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

Ââåäåíèå

Ïðè èññëåäîâàíèè è ðåøåíèè çàäà÷, ñâÿçàí-
íûõ ñ ïîñòðîåíèåì ìàòåìàòè÷åñêîé ìîäåëè
ÐÏÄÒ, âîçìîæíû ñèòóàöèè, êîãäà ìîäåëü ïðîöåñ-
ñà èìååò ñëîæíîå àíàëèòè÷åñêîå îïèñàíèå èëè
áîëüøîå êîëè÷åñòâî äîïóùåíèé. Ïðè ýòîì òðåáó-
åòñÿ, ÷òîáû îíà àäåêâàòíî îòðàæàëà èññëåäóåìûé
ñòîõàñòè÷åñêèé ïðîöåññ. Äëÿ ïîâûøåíèÿ òî÷íî-
ñòè ïîëó÷åííûõ ðåçóëüòàòîâ â òàêèõ ñëó÷àÿõ ïðî-
âîäèòñÿ ðÿä ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, íà
îñíîâå êîòîðûõ â ìîäåëü ââîäÿòñÿ ïîïðàâêè [1—3].
Ïî ýòîé ïðè÷èíå ïðè ðàñ÷åòå ÐÏÄÒ âîçíèêàåò
çàäà÷à ââåäåíèÿ â ìàòåìàòè÷åñêóþ ìîäåëü äâèãà-
òåëÿ ìíîæåñòâà ýêñïåðèìåíòàëüíûõ äàííûõ: ñêî-
ðîñòè ãîðåíèÿ, ïîëíîòû ñãîðàíèÿ òîïëèâà è ò.ä.

Íåéðîííûå ñåòè øèðîêî ïðèìåíÿþòñÿ â ðàç-
ëè÷íûõ îáëàñòÿõ — áèçíåñå, ìåäèöèíå, òåõíèêå,
ãåîëîãèè, ôèçèêå, áèîëîãèè è äð. [4—9]. ÈÍÑ
èñïîëüçóþòñÿ â ñëó÷àå êîãäà íåîáõîäèìî ðåøàòü
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 02.12.2019

Ýêñïåðèìåíòàëüíàÿ îòðàáîòêà ðàêåòíî-ïðÿìîòî÷íûõ äâèãàòåëåé (ÐÏÄÒ) ïðåäñòàâëÿåò ñîáîé èññëåäîâàíèå
ðàáîòîñïîñîáíîñòè òâåðäîãî òîïëèâà â óñëîâèÿõ êîíêðåòíîé êîíñòðóêöèè äâèãàòåëÿ. Ýêñïåðèìåíòû òàêîãî ðîäà
òðåáóþò áîëüøèõ òðóäîçàòðàò è ÿâëÿþòñÿ äîðîãîñòîÿùèìè. Äëÿ ñíèæåíèÿ çàòðàò íà èñïûòàíèÿ ÐÏÄÒ è óñêîðå-
íèÿ ðàçðàáîòêè òðåáóåòñÿ êà÷åñòâåííàÿ îáðàáîòêà ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ. Â ñòàòüå ïîêàçàíà âîç-
ìîæíîñòü èñïîëüçîâàíèÿ òåõíîëîãèè èñêóññòâåííûõ íåéðîííûõ ñåòåé (ÈÍÑ) â çàäà÷àõ îáðàáîòêè ýêñïåðèìåí-
òà ïî ãîðåíèþ òâåðäîãî òîïëèâà. Ïðèâîäÿòñÿ êðàòêîå îïèñàíèå íåéðîííîé ñåòè òèïà «ìíîãîñëîéíûé ïåðöåïò-
ðîí» è ïîðÿäîê ðàáîòû ñ ÈÍÑ ïðè ðåøåíèè çàäà÷ àïïðîêñèìàöèè ýêñïåðèìåíòàëüíûõ äàííûõ. Íà ïðèìåðå
îáðàáîòêè äàííûõ ãîðåíèÿ òð¸õêîìïîíåíòíîãî òîïëèâà ïðîäåìîíñòðèðîâàí îñíîâíîé ïðèíöèï ïðèìåíåíèÿ íåé-
ðîííûõ ñåòåé. Äëÿ òîïëèâà, ñîäåðæàùåãî (7H-òðèñ([1,2,5]îêñàäèàçîëî)[3,4-b:3',4'-d:3'',4''-f]àçåïèí-7-àìèí-1-îêñèä)
C6H2N8O4, ïîëó÷åíà çàâèñèìîñòü ñêîðîñòè ãîðåíèÿ îò ñîîòíîøåíèÿ êîìïîíåíòîâ, âõîäÿùèõ â ñîñòàâ òîïëèâ-
íîé ñìåñè, è äàâëåíèÿ â êàìåðå ñãîðàíèÿ íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ. Ïîëó÷åííûå ðåçóëüòàòû ïîçâî-
ëÿþò ñôîðìèðîâàòü íåïðåðûâíóþ ôóíêöèþ, ïðèãîäíóþ äëÿ èñïîëüçîâàíèÿ â ìàòåìàòè÷åñêîé ìîäåëè áîëåå âû-
ñîêîãî óðîâíÿ â êà÷åñòâå âåðèôèöèðîâàííîé áàçû äàííûõ ñâîéñòâ òîïëèâ.

