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ÐÀÇÐÀÁÎÒÊÀ ÊÐÈÒÅÐÈÅÂ ÂÛÁÎÐÀ ÐÀÖÈÎÍÀËÜÍÎÉ ÊÀËÈÁÐÎÂÊÈ
ÁÀÍÄÀÆÅÉ ÂÀËÊÎÂÛÕ ÏÐÅÑÑÎÂ

Èíñòèòóò ÷åðíîé ìåòàëëóðãèè èì. Ç.È. Íåêðàñîâà ÍÀÍ Óêðàèíû, ã. Äíåïð

Ïîêàçàíà àêòóàëüíîñòü è ïóòè ôîðìèðîâàíèÿ íàó÷íî-îáîñíîâàííîãî ìåòîäà îïðå-

äåëåíèÿ ðàöèîíàëüíîé êàëèáðîâêè âàëêîâ áðèêåòíûõ ïðåññîâ íà îñíîâå àíàëèçà

ñâÿçåé ìåæäó ïàðàìåòðàìè êàëèáðîâêè áàíäàæåé è õàðàêòåðèñòèêàìè ïðîöåññà

áðèêåòèðîâàíèÿ. Ïðåäëîæåíû êðèòåðèè îöåíêè è âûáîðà ðàöèîíàëüíîé êàëèá-

ðîâêè áàíäàæåé âàëêîâûõ ïðåññîâ, îáåñïå÷èâàþùåé çàäàííóþ âåëè÷èíó óïëîòíå-

íèÿ øèõòû, ìàêñèìàëüíóþ ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ íàïðÿæåíèé, îñòàòî÷-

íûõ óïðóãèõ äåôîðìàöèé è ïëîòíîñòè â áðèêåòå, ïðè ìèíèìàëüíûõ çíà÷åíèÿõ

ýíåðãîñèëîâûõ ïàðàìåòðîâ, çàäàííîé ïðîèçâîäèòåëüíîñòè è ìàêñèìàëüíîé ïðî-

äîëæèòåëüíîñòè ýêñïëóàòàöèè áàíäàæåé ïðåññà. Ïðèíÿòûå êðèòåðèè ïîçâîëÿþò

ñôîðìóëèðîâàòü ãèïîòåçó âûáîðà ðàöèîíàëüíîé êàëèáðîâêè áàíäàæåé âàëêîâûõ

ïðåññîâ. Äàííàÿ ãèïîòåçà ïðåäïîëàãàåò êîìïëåêñíûé àíàëèç âëèÿíèÿ êîíôèãóðà-

öèè ôîðìóþùèõ ýëåìåíòîâ íà ñîâîêóïíîñòü ýíåðãîñèëîâûõ è òåõíîëîãè÷åñêèõ

ïàðàìåòðîâ áðèêåòèðîâàíèÿ íà ðàçëè÷íûõ ñòàäèÿõ ýêñïëóàòàöèè áàíäàæåé. Êðè-

òåðèè è ãèïîòåçà âûáîðà ðàöèîíàëüíîé êàëèáðîâêè áàíäàæåé âàëêîâûõ ïðåññîâ

ñôîðìóëèðîâàíû âïåðâûå è áóäóò èñïîëüçîâàíû ïðè ñîçäàíèè êîìïëåêñíîãî ðàñ-

÷åòíî-àíàëèòè÷åñêîãî ìåòîäà îïðåäåëåíèÿ ðàöèîíàëüíûõ ïàðàìåòðîâ ôîðìóþùèõ

ýëåìåíòîâ áàíäàæåé âàëêîâûõ áðèêåòíûõ ïðåññîâ. Â äàëüíåéøåì, ïðè ïîëó÷åíèè

íîâûõ ðåçóëüòàòîâ òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, ïðåäëîæåí-

íûå êðèòåðèè è ãèïîòåçà ìîãóò áûòü òðàíñôîðìèðîâàíû è äîïîëíåíû.

Êëþ÷åâûå ñëîâà: âàëêîâûé ïðåññ, áðèêåòèðîâàíèå, êàëèáðîâêà, ôîðìóþùèå ýëå-

ìåíòû.

