ òî÷êàõ. Äàííîå ìåðîï-
ðèÿòèå ïîìîãàåò îáåñïå÷èòü áîëåå òî÷íîå ïîçè-
öèîíèðîâàíèå ñâàðèâàåìûõ äåòàëåé ïðè ïîëó÷å-
íèè ôèíàëüíîãî øâà.

Â íåêîòîðûõ ñëó÷àÿõ ìîæåò ïîíàäîáèòüñÿ
ïðèìåíåíèå ïðèñàäî÷íîé ïðîâîëîêè. Äëÿ ïîäà-
÷è ïðèñàäî÷íîé ïðîâîëîêè â ëàçåðíîé óñòàíîâêå
Bulat HTS Portal–300 ñóùåñòâóåò ñïåöèàëüíîå
ïðèñïîñîáëåíèå. Îäíàêî äëÿ ïîëó÷åíèÿ íàèëó÷-
øåãî ðåçóëüòàòà íåîáõîäèìî ïðîèçâîäèòü ñâàðêó
ïî îñíîâíîìó ìàòåðèàëó.

Òàêèì îáðàçîì, îïðåäåëèâ ïàðàìåòðû ðåæèìà
íà ïðîáíûõ äåòàëÿõ èç îäíîèì¸ííûõ ïðèìåíÿå-
ìûõ â áóäóùåì èçäåëèè ìàòåðèàëîâ, à òàêæå ó÷è-
òûâàÿ âñå îñîáåííîñòè òåõíîëîãèè, ìîæíî ïðè-
ñòóïàòü íåïîñðåäñòâåííî ê ñâàðêå èçäåëèÿ.

Â ñîîòâåòñòâèè ñ âûÿâëåííûìè îñîáåííîñòÿ-
ìè äëÿ ïîëó÷åíèÿ êà÷åñòâåííûõ ñâàðíûõ øâîâ
äåòàëåé òåïëîîáìåííèêà îñóùåñòâëÿëñÿ ïîäáîð
ðåæèìîâ ñâàðêè. Ðåçóëüòàòû ïîäáîðà ðåæèìîâ
ëàçåðíîé ñâàðêè ïðåäñòàâëåíû â òàáë. 2.

Èññëåäîâàíèå ýêñïåðèìåíòàëüíîãî
òåïëîîáìåííèêà

Íà âñåõ ýòàïàõ ñâàðêè âàæíûì ÿâëÿåòñÿ îáåñ-
ïå÷åíèå ãåðìåòè÷íîñòè ñâàðíîãî øâà. Ïåðâûé
ñâàðåííûé êîíâåðò ïîäâåðãàëñÿ èñïûòàíèÿì íà
ãåðìåòè÷íîñòü [14].

Äëÿ ïðîâåäåíèÿ èñïûòàíèé íà ïðî÷íîñòü è
ãåðìåòè÷íîñòü â êîíâåðò ââàðèâàþòñÿ âñòàâêè ñ
îòâåðñòèåì äëÿ òðóáêè, ïîäâîäÿùåé ñæàòûé âîç-
äóõ îò êîìïðåññîðà. Êà÷åñòâî ââàðêè âñòàâêè â
êîíâåðò è òðóáêè âî âñòàâêó ïðåäñòàâëåíî íà
ðèñ. 4.

Äëÿ ïîäòâåðæäåíèÿ ïðî÷íîñòè è ãåðìåòè÷íî-
ñòè ñâàðíîãî øâà ñæàòûé âîçäóõ êîìïðåññîðîì
ïîäàâàëñÿ ÷åðåç òðóáêó â êîíâåðò. Êîíâåðò ðàñ-
ïîëàãàëñÿ â åìêîñòè ñ âîäîé äëÿ âîçìîæíîñòè
îïåðàòèâíîé ôèêñàöèè ïðîòå÷êè è óñòàíîâëåíèÿ
åå ìåñòîïîëîæåíèÿ. Êîìïðåññîð îáåñïå÷èâàåò
äàâëåíèå äî 8 àòì. Ýêñïåðèìåíò ïðîõîäèë ñ ïî-
ñòåïåííûì óâåëè÷åíèåì äàâëåíèÿ ñ íóëåâîãî
óðîâíÿ [10].

Ïîäà÷à íà÷àëüíûõ ìàëûõ äàâëåíèé ïîäòâåðäè-
ëà ãåðìåòè÷íîñòü êîíñòðóêöèè ïðè îòñóòñòâèè
âûñîêèõ íàãðóçîê. Äàëåå îñóùåñòâëÿëîñü ïîñòå-
ïåííîå óâåëè÷åíèå äàâëåíèÿ â êîíâåðòå. Êîíâåðò
ñîõðàíèë ãåðìåòè÷íîñòü äî äàâëåíèÿ 4 àòì.