Êëþ÷åâûå ñëîâà: àïïðîêñèìàöèÿ, ãîðåíèå òîïëèâà, èñêóññòâåííàÿ íåéðîííàÿ ñåòü, îáðàáîòêà ýêñïåðèìåíòàëü-
íûõ äàííûõ, ìîäåëèðîâàíèå ïðîöåññîâ.

çàäà÷è ïðîãíîçèðîâàíèÿ, êëàññèôèêàöèè èëè àâ-
òîìàòèçàöèè ïðè íàëè÷èè áîëüøîãî êîëè÷åñòâà
ñòàòèñòè÷åñêèõ äàííûõ, äëÿ êîòîðûõ íåò àíàëè-
òè÷åñêèõ ìåòîäîâ ðåøåíèÿ ëèáî îíè âåñüìà òðó-
äîåìêè â ðåàëèçàöèè. Íåéðîííûå ñåòè — ìîùíûé
ìåòîä ìîäåëèðîâàíèÿ, ïîçâîëÿþùèé âîñïðîèçâî-
äèòü ÷ðåçâû÷àéíî ñëîæíûå íåëèíåéíûå çàâèñè-
ìîñòè [10, 11]. Êðîìå òîãî, íåéðîííûå ñåòè ñïðàâ-
ëÿþòñÿ ñ «ïðîêëÿòèåì ðàçìåðíîñòè», êîòîðîå íå
ïîçâîëÿåò ìîäåëèðîâàòü ëèíåéíûå çàâèñèìîñòè â
ñëó÷àå áîëüøîãî ÷èñëà ïåðåìåííûõ [5, 12].

Ïîëüçîâàòåëü íåéðîííîé ñåòè ïîäáèðàåò ïðåä-
ñòàâèòåëüíûå äàííûå (îáó÷àþùóþ âûáîðêó), à çà-
òåì çàïóñêàåò àëãîðèòì îáó÷åíèÿ. Îò ïîëüçîâàòåëÿ
òðåáóåòñÿ íàáîð çíàíèé î òîì, êàê ñëåäóåò îòáè-
ðàòü è ïîäãîòàâëèâàòü äàííûå, âûáèðàòü íóæíóþ
àðõèòåêòóðó ñåòè è èíòåðïðåòèðîâàòü ðåçóëüòàòû
[13].
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Íåîòúåìëåìîé ÷àñòüþ íîâûõ èññëåäîâàíèé
ÿâëÿåòñÿ õðàíåíèå è îáðàáîòêà áîëüøîãî êîëè÷å-
ñòâà èíôîðìàöèè î ïðîâåäåííûõ ðàíåå ðàáîòàõ.
Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàåòñÿ ïðîöåññ ñî-
çäàíèÿ ýëåêòðîííîé áàçû äàííûõ ýêñïåðèìåí-
òàëüíûõ èññëåäîâàíèé ïî îïðåäåëåíèþ ñêîðîñòè
ãîðåíèÿ ìíîãîêîìïîíåíòíûõ ñìåñåâûõ òâåðäûõ
òîïëèâ, å¸ ïîñëåäóþùåé îáðàáîòêè è àíàëèçà ñ
ïîìîùüþ èñïîëüçîâàíèÿ èñêóññòâåííûõ íåéðîí-
íûõ ñåòåé.