Ïîñòàíîâêà ïðîáëåìû

Â âàëêîâûõ ïðåññàõ ôîðìèðîâàíèå áðèêå-
òîâ ïðîèñõîäèò â ôîðìóþùèõ ýëåìåíòàõ ñëîæ-
íîé êðèâîëèíåéíîé êîíôèãóðàöèè, âûïîëíåí-
íûõ íà ðàáî÷èõ ïîâåðõíîñòÿõ áàíäàæåé. Ïîëó-
÷åíèå áðèêåòîâ, êîòîðûå ñîîòâåòñòâóþò òðåáî-
âàíèÿì, ïðåäúÿâëÿåìûì ê ìåòàëëóðãè÷åñêîìó
ñûðüþ (ôîðìà, ðàçìåð, ïëîòíîñòü è ïðî÷íîñòü),
â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿþòñÿ êàëèáðîâ-
êîé ðàáî÷èõ ïîâåðõíîñòåé âàëêîâ. Ôîðìóþùèå
ýëåìåíòû, êðîìå äèàìåòðîâ, øèðèíû âàëêîâ è
çàçîðà ìåæäó ïðåññóþùèìè ïîâåðõíîñòÿìè, ÿâ-
ëÿþòñÿ îñíîâíîé ñîñòàâëÿþùåé êàëèáðîâêè
áàíäàæåé âàëêîâîãî ïðåññà.

Îïèðàÿñü íà ïðàêòè÷åñêèé è òåîðåòè÷åñ-
êèé îïûò èññëåäîâàíèÿ ïðîöåññà áðèêåòèðîâà-
íèÿ è ïðîêàòêè ïîðîøêîâûõ ñðåä, ïðèíÿòà ñëå-
äóþùàÿ ñèñòåìà ïîíÿòèé êàëèáðîâêè áàíäàæåé
âàëêîâûõ áðèêåòíûõ ïðåññîâ.

Ôîðìóþùèé ýëåìåíò – îáëàñòü ìåæâàëêî-
âîãî ïðîñòðàíñòâà, îãðàíè÷åííàÿ äâóìÿ ÿ÷åéêà-

ìè èëè ÿ÷åéêîé è ðó÷üåì (äëÿ çóá÷àòî-æåëîá-
÷àòûõ ôîðìóþùèõ ýëåìåíòîâ), âêëþ÷àþùàÿ çà-
çîð ìåæäó âàëêàìè â èõ ðàáî÷åì ïîëîæåíèè,
çàìûêàíèå ôîðìóþùåãî ýëåìåíòà ïðîèñõîäèò
âáëèçè ëèíèè, ñîåäèíÿþùåé öåíòðû âàëêîâ.

ß÷åéêà – óãëóáëåíèå çàäàííîé ôîðìû è
ðàçìåðîâ íà ðàáî÷åé ïîâåðõíîñòè âàëêà.

Æåëîá – êîëüöåâîé âûðåç çàäàííîé ôîð-
ìû è ðàçìåðîâ íà ðàáî÷åé ïîâåðõíîñòè âàëêà.

Ïî ðàñïîëîæåíèþ îñåé ñèììåòðèè ðàçëè-
÷àþò ôîðìóþùèå ýëåìåíòû: 1) ñ ïîëíîé ñèì-
ìåòðèåé, èìåþùèå äâå îñè ñèììåòðèè – âåðòè-
êàëüíóþ è ãîðèçîíòàëüíóþ; 2) ñ íåïîëíîé èëè
îäíîîñíîé ñèììåòðèåé, èìåþùèå îäíó îñü ñèì-
ìåòðèè; 3) àñèììåòðè÷íûå.

Ïî ñïîñîáó çàìûêàíèÿ ôîðìóþùèå ýëå-
ìåíòû äåëÿòñÿ íà: 1) îòêðûòîãî òèïà: ðàçúåì
íàõîäèòñÿ â ïðåäåëàõ êîíòóðà ôîðìóþùåãî ýëå-
ìåíòà, ê òàêîìó òèïó îòíîñÿòñÿ ëèíçîâèäíûå è
ïîäóøêîîáðàçíûå ôîðìóþùèå ýëåìåíòû [1–2]
ñ ïîëíîé ñèììåòðèåé, îáðàçóåìûå ñìûêàíèåì
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äâóõ ïîëóôîðì; 2) çàêðûòîãî òèïà: ðàçúåì íàõî-
äèòñÿ çà ïðåäåëàìè êîíòóðà ôîðìóþùåãî ýëå-
ìåíòà, ê òàêîìó òèïó îòíîñÿòñÿ çóá÷àòî-æåëîá-
÷àòûå ôîðìóþùèå ýëåìåíòû [1–2].