Ðèñ. 2. Ôîðìû èìïóëüñà ïðè ëàçåðíîé ñâàðêå: 1 – ïðå-
äèìïóëüñ; 2 – ëåñòíèöà âíèç; 3 – ëåñòíèöà ââåðõ; 4 –
òðàïåöèÿ; 5 – ãðåáåíêà; 6 – ïëàâíûé ñïàä; 7 – ïëàâíûé
âõîä; 8 – êîëîêîë; 9 – ïðÿìîóãîëüíèê; 10 — ñâîáîäíàÿ

Ðèñ. 3. Ïðèñïîñîáëåíèå äëÿ ïðèæèìà ñâàðèâàåìûõ
êðîìîê



95Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

Èçãîòîâëåííûé ñ èñïîëüçîâàíèåì ëàçåðíûõ
òåõíîëîãèé ýêñïåðèìåíòàëüíûé òåïëîîáìåííèê
(ðèñ. 5) ïðîøåë êîìïëåêñíûå èñïûòàíèÿ íà ãåð-
ìåòè÷íîñòü, òåïëîâûå è ãèäðàâëè÷åñêèå õàðàêòå-
ðèñòèêè. Â ïðîöåññå èñïûòàíèé îñóùåñòâëÿëàñü
ïðîäóâêà ýêñïåðèìåíòàëüíîãî òåïëîîáìåííèêà
õîëîäíûì è ãîðÿ÷èì âîçäóõîì ïî äâóì êîíòóðàì.
Èñïûòàíèÿ ïîäòâåðäèëè ïðî÷íîñòü è ãåðìåòè÷-
íîñòü ñâàðíûõ ñîåäèíåíèé, à òàêæå ïîêàçàëè
áëèçêóþ ñõîäèìîñòü ðàñ÷åòíûõ è ýêñïåðèìåíòàëü-
íûõ õàðàêòåðèñòèê.

Âûâîäû

1. Íàèáîëåå ñëîæíûì ýòàïîì ñîçäàíèÿ òåïëî-
îáìåííèêà ÿâëÿåòñÿ ðàçðàáîòêà òåõíîëîãè÷åñêî-
ãî ïðîöåññà èçãîòîâëåíèÿ, êîòîðûé âêëþ÷àåò ðà-
áîòó ñ òîíêîñòåííûìè è ðàçíîòîëùèííûìè äåòà-

Òàáëèöà 2

Ðåæèìû ñâàðêè òîíêîñòåííûõ (òîëùèíû b1 = b2) è ðàçíîòîëùèííûõ (b1<<b2) äåòàëåé
íà ëàçåðíîé óñòàíîâêå ñ ×ÏÓ «Bulat HTS Portal–300»

¹ Íàèìåíîâàíèå ïàðàìåòðà Îáîçíà÷åíèå Åäèíèöû 
Ëèñòû:  

b1 = b2 = 0,2 ìì 
Ëèñòû:  

b1 = 0,2 ìì; b2 = 2 ìì 

1 Íàïðÿæåíèå U Â 230-250 250-270 

2 Äëèòåëüíîñòü èìïóëüñîâ τ ìñ 5 5 

3 ×àñòîòà ν Ãö 10 10 

4 Шàã èìïóëüñîâ t ìì 0,1 0,1 

5 Äèàìåòð ïÿòíà d ìì 0,5 - 0,6 0,8 - 1 

6 Ôîðìà èìïóëüñà - - Êîëîêîë Ïëàâíûé âõîä 

Ðèñ. 4. Êà÷åñòâî ñâàðêè êîíâåðòà äëÿ èñïûòàíèé

Ðèñ. 5. Ýêñïåðèìåíòàëüíûé òåïëîîáìåííèê
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ëÿìè. Äëÿ ðåøåíèÿ äàííîé çàäà÷è àêòóàëüíûì
ÿâëÿåòñÿ ïðèìåíåíèå ëàçåðíûõ òåõíîëîãèé.

2. Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå âëèÿíèÿ
ðåæèìà ðåçàíèÿ íà ìàëîìîùíîé ëàçåðíîé óñòà-
íîâêå ñ ×ÏÓ íà êà÷åñòâî êðîìîê äåòàëåé ïîçâî-
ëèëî âûÿâèòü ðÿä îñîáåííîñòåé. Ôàêòîðàìè, îêà-
çûâàþùèìè íàèáîëüøåå âëèÿíèå íà êà÷åñòâî
ðåçà, ÿâëÿþòñÿ äàâëåíèå ïîäà÷è âîçäóõà, ýíåðãèÿ
èìïóëüñà, ÷àñòîòà è ñêîðîñòü ðåçàíèÿ.