Îñíîâíûå ñâåäåíèÿ ïî îáðàáîòêå
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ñ ïîìîùüþ ÈÍÑ

Íåéðîííàÿ ñåòü — ýòî íàáîð íåéðîíîâ, îïðå-
äåëåííûì îáðàçîì ñâÿçàííûõ ìåæäó ñîáîé. Ðàáîòó
èñêóññòâåííîãî íåéðîíà è ÈÍÑ ìîæíî îïèñàòü
ñëåäóþùèì îáðàçîì [4, 14] (ðèñ. 1).

Íåéðîí ïîëó÷àåò âõîäíûå ñèãíàëû ÷åðåç íå-
ñêîëüêî âõîäíûõ êàíàëîâ. Êàæäûé âõîäíîé ñèã-
íàë ïðîõîäèò ÷åðåç ñîåäèíåíèå, èìåþùåå îïðå-
äåëåííóþ èíòåíñèâíîñòü (âåñ). Âû÷èñëÿåòñÿ âçâå-
øåííàÿ ñóììà âõîäîâ, èç íåå âû÷èòàåòñÿ ïîðîãî-
âîå çíà÷åíèå, è â ðåçóëüòàòå ïîëó÷àåòñÿ âåëè÷è-
íà àêòèâàöèè íåéðîíà, êîòîðàÿ ïðåîáðàçóåòñÿ ñ
ïîìîùüþ ôóíêöèè àêòèâàöèè. Â èòîãå ïîëó÷àåòñÿ
âûõîäíîé ñèãíàë íåéðîíà.

Íàèáîëåå ðàñïðîñòðàíåííûìè ÿâëÿþòñÿ ñåòè,
â êîòîðûõ íåéðîíû îáúåäèíåíû â ñëîè.

Ñóùåñòâóþò ðàçëè÷íûå ìåòîäû îáó÷åíèÿ íåé-
ðîííûõ ñåòåé [15—18]. Íàèáîëåå èçâåñòíûé âàðè-
àíò àëãîðèòìà îáó÷åíèÿ íåéðîííîé ñåòè — àëãî-
ðèòì îáðàòíîãî ðàñïðîñòðàíåíèÿ [19].

Áëîê-ñõåìà îáðàáîòêè ýêñïåðèìåíòàëüíûõ
äàííûõ ñ èñïîëüçîâàíèåì ÈÍÑ ïðåäñòàâëåíà íà
ðèñ. 2.

Ïîðÿäîê ðàáîòû ñ ÈÍÑ ïðè îáðàáîòêå ýêñïå-
ðèìåíòàëüíûõ äàííûõ:

1) ïîëó÷åíèå ðåçóëüòàòîâ ýêñïåðèìåíòîâ êàê
èñõîäíûõ äàííûõ, àíàëèç èõ àäåêâàòíîñòè;

2) ôîðìèðîâàíèå âûáîðêè íà îñíîâå ïîëó÷åí-
íûõ äàííûõ — ìàññèâîâ çíà÷åíèé êàæäîãî êîì-
ïîíåíòà, âõîäÿùåãî â ñîñòàâ òîïëèâà è âûõîäíûõ
ïàðàìåòðîâ;

3) íàñòðîéêà íåéðîííîé ñåòè: çàäàíèå ÷èñëà
ñëîåâ, êîëè÷åñòâà íåéðîíîâ â êàæäîì ñëîå, òðå-
áóåìîé òî÷íîñòè, ìåòîäà îáó÷åíèÿ, íîðìû îáó÷å-
íèÿ, íà÷àëüíûõ âåñîâ ñâÿçåé ìåæäó íåéðîíàìè è
ò.ä.;

4) íà÷àëî ðàáîòû íåéðîííîé ñåòè (îáó÷åíèå)
— ïîäáîð ïðîãðàììîé âåñîâ âõîäíûõ êàíàëîâ íåé-
ðîíîâ äî äîñòèæåíèÿ òðåáóåìîé òî÷íîñòè ñîîòâåò-
ñòâèÿ âûõîäíûõ ñèãíàëîâ ÈÍÑ è èñõîäíîé âûáîð-
êè ïî çàäàííîìó àëãîðèòìó;