Êàëèáðîâêà áàíäàæåé âàëêîâûõ ïðåññîâ –
 ãåîìåòðè÷åñêèå ñîîòíîøåíèÿ è ðàçìåðû ôîð-
ìóþùèõ ýëåìåíòîâ ñ ó÷åòîì ðàäèóñà ðàáî÷èõ
ïîâåðõíîñòåé âàëêîâ, îáåñïå÷èâàþùèå ïîëó÷å-
íèå áðèêåòîâ ñ çàäàííûìè õàðàêòåðèñòèêàìè.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé ïîêàçûâà-
åò, ÷òî â íàñòîÿùåå âðåìÿ â ìèðîâîé ïðàêòèêå
îòñóòñòâóåò êîìïëåêñíûé ñèñòåìíûé ïîäõîä è
÷åòêî ñôîðìèðîâàííûå êðèòåðèè îöåíêè êàëèá-
ðîâêè áàíäàæåé âàëêîâûõ áðèêåòíûõ ïðåññîâ.

Ïîýòîìó àêòóàëüíûì ÿâëÿåòñÿ ôîðìèðîâà-
íèå íàó÷íî-îáîñíîâàííîãî ìåòîäà îïðåäåëåíèÿ
ðàöèîíàëüíîé êàëèáðîâêè âàëêîâ áðèêåòíûõ
ïðåññîâ íà îñíîâå àíàëèçà ñâÿçåé ìåæäó ãåî-
ìåòðè÷åñêèìè ïàðàìåòðàìè ôîðìóþùèõ ýëåìåí-
òîâ è õàðàêòåðèñòèêàìè ïðîöåññà áðèêåòèðîâà-
íèÿ ñ ó÷åòîì âëèÿíèÿ ôèçèêî-ìåõàíè÷åñêèõ
ñâîéñòâ øèõòû, âåëè÷èíû èçíîñà ôîðìóþùèõ
ýëåìåíòîâ, óïðóãîãî ïîñëåäåéñòâèÿ â áðèêåòàõ
è ò.ä. Ñîçäàíèå êîìïëåêñíîãî ñèñòåìíîãî ïîä-
õîäà ê óñòàíîâëåíèþ îïòèìàëüíîé êàëèáðîâêè
áàíäàæåé âàëêîâûõ ïðåññîâ ïîçâîëèò ïðè ðàç-
ðàáîòêå è ïðîåêòèðîâàíèè ïðåññà ó÷åñòü ñîâî-
êóïíîå âëèÿíèå ñëåäóþùèõ ôàêòîðîâ:

– òðåáîâàíèé, ïðåäúÿâëÿåìûõ ê ïðîäóêöèè
(ôîðìà, ðàçìåðû, ïëîòíîñòü, ïðî÷íîñòü è äð.);

– ôèçèêî-ìåõàíè÷åñêèõ õàðàêòåðèñòèê
øèõòû è ýíåðãîñèëîâûõ ïàðàìåòðîâ áðèêåòèðî-
âàíèÿ;

– èçíîñà ðàáî÷èõ ïîâåðõíîñòåé âàëêîâ;
– óïðóãîãî ïîñëåäåéñòâèÿ â áðèêåòàõ è ò.ä.
Â ðåçóëüòàòå âûïîëíåíèÿ ñïåöèàëèñòàìè

Èíñòèòóòà ÷åðíîé ìåòàëëóðãèè ðàáîò [1–8], ïî-
ñâÿùåííûõ èññëåäîâàíèþ âëèÿíèÿ êîíôèãóðà-
öèè ôîðìóþùèõ ýëåìåíòîâ âàëêîâûõ ïðåññîâ
íà ïàðàìåòðû áðèêåòèðîâàíèÿ, â òîì ÷èñëå íà
ðàçíûõ ñòàäèÿõ ýêñïëóàòàöèè âàëêîâ, íàêîïëåí
îáúåì çíàíèé, êîòîðûé ïîçâîëÿåò ïîäîéòè ê
ðåøåíèþ çàäà÷è ñîçäàíèÿ êîìïëåêñíîãî ñèñòåì-
íîãî ïîäõîäà ê îïðåäåëåíèþ ðàöèîíàëüíûõ ïà-
ðàìåòðîâ êàëèáðîâêè áàíäàæåé.