3. Èññëåäîâàíû îñîáåííîñòè ïðèìåíåíèÿ ëà-
çåðíîé ñâàðêè íà ìàëîìîùíîì ñòàíêå ñ ×ÏÓ ïðè
ñîåäèíåíèè òîíêîñòåííûõ è ðàçíîòîëùèííûõ
äåòàëåé. Ïðè ïîäáîðå ðåæèìîâ ñâàðêè äëÿ ïîëó-
÷åíèÿ êà÷åñòâåííîãî ñîåäèíåíèÿ íàèáîëåå âàæíû-
ìè ôàêòîðàìè ÿâëÿþòñÿ ôîðìà èìïóëüñà è ðàç-
ìåð ïÿòíà. Âàðèàöèÿ ôîðìû èìïóëüñà ïîçâîëÿåò
íàèáîëåå ðàöèîíàëüíî ðàñïðåäåëèòü ïîòîê ýíåð-
ãèè ïî âðåìåíè òåïëîâîãî âîçäåéñòâèÿ.

4. Äëÿ îáåñïå÷åíèÿ êà÷åñòâåííîãî ñâàðíîãî
ñîåäèíåíèÿ íåîáõîäèìî ïðèìåíÿòü ñïåöèàëüíóþ
òåõíîëîãè÷åñêóþ îñíàñòêó, îáåñïå÷èâàþùóþ ïî-
çèöèîíèðîâàíèå ïðèæèìîì ñâàðèâàåìûõ êðîìîê.

5. Ñ èñïîëüçîâàíèåì ëàçåðíûõ òåõíîëîãèé íà
ìàëîìîùíîé óñòàíîâêå ñ ×ÏÓ èçãîòîâëåí ýêñïå-
ðèìåíòàëüíûé òåïëîîáìåííèê, êîòîðûé ïðîøåë
êîìïëåêñíûå èñïûòàíèÿ. Ýêñïåðèìåíòàëüíûå
èññëåäîâàíèÿ ïîäòâåðäèëè ïðî÷íîñòü è ãåðìåòè÷-
íîñòü ñâàðíûõ ñîåäèíåíèé, à òàêæå ïîêàçàëè íà-
äåæíîå ñîâïàäåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëü-
íûõ õàðàêòåðèñòèê.
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Abstract

Effectiveness increasing is one the basic trends of
small-size gas-turbine engines (SGTE) refinement.
One of the most affordable and effective techniques
for SGTE gain performance is heat regeneration
application [13, 19]. In this case, heat exchanger
affects significantly the engine effectiveness.

In the event of a plate heat exchanger application
in the SGTE of a complex cycle, the heat exchanging
surface geometry, ensuring the best heat exchange
efficiency, is being selected individually for each task
[7, 17]. In this respect, the heat exchanger design
technique, allowing obtaining the best thermal and
hydraulic characteristics [15], is of primary
importance.

Despite heat exchangers designing and calculating
complexity, manufacturing stage causes most
difficulties while the product creation. The key stages
of heat exchanger manufacturing imply dealing with
thin-walled and various-thickness parts made of heat-
resistant steels.

Analysis of the existing manufacturing technologies
has shown that the most effective way of working with
such parts is laser cutting and welding on a low-power
installation [8]. To perform individual operations on
a laser installation, a set of special technological
equipment that allows the parts positioning is required
[16].

Parts cutting and welding operations in the heat
exchanger manufacturing process were performed with
low-power “Bulat HTS Portal-300” laser plant with
numerical control [18]. The installation low power (up
to 300 Watts) allows working with thin details

Experimental study of the of the cutting mode
effect on the parts edges quality, performed at a low-
power laser installation with numerical control,
revealed a number of features. The factors exercising
the maximal impact on the cut quality are the air
supply pressure, pulse energy, frequency, and cutting
speed. Modes, ensuring the high quality of laser
cutting, were obtained while the experimental heat
exchanger manufacturing process.

LASER TECHNOLOGIES APPLICATION SPECIFICS WHILE PLATE HEAT
EXCHANGERS DEVELOPING FOR SMALL-SIZE GAS TURBINE ENGINES

Remchukov S.S.*, Lebedinskii R.N.**

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

* e-mail: remchukov.sviatoslav@yandex.ru
** e-mail: ramses_371@mail.ru

Specifics of laser welding application on a low-
power machine tool with numerical control while thin-
walled and various-thickness parts connecting were
studied. The pulse shape and spot size are the most
important factors while welding modes selection to
obtain qualitative joint. The pulse shape variation
allows the most rational distribution of energy flow
over the time of the thermal exposure. Laser welding
modes, ensuring the qualitative pressure-proof weld
seam, were obtained in the process of thin-walled and
various-thickness parts connection.