5) îáðàáîòêà ïîëó÷åííûõ ðåçóëüòàòîâ: îïðåäå-
ëåíèå ñòåïåíè îáó÷åíèÿ ÈÍÑ (îòñóòñòâèå íåäî-
îáó÷åííîñòè è ïåðåîáó÷åííîñòè), ñðàâíåíèå ñî-
îòâåòñòâèÿ âûõîäíûõ ñèãíàëîâ ÈÍÑ â èñõîäíûõ
òî÷êàõ ñ çàäàííûìè çíà÷åíèÿìè (òðåáóåìàÿ ïî-
ãðåøíîñòü ìîæåò äîñòèãàòüñÿ ÈÍÑ íå çà ñ÷åò
óñðåäíåíèÿ îøèáêè, à å¸ ìèíèìèçàöèåé â îòäåëü-
íûõ òî÷êàõ, â òî âðåìÿ êàê â äðóãèõ òî÷êàõ ïî-
ãðåøíîñòü ìîæåò áûòü áîëüøîé), îöåíêà ïîëó÷åí-
íûõ çíà÷åíèé âåñîâûõ êîýôôèöèåíòîâ âõîäíûõ
êàíàëîâ è ò.ä.;

6) âûïîëíåíèå ðàñ÷åòîâ ñ èñïîëüçîâàíèåì îáó-
÷åííîé ÈÍÑ: ïðîãíîçèðîâàíèå çíà÷åíèé ôóíê-
öèè â òî÷êàõ, íå âõîäÿùèõ â îáó÷àþùóþ âûáîð-
êó, àíàëèç òîïîëîãèè ôóíêöèè â æåëàåìûõ äèà-
ïàçîíàõ âõîäíûõ ïàðàìåòðîâ (èíòåðïîëÿöèÿ),
îöåíêà ôóíêöèè çà ïðåäåëàìè èçìåíåíèÿ âõîäíûõ
ïàðàìåòðîâ (ýêñòðàïîëÿöèÿ).

Â íåêîòîðûõ ñëó÷àÿõ àäåêâàòíîñòü íàñòðîéêè
ÈÍÑ ìîæíî îïðåäåëèòü òîëüêî ïîñëå ïîñòðîåíèÿ
òîïîëîãèè èññëåäóåìîé ôóíêöèè. Äëÿ ýòîãî íóæ-
íî âûïîëíèòü îöåíêó «ôèçè÷íîñòè» ïîëó÷åííûõ
ðåçóëüòàòîâ. Ïðè íåóäîâëåòâîðèòåëüíîì ðåçóëüòà-
òå íåîáõîäèìî ïðîâåðèòü âåðíîñòü çàäàííîé îáó-
÷àþùåé âûáîðêè è ïåðåíàñòðîèòü ÈÍÑ ñ ïîñëå-
äóþùèì å¸ îáó÷åíèåì. Åñëè è ýòè äåéñòâèÿ íå
äàþò íåîáõîäèìîãî ðåçóëüòàòà, òðåáóåòñÿ ïðîâå-
ðèòü äàííûå ýêñïåðèìåíòà.

Ðèñ. 1. Íåéðîí (à) è àðõèòåêòóðà ìíîãîñëîéíîãî ïåð-
öåïòðîíà (á)

à)

á)
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Ðèñ. 2. Áëîê-ñõåìà îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ ñ èñïîëüçîâàíèåì ÈÍÑ

Ïîñòàíîâêà çàäà÷è

Äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ðàáîòû
ãàçîãåíåðàòîðà è ðåãóëÿòîðà ðàñõîäà òîïëèâà
ÐÏÄÒ òðåáóåòñÿ çíàòü ñêîðîñòü ãîðåíèÿ òâåðäî-
ãî òîïëèâà. Ìàññîâûå äîëè êîìïîíåíòîâ òâåðäîãî
òîïëèâà âêëþ÷åíû â âåêòîð âàðüèðóåìûõ ïåðåìåí-