Äëÿ ñîçäàíèÿ òàêîãî êîìïëåêñíîãî ïîäõî-
äà è ìåòîäà íåîáõîäèìî:

– îáîñíîâàòü êðèòåðèè âûáîðà ðàöèîíàëü-
íîé êàëèáðîâêè áàíäàæåé âàëêîâûõ ïðåññîâ,
êîòîðàÿ îáåñïå÷èâàåò ïîëó÷åíèå áðèêåòîâ ñ íå-
îáõîäèìûìè õàðàêòåðèñòèêàìè è áëàãîïðèÿòíûå
óñëîâèÿ ðàáîòû ïðåññîâîãî îáîðóäîâàíèÿ – ñè-
ëîâîé ðåæèì è äëèòåëüíóþ ýêñïëóàòàöèþ (ïðè
ðàöèîíàëüíûõ ýíåðãîñèëîâûõ ïàðàìåòðàõ ïðåñ-
ñà è äëèòåëüíîé ýêñïëóàòàöèè áàíäàæåé âàëêîâ);

– èññëåäîâàòü âçàèìîñâÿçè ìåæäó ïàðàìåò-
ðàìè êàëèáðîâêè áàíäàæåé è õàðàêòåðèñòèêà-
ìè ïðîöåññà áðèêåòèðîâàíèÿ ñ ó÷åòîì âëèÿíèÿ
ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ øèõòû, âåëè÷è-
íû èçíîñà ôîðìóþùèõ ýëåìåíòîâ, óïðóãîãî ïîñ-
ëåäåéñòâèÿ â áðèêåòàõ è ò.ä.;

– ðàçðàáîòàòü ñòðóêòóðíóþ ñõåìó è àëãî-
ðèòì èíòåëëåêòóàëüíîé ñèñòåìû äëÿ îïðåäåëå-
íèÿ ðàöèîíàëüíîé êàëèáðîâêè âàëêîâ ïðåññà.

Äëÿ ôîðìèðîâàíèÿ êðèòåðèåâ, êîòîðûå
ïîçâîëÿò ðàçðàáîòàòü ñèñòåìó ñîâìåñòíîãî àíà-
ëèçà âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ íà ýôôåê-
òèâíîñòü êàëèáðîâêè áàíäàæåé âàëêîâûõ ïðåñ-
ñîâ, âûäåëåíû îñíîâíûå õàðàêòåðèñòèêè ïðî-
öåññà áðèêåòèðîâàíèÿ è ðàáîòû ïðåññîâîãî îáî-
ðóäîâàíèÿ, íà êîòîðûå îêàçûâàåò âëèÿíèå êà-
ëèáðîâêà:

– òåõíîëîãè÷åñêèå ðåæèìû áðèêåòèðîâàíèÿ;
– êà÷åñòâî áðèêåòîâ;
– ýíåðãîñèëîâûå õàðàêòåðèñòèêè ïðîöåññà;
– ïðîèçâîäèòåëüíîñòü;
– ðåñóðñ ýêñïëóàòàöèè áàíäàæåé.
Öåëü èññëåäîâàíèÿ

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ôîðìèðîâà-
íèå êðèòåðèåâ âûáîðà ðàöèîíàëüíîé êàëèáðîâ-
êè áàíäàæåé âàëêîâûõ ïðåññîâ, êîòîðûå â äàëü-
íåéøåì áóäóò ðàññìàòðèâàòüñÿ ñîâìåñòíî â ñî-
ñòàâå êîìïëåêñíîãî ñèñòåìíîãî ïîäõîäà ê âû-
áîðó ðàöèîíàëüíîé êàëèáðîâêè áàíäàæåé âàë-
êîâûõ áðèêåòíûõ ïðåññîâ.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-