While an experimental heat exchanger fabrication
it was found that for laser cutting and high-level
welding operations performing ensuring, special
technological rigging application, ensuring positioning
of the machined parts, was necessary.

Experimental heat exchanger was manufactured
employing laser technology on a low-power laser
installation with numerical control. The heat
exchanger experimental studies confirmed the strength
and tightness of the welded joints, as well as
demonstrated a reliable match of the calculated and
experimental characteristics.

Keywords: small-size gas turbine engine (GTE),
plate heat exchanger, laser technologies.

References

1. Ardatov K.V., Nesterenko V.G., Ravikovich Yu.A.
Trudy MAI, 2013, no. 71. URL: http://trudymai.ru/
eng/published.php?ID=46706

2. Vasil’ev V.I., Il’yashchenko D.P., Pavlov N.V. Vvedenie
v osnovy svarki (Introduction to welding basics), Tomsk,
Tomskii politekhnicheskii universitet, 2010,
338 p.

3. Grigor’yants A.G., Shiganov I.N., Misyurov A.I.
Tekhnologicheskie protsessy lazernoi obrabotki
(Technological processes of laser processing), Moscow,
MGTU im. N.E. Baumana, 2006, 663 p.

4. Grigor’yants A.G. Osnovy lazernoi obrabotki materialov
(Fundamentals of materials laser processing), Moscow,
Mashinostroenie, 1989, 304 p.



98 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

5. Grigor’yants A.G., Sokolov A.A. Lazernaya rezka
metallov (Laser cutting of metals), Moscow, Vysshaya
shkola, 1988, 127 p.

6. Case V.M., London A.L. Kompaktnye teploobmenniki
(Compact heat exchangers), Moscow, Gosenergoizdat,
1962, 160 p.

7. Kraev V.M. Present condition of unsteady turbulent
flows study. Aerospace MAI Journal, 2016, vol. 23,
no. 4, pp. 61-67.

8. Krylov K.I., Prokopenko V.T., Tarlykov V.A. Osnovy
lazernoi tekhniki (Fundamentals of laser technology),
Leningrad, Mashinostroenie, 1990, 316 p.

9. Lanskii A.M., Lukachev S.V., Kolomzarov O.V. Small
gas turbine engines combustion chambers geometriñ
resizing and integral parameters changing trends.
Aerospace MAI Journal, 2016, vol. 23, no. 3, pp. 47-57.

10. Lyubchenko E.A., Chudnova O.A. Planirovanie i
organizatsiya eksperimenta (Planning and organization
of the experiment), Vladivostok, TGEU, 2010. Part 1,
156 p.

11. Malashchenko A.A., Mezenov A.V. Lazernaya svarka
metallov (Laser welding of metals), Moscow,
Mashinostroenie, 1984, 45 p.

12. Maslenkov S.B. Zharoprochnye stali i splavy.
Spravochnoe izdanie (Heat-Resistant steels and alloys.
Reference book), Moscow, Metallurgiya, 1983, 192 p.

13. Osipov I.V., Remchukov S.S. Small-size gas turbine
engine with free turbine and heat recovery system heat
exchanger within the 200 HP power class. Aerospace
MAI Journal, 2019, vol. 26, no. 2, pp. 81-90.

14. Remchukov S.S., Yaroslavtsev N.L. Materialy VIII
Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii
“Tekhnika i tekhnologiya mashinostroeniya” (Omsk, 22-
25 May 2019), Omsk, Omskii gosudarstvennyi
tekhnicheskii universitet, 2019, pp. 147-152.

15. Remchukov S.S., Danilov M.A., Chistov K.A.
Computer aided design and computing of a plate-type
heat exchanger for small-size gas turbine engine.
Aerospace MAI Journal, 2018, vol. 25, no. 3, pp. 116-123.

16. Remchukov S.S., Lebedinskii R.N., Yaroslavtsev N.L.
Aviatsionnaya promyshlennost’, 2019, no. 2, pp. 26-30.

17. Savostin A.F., Tikhonov A.M. Teploenergetika, 1970,
no. 9, pp. 75-78.

18. Bulat design Bureau, www.laser-bulat.ru
19. Tikhonov A.M. Regeneratsiya tepla v aviatsionnykh GTD

(Regeneration of heat in gas turbine engines), Moscow,
Mashinostroenie, 1977, 108 p.

20. Churbanov A.P., Efremenkov A.B. Proektirovanie i
primenenie tekhnologicheskoi osnastki v mashinostroenii
(Design and application of technological equipment in
mechanical engineering), Tomsk, Tomskii
politekhnicheskii universitet, 2010, 316 p.