íûõ. Äëÿ êàæäîãî àíàëèçèðóåìîãî ñîñòàâà è äàâ-
ëåíèÿ, ïðè êîòîðîì ãîðèò òîïëèâî, òðåáóåòñÿ
çíàòü ñêîðîñòü åãî ãîðåíèÿ. Íî ïðîâîäèòü ýêñïå-
ðèìåíò äëÿ êàæäîãî èç âàðèàíòîâ òîïëèâà íåöå-
ëåñîîáðàçíî ïî ïðè÷èíå ñëîæíîñòè, äîðîãîâèçíû
è äëèòåëüíîñòè âûïîëíåíèÿ. Áîëåå òîãî, ïðè ïðî-
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âåäåíèè ýêñïåðèìåíòîâ èìååòñÿ âîçìîæíîñòü ïî-
ëó÷èòü çíà÷åíèÿ ïàðàìåòðîâ ãîðåíèÿ òîïëèâ òîëü-
êî ïðè êîíêðåòíûõ ñîñòàâàõ, à çíà÷èò, îíè äàþò
îãðàíè÷åííîå êîëè÷åñòâî ñâåäåíèé äëÿ âûïîëíå-
íèÿ ðàñ÷åòîâ. Ïî ýòîé ïðè÷èíå ïðåäëàãàåòñÿ ïðî-
âåñòè àíàëèç êîíêðåòíûõ ñîñòàâîâ â èññëåäóåìîé
îáëàñòè è âûïîëíèòü àïïðîêñèìàöèþ ïî ïîëó÷åí-
íûì òî÷êàì. Òàêèì îáðàçîì, ïîëó÷àåòñÿ ôóíêöèÿ,
îòðàæàþùàÿ ïîâåäåíèå ñêîðîñòè ãîðåíèÿ â çàâè-
ñèìîñòè îò ñîñòàâà òâåðäîãî òîïëèâà è äàâëåíèÿ.
Íîâàÿ èíôîðìàöèÿ â êîíå÷íîì âèäå ïðåäñòàâëÿåò
ñîáîé ìàòðèöó áàçû äàííûõ ñêîðîñòåé ãîðåíèÿ â
îïðåäåë¸ííûõ èíòåðâàëàõ âàðüèðóåìûõ ïåðåìåí-
íûõ.

Ïðèìåð ðàñ÷¸òà

Èìååòñÿ òðåõêîìïîíåíòíîå ñìåñåâîå òîïëèâî
èç (7H-òðèñ([1,2,5]îêñàäèàçîëî)[3,4-b:3',4'-d:3'',4''-
f]àçåïèí-7-àìèí-1-îêñèä) C6H2N8O4, ïåðõëîðàòà
àììîíèÿ (ÏÕÀ) NH4ClO4 è ñâÿçóþùåãî (êàó÷óê).
Ïðîãíîçèðóåìûé ïàðàìåòð — ñêîðîñòü ãîðåíèÿ
ïðè ðàçëè÷íûõ ñîñòàâàõ è äàâëåíèÿõ.

Ñîñòàâ òðåõêîìïîíåíòíîãî òîïëèâà ìîæíî
ïðåäñòàâèòü íà ïëîñêîñòè â âèäå ãðàôèêà, èçîá-
ðàæåííîãî íà ðèñ. 3. Íà íåì òî÷êàìè óêàçàíû
ñîñòàâû òîïëèâ, äëÿ êîòîðûõ èìåëèñü ýêñïåðè-
ìåíòàëüíûå äàííûå î ñêîðîñòè ãîðåíèÿ. Ïðè
ïîñòîÿííîì êîëè÷åñòâå ÏÕÀ ìîæíî ïîäîáðàòü
òàêîå ñîîòíîøåíèå ñâÿçóþùåãî è C6H2N8O4, ÷òî
èõ îáùàÿ ñóììà äàñò òðåáóåìûå 100%.

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ

Ðàññìàòðèâàåìàÿ ÈÍÑ ðåàëèçîâàíà íà ÿçûêå
Ôîðòðàí è ÿâëÿåòñÿ ÷àñòüþ ïðîãðàììíîãî êîìï-
ëåêñà ÀÕÀ [20]. Ñîçäàííûå íà áàçå íåéðîííûõ
ñåòåé ìîäóëè ëåãêî èíòåãðèðóþòñÿ ñ äðóãèìè ÷à-