íèé

Êà÷åñòâî áðèêåòîâ â çíà÷èòåëüíîé ñòåïå-
íè çàâèñèò îò âåëè÷èíû óïëîòíåíèÿ áðèêåòè-
ðóåìîãî ìàòåðèàëà. Èç âñåõ âîçìîæíûõ òèïîâ
êàëèáðîâêè ðàöèîíàëüíûì áóäåò ÿâëÿòüñÿ òîò,
êîòîðûé ïîçâîëèò äîñòèãàòü ìàêñèìàëüíî âîç-
ìîæíîé ( maxKy ) èëè çàäàííîé îïòèìàëüíîé
( optKy ) âåëè÷èíû êîýôôèöèåíòà óïëîòíåíèÿ
Ky  øèõòû:

maxKyKyi   èëè opti KyKy  .                    (1)

Îñíîâíûìè õàðàêòåðèñòèêàìè, ïî êîòîðûì
ìîæíî ñóäèòü î êà÷åñòâå áðèêåòîâ åùå íà ñòà-
äèè èõ ôîðìèðîâàíèÿ ÿâëÿþòñÿ âåëè÷èíà è ðàñ-
ïðåäåëåíèå íàïðÿæåíèé, êîýôôèöèåíòà óïëîò-
íåíèÿ è ïëîòíîñòè. Êðèâèçíà êîíòóðîâ ôîðìó-
þùèõ ýëåìåíòîâ îáóñëàâëèâàåò ñëîæíîå íàïðÿ-
æåííî-äåôîðìèðîâàííîå ñîñòîÿíèå øèõòû â
ïðîöåññå åå óïëîòíåíèÿ, õàðàêòåðèçóåìîå íàëè-
÷èåì èíòåíñèâíûõ ñäâèãîâûõ äåôîðìàöèé. Çíà-
÷èòåëüíàÿ íåðàâíîìåðíîñòü õàðàêòåðèñòèê óï-
ëîòíåíèÿ (íàïðÿæåíèå è ïëîòíîñòü), âûçâàííàÿ
âëèÿíèåì ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ôîðìóþ-
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ùèõ ýëåìåíòîâ è óïðóãèì ðàñøèðåíèåì ïîñëå
ñíÿòèÿ íàãðóçêè, ìîæåò ïðèâåñòè íå òîëüêî ê
ðàçóïëîòíåíèþ áðèêåòîâ, ñíèæåíèþ ïðî÷íîñ-
òè, íî è ê âîçíèêíîâåíèþ ðàçëè÷íîãî ðîäà äå-
ôåêòîâ â âèäå òðåùèí è ðàññëîåíèé [8]. Ïîýòî-
ìó äëÿ îöåíêè ñòåïåíè âëèÿíèÿ êàëèáðîâêè íà
ïîêàçàòåëè óïëîòíåíèÿ è êà÷åñòâî áðèêåòîâ
ïðåäëîæåíî ââåñòè ïîíÿòèå êîýôôèöèåíòîâ
íåðàâíîìåðíîñòè è ñòåïåíè íåðàâíîìåðíîñòè
õàðàêòåðèñòèê óïëîòíåíèÿ â áðèêåòå.

Êîýôôèöèåíòû íåðàâíîìåðíîñòè íàïðÿæå-
íèé  , óïëîòíåíèÿ Ky  è ïëîòíîñòè 1  ïî-
êàçûâàþò, âî ñêîëüêî ðàç îòëè÷àåòñÿ ìàêñèìàëü-
íîå çíà÷åíèå èññëåäóåìîãî ïîêàçàòåëÿ îò åãî
ñðåäíåé âåëè÷èíû íà ðàññìàòðèâàåìîì ó÷àñò-
êå, è îïðåäåëÿþòñÿ âûðàæåíèÿìè:

sr




max ; 
sr

Ky
K

Kymax ; 
sr.1

max.1
1




  ,       (2)

ãäå max , maxKy , max.1  – ìàêñèìàëüíûå çíà-
÷åíèÿ íàïðÿæåíèé i , êîýôôèöèåíòà óïëîòíå-
íèÿ iKy  è ïëîòíîñòè i.1  ñ ó÷åòîì óïðóãîãî
ðàñøèðåíèÿ âäîëü ðàññìàòðèâàåìîãî íàïðàâëå-
íèÿ â ñå÷åíèè áðèêåòà.

Ñðåäíèå çíà÷åíèÿ sr , srKy , sr.1  íàïðÿ-
æåíèé i , êîýôôèöèåíòà óïëîòíåíèÿ iKy  è
ïëîòíîñòè i.1  ñ ó÷åòîì óïðóãîãî ðàñøèðåíèÿ
âäîëü ðàññìàòðèâàåìîãî íàïðàâëåíèÿ â ñå÷åíèè
áðèêåòà îïðåäåëÿþòñÿ âûðàæåíèÿìè:

n

i

n

i
sr





 1 ;

 

n

Ky

Ky

i

n

i
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n

i

n

i
sr
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1
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 ,     (3)

ãäå n  – êîëè÷åñòâî òî÷åê âäîëü àíàëèçèðóåìî-
ãî íàïðàâëåíèÿ â ñå÷åíèè áðèêåòà – îïðåäåëÿ-
åòñÿ ïóòåì ÷èñëåííîãî ýêñïåðèìåíòà äëÿ îáåñ-
ïå÷åíèÿ çàäàííîé ñòåïåíè òî÷íîñòè îïðåäåëå-
íèÿ îöåíèâàåìûõ êðèòåðèåâ. Ïðè èäåàëèçèðî-
âàííûõ óñëîâèÿõ ïðåññîâàíèÿ ìåëêîôðàêöèîí-
íîãî ìàòåðèàëà ïðåäïîëàãàåòñÿ îòñóòñòâèå ïî-
òåðü äàâëåíèÿ ïðåññîâàíèÿ èç-çà ìåæ÷àñòè÷íî-
ãî òðåíèÿ è òðåíèÿ íà êîíòàêòå ñ ïðåññóþùèì
èíñòðóìåíòîì ðàñïðåäåëåíèå õàðàêòåðèñòèê óï-
ëîòíåíèÿ áóäåò ðàâíîìåðíûì, òî åñòü êîýôôè-
öèåíòû  , Ky  è 1  áóäóò ðàâíû 1. Â ðåàëü-
íûõ ïðîöåññàõ óïëîòíåíèÿ ìåëêîôðàêöèîííûõ
ìàòåðèàëîâ âñåãäà ïðèñóòñòâóåò íåðàâíîìåðíîñòü
ðàñïðåäåëåíèÿ õàðàêòåðèñòèê óïëîòíåíèÿ i ,

iKy , i , âûçâàííàÿ ñëîæíûì íàïðÿæåííî-äå-
ôîðìèðîâàííûì ñîñòîÿíèåì, êîòîðîå îáóñëîâ-
ëåíî êîíôèãóðàöèåé ïðåññóþùåãî èíñòðóìåí-
òà, óñëîâèÿìè åãî âçàèìîäåéñòâèÿ ñ óïëîòíÿ-

åìûì ìàòåðèàëîì, ìåæ÷àñòè÷íûì òðåíèåì è äð.
Ïîýòîìó çíà÷åíèÿ ïðåäëàãàåìûõ êîýôôèöèåí-
òîâ  , Ky  è 1  âñåãäà áóäóò áîëüøå åäèíè-
öû. Ïî ìåðå óâåëè÷åíèÿ çíà÷åíèÿ äàííûõ êî-
ýôôèöèåíòîâ ðàñòåò íåðàâíîìåðíîñòü âäîëü ðàñ-
ñìàòðèâàåìîãî íàïðàâëåíèÿ â àíàëèçèðóåìîì
ôîðìóþùåì ýëåìåíòå. Èñïîëüçîâàíèå îäíîãî
òèïà ïîêàçàòåëåé äëÿ îöåíêè íåðàâíîìåðíîñòè
èññëåäóåìûõ ïîêàçàòåëåé íå âñåãäà ìîæåò äà-
âàòü êîððåêòíûå ðåçóëüòàòû, ïîýòîìó ïðåäëîæå-
íà åùå îäíà ãðóïïà ïîêàçàòåëåé, êîòîðûå ïî-
çâîëÿþò ïðîâåñòè äîïîëíèòåëüíóþ îöåíêó ðàâ-
íîìåðíîñòè óïëîòíåíèÿ áðèêåòèðóåìîé øèõòû.
Â êà÷åñòâå òàêèõ äîïîëíèòåëüíûõ ïîêàçàòåëåé
ïðåäëîæåíî èñïîëüçîâàòü ñòåïåíü íåðàâíîìåð-
íîñòè íàïðÿæåíèé  , êîýôôèöèåíòà óïëîò-
íåíèÿ Ky  è ïëîòíîñòè 1 , êîòîðàÿ áóäåò îï-
ðåäåëÿòüñÿ ñîãëàñíî ñëåäóþùèì âûðàæåíèÿì:

srv




minmax  ; 
srv

Ky
K

KyKy minmax  ;

srv.1

min.1max.1
1







 ,  (4)

ãäå min , minKy , min.1  – ìèíèìàëüíûå çíà÷å-
íèÿ íàïðÿæåíèé i , êîýôôèöèåíòà óïëîòíåíèÿ

iKy  è ïëîòíîñòè i.1  ñ ó÷åòîì óïðóãîãî ðàñøè-
ðåíèÿ âäîëü ðàññìàòðèâàåìîãî íàïðàâëåíèÿ â
ñå÷åíèè áðèêåòà; srv , srvKy , srv.1  – ñðåäíå-
âçâåøåííûå çíà÷åíèÿ íàïðÿæåíèé i , êîýôôè-
öèåíòà óïëîòíåíèÿ iKy  è ïëîòíîñòè i.1  ñ ó÷å-
òîì óïðóãîãî ðàñøèðåíèÿ âäîëü ðàññìàòðèâàå-
ìîãî íàïðàâëåíèÿ â ñå÷åíèè áðèêåòà, îïðåäå-
ëÿåìûå ïî âûðàæåíèÿì:
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srv
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 ,  (5)

ãäå i. , iKy. , i.1  – âåùåñòâåííûé âåñ íà-
ïðÿæåíèé i , êîýôôèöèåíòà óïëîòíåíèÿ iKy
è ïëîòíîñòè i.1  ñ ó÷åòîì óïðóãîãî ðàñøèðåíèÿ
âäîëü ðàññìàòðèâàåìîãî íàïðàâëåíèÿ â ñå÷åíèè
áðèêåòà.

Â âûðàæåíèÿõ (5) äèñêðåòíîñòü n  îïðåäå-
ëÿåòñÿ ïðàâèëàìè àíàëîãè÷íûìè äëÿ âûðàæå-
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íèé (3). Êðèòåðèåì îöåíêè ðàöèîíàëüíîñòè êà-
ëèáðîâêè ïðè èñïîëüçîâàíèè âûðàæåíèé (2) è
(4) ÿâëÿåòñÿ ìèíèìàëüíàÿ ñòåïåíü íåðàâíîìåð-
íîñòè àíàëèçèðóåìûõ ïîêàçàòåëåé. Ýòî óñëîâèå
ìîæíî çàïèñàòü â ñëåäóþùåì âèäå:

1,, 1  Ky ; 0,, 1   Ky .        (6)

Ñîâìåñòíîå èñïîëüçîâàíèå ïðè àíàëèçå
ðàöèîíàëüíîñòè êàëèáðîâêè êðèòåðèåâ (5) è (6)
ïîçâîëèò îïðåäåëèòü ýôôåêòèâíîñòü êàæäîãî èç íèõ.

Ñëîæíàÿ ãåîìåòðèÿ ïðåññóþùèõ ïîâåðõíî-
ñòåé âàëêîâ ïðèâîäèò ê íåðàâíîìåðíîìó ñîîò-
íîøåíèþ ðàäèàëüíûõ è îêðóæíûõ ñîñòàâëÿþ-
ùèõ äàâëåíèÿ ïðåññîâàíèÿ âäîëü ïîâåðõíîñòåé
âàëêîâ. Â ñâîþ î÷åðåäü, íåðàâíîìåðíîå ðàñïðå-
äåëåíèå ñîñòàâëÿþùèõ äàâëåíèÿ ïðåññîâàíèÿ
âäîëü êîíòóðîâ ôîðìóþùèõ ýëåìåíòîâ îêàçû-
âàåò âëèÿíèå íà çíà÷åíèÿ ýíåðãîñèëîâûõ ïàðà-
ìåòðîâ – óñèëèå iP  è ìîìåíò iM  ïðåññîâàíèÿ.
Ñëåäîâàòåëüíî, ïðè èñïîëüçîâàíèè ðàçëè÷íûõ
òèïîâ êàëèáðîâêè çàäàííàÿ âåëè÷èíà óïëîòíå-
íèÿ øèõòû áóäåò äîñòèãàòüñÿ ïðè ðàçëè÷íûõ
çíà÷åíèÿõ ýíåðãîñèëîâûõ ïàðàìåòðîâ, ÷òî äî-
êàçàíî â ðÿäå ðàáîò [1–3]. Èñõîäÿ èç ýòîãî, â
êà÷åñòâå êðèòåðèÿ ðàöèîíàëüíîñòè êàëèáðîâêè
ïî ýíåðãîñèëîâûì ïàðàìåòðàì ïðåäëàãàåòñÿ ïðè-
íÿòü ìèíèìàëüíîå çíà÷åíèå óñèëèÿ iP  è ìîìåíòà
ïðåññîâàíèÿ iM . Ñîãëàñíî äàííîìó êðèòåðèþ
íàèáîëåå îïòèìàëüíûìè èç ðàññìàòðèâàåìûõ
òèïîðàçìåðîâ ôîðìóþùèõ ýëåìåíòîâ áóäåò ÿâ-
ëÿòüñÿ òîò, äëÿ êîòîðîãî ïðè äîñòèæåíèè çàäàí-
íîé âåëè÷èíû óïëîòíåíèÿ øèõòû çíà÷åíèÿ ýíåð-
ãîñèëîâûõ ïàðàìåòðîâ áóäóò ìèíèìàëüíûìè:

minmin ,, MPMP ii  .  (7)

Êîíôèãóðàöèÿ ôîðìóþùèõ ýëåìåíòîâ îêà-
çûâàåò âëèÿíèå íà ïðîèçâîäèòåëüíîñòü Q . Ó÷è-
òûâàÿ ýòî, ïðåäëàãàåòñÿ ïðèíÿòü êðèòåðèé îöåí-
êè, ñîãëàñíî êîòîðîìó íàèáîëåå ïðåäïî÷òèòåëü-
íîé ÿâëÿåòñÿ òà êàëèáðîâêà, êîòîðàÿ îáåñïå÷è-
âàåò ìàêñèìàëüíóþ ( maxQ ) èëè çàäàííóþ îïòè-
ìàëüíóþ ( optQ ) âåëè÷èíó ïðîèçâîäèòåëüíîñòè

iQ  ïðè äîñòèæåíèè çàäàííîé âåëè÷èíû óïëîò-
íåíèÿ áðèêåòèðóåìîé øèõòû:

maxQQi   èëè opti QQ  .           (8)

Íåìàëîâàæíûì ïîêàçàòåëåì ýôôåêòèâíî-
ñòè êîíñòðóêòèâíîãî èñïîëíåíèÿ áàíäàæåé ÿâ-
ëÿåòñÿ äëèòåëüíîñòü èõ ýêñïëóàòàöèè. Íåñîì-
íåííî, èíòåíñèâíîñòü èçíîñà áàíäàæåé îïðåäå-
ëÿåòñÿ, ïðåæäå âñåãî, óñëîâèÿìè âçàèìîäåéñòâèÿ

óïëîòíÿåìîé øèõòû ñ ðàáî÷èìè ïîâåðõíîñòÿ-
ìè âàëêîâ è îïðåäåëÿþùåå çíà÷åíèå çäåñü èìå-
þò ñîîòíîøåíèÿ òâåðäîñòè ÷àñòèö óïëîòíÿåìî-
ãî ìàòåðèàëà è ìàòåðèàëà âàëêîâ. Òåì íå ìåíåå,
òåîðåòè÷åñêèå ðàñ÷åòû [5–6] è ïðàêòè÷åñêèé
îïûò ïîêàçûâàþò, ÷òî â çàâèñèìîñòè îò êîíôè-
ãóðàöèè è ðàçìåðîâ ôîðìóþùèõ ýëåìåíòîâ ìàê-
ñèìàëüíàÿ ñòåïåíü èçíîñà áàíäàæåé, ïðè