ñòÿìè êîìïëåêñà. Äëÿ ðàáîòû ïîëüçîâàòåëþ äîñ-
òàòî÷íî îáùèõ ïîíÿòèé î ñòðóêòóðå ðàáîòû ÈÍÑ,
ïîëó÷åííûõ èç [21] è óïîìÿíóòûõ â äàííîé ñòà-
òüå. Èññëåäîâàòåëü ïðîâîäèò èçìåíåíèå íàñòðî-
å÷íûõ ïàðàìåòðîâ ÈÍÑ â çàðàíåå ñîçäàííîé ôîð-
ìå, ïðîâîäèò îáó÷åíèå ÈÍÑ è ïîëó÷àåò ðåçóëü-
òàò, õðàíÿùèé èíôîðìàöèþ î äîñòèãíóòîé òî÷íî-
ñòè â èñõîäíûõ òî÷êàõ, çíà÷åíèÿõ âåñîâûõ ôóíê-
öèé ÈÍÑ è ò.ä. Îñíîâûâàÿñü íà íèõ, îí ìîæåò
èëè ñîõðàíèòü ïîëó÷åííûå ïàðàìåòðû ÈÍÑ è â
äàëüíåéøåì èñïîëüçîâàòü èõ äëÿ ïîëó÷åíèÿ ïðî-
ãíîçîâ ïàðàìåòðîâ ãîðåíèÿ òâåðäîãî òîïëèâà
ëþáîãî ñîñòàâà, èëè èçìåíèòü íàñòðîå÷íûå ïàðà-
ìåòðû è ïðîâåñòè ïåðåîáó÷åíèå ÈÍÑ.

Ïîëó÷åííûå òîïîëîãèè ïîâåðõíîñòè ñêîðîñ-
òè ãîðåíèÿ â çàâèñèìîñòè îò ñîñòàâà òîïëèâà è
äàâëåíèÿ ïðåäñòàâëåíû íà ðèñ. 4.

Òîïîëîãèè ïîñòðîåíû íà áàçå ýêñïåðèìåí-
òàëüíûõ èññëåäîâàíèé, ïðåäñòàâëåííûõ â òàáë. 1,
è ìîãóò èñïîëüçîâàòüñÿ â äàëüíåéøåì ïðè ôîð-
ìèðîâàíèè íîâûõ îáëèêîâ ÐÏÄÒ.

Ðèñ. 3. Ýêñïåðèìåíòàëüíûå äàííûå

Òàáëèöà 1

Ýêñïåðèìåíòàëüíûå òî÷êè ïî îïðåäåëåíèþ ñêîðîñòè
ãîðåíèÿ òðåõêîìïîíåíòíîãî ñìåñåâîãî òâåðäîãî òîïëèâà

¹ C6H2N8O4 ÏÕÀ Êàó÷óê 
P,  

àòì 
U,  

ìì/ñ 

1 100 0 0 
20 3,1 

60 6,6 

2 90 10 0 
20 3,73 

60 8,1 

3 80 0 20 
20 2,7 

60 5,2 

4 70 0 30 
20 2,4 

60 4 

5 70 10 20 
20 3,1 

60 4,83 

6 60 0 40 
20 1,9 

60 3,4 

7 50 0 50 
20 1 

60 1,7 

8 40 10 50 
20 0,85 

60 2,03 
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Íåîáõîäèìî ó÷èòûâàòü, ÷òî âñå ýêñïåðèìåí-
òû èìåþò íåêîòîðóþ ïîãðåøíîñòü. Ïîëó÷åííûå
ñ èñïîëüçîâàíèåì ÈÍÑ ïîâåðõíîñòè ïîçâîëÿþò
âûÿâèòü òî÷êè, â êîòîðûõ ñëó÷àéíûå ïîãðåøíî-
ñòè ìîãëè äîñòè÷ü âûñîêèõ çíà÷åíèé, ÷òî ñòàíî-
âèòñÿ çàìåòíûì ïî ïîâåäåíèþ ôóíêöèè. Åñëè
çíà÷åíèå ôóíêöèè â òî÷êå íàðóøàåò õàðàêòåð
ïîâåäåíèÿ èññëåäóåìîé âåëè÷èíû — âîçìîæíî,
ñëåäóåò ïðîâåñòè â äàííîé îáëàñòè äîïîëíèòåëü-
íûé ýêñïåðèìåíò.

ÈÍÑ ïîçâîëÿåò ñôîðìèðîâàòü òîïîëîãèþ
ôóíêöèè (ñêîðîñòè ãîðåíèÿ) â äèàïàçîíå, ïðåä-
ñòàâëåííîì â òàáë. 2.

Âûâîäû

1. Îáðàáîòêà ýêñïåðèìåíòàëüíûõ äàííûõ ñ
ïîìîùüþ ÈÍÑ ïîçâîëÿåò ñôîðìèðîâàòü ìàòðè-
öó áàçû äàííûõ ñêîðîñòåé ãîðåíèÿ â îïðåäåëåí-
íûõ èíòåðâàëàõ âàðüèðóåìûõ ïåðåìåííûõ.

2. Àíàëèç òîïîëîãèè ñêîðîñòè ãîðåíèÿ äàåò
îñíîâàíèÿ àíàëèçèðîâàòü ôèçè÷íîñòü ðåçóëüòàòîâ,
ïîëó÷åííûõ ïðè ýêñïåðèìåíòàõ, à ñëåäîâàòåëüíî,
è îïðåäåëÿòü ýêñïåðèìåíòû, â êîòîðûõ ìîãëè
áûòü äîïóùåíû îøèáêè.

3. Èñïîëüçóåìàÿ â íàñòîÿùåì èññëåäîâàíèè
ìåòîäèêà ÿâëÿåòñÿ ñîñòàâíîé ÷àñòüþ ïðîãðàììíî-
ãî êîìïëåêñà ÀÕÀ è ïðåäíàçíà÷åíà äëÿ îïåðàòèâ-
íîé ñâÿçè ýêñïåðèìåíòà ñ ðàñ÷åòîì [20].

Àâòîðû ñòàòüè áëàãîäàðÿò çà ïðåäîñòàâëåííûå
ýêñïåðèìåíòàëüíûå äàííûå ïî ñêîðîñòÿì ãîðåíèÿ

òâåðäûõ òîïëèâ (òàáë. 1) Ì.Á. Êèñëîâó
è À.Ô. Æîëóäåâó, ÈÏÕÔ ÐÀÍ ã. ×åðíîãîëîâêà.
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á)

Òàáëèöà 2

Äèàïàçîíû èçìåíåíèÿ âàðüèðóåìûõ ïåðåìåííûõ

ÏÕÀ, % 0—10 

C6H2N8O4, % 50—100 

Êàó÷óê, % 0—50 

P, àòì 20—60 
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Abstract

While studying and solving the problems associated
with a ramjet mathematical model developing,
situations occur when a process model contains a
complex mathematical formulation or a large number
of assumptions. A number of experimental studies is
being conducted in such cases, based on which
corrections are being introduced to the model to
increase accuracy of the obtained results.
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The presented article regards the process of
creating an electronic database of experimental studies
on determination of the multicomponent combined
solid propellant combustion rate, with their subsequent
processing and analyzing with artificial neural
networks.
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For gas generator and propellant consumption
regulator of a ramjet operation modelling, information
on combustion rate of a solid propellant is required.

Mass fractions of solid propellant components are
included in the alterable variables vector. It is
unreasonable to conduct experiments for all analyzed
propellant compositions due to the complexity,
expensiveness and long duration of their
implementation. The authors suggest conducting
experimental studies of particular compositions in the
area under study and performing approximation by the
obtained points. As the result, a function, reflecting
the combustion rate behavior in dependence of the
solid propellant composition and pressure is obtained.

There is a three-component propellant being a
mixture of C6H2N8O4, ammonium perchlorate
NH4ClO4 and a binder (rubber). The predicted
parameter is the burning rate at various compositions
and pressures.

The obtained topologies are built based on
experimental research, and can be used later in
formation of appearances of new ramjet engines.

When processing the obtained results, it is
necessary to account for the fact that all experiments
have certain error. The surfaces, obtained by neural
networks allow identify the points at which random
errors could reach high values, which is become
noticeable by the function behavior.

1. Experimental data processing using neural
networks allows forming a matrix of combustion rates
database in specified intervals of alterable variables.

2. The burning rate topology analysis give grounds
for analyzing the results obtained during the
experiments, and, thus, to determine the experiments
in which errors could be made.

Keywords: approximation, fuel combustion,
artificial neural network, experimental data processing,
processes modeling.
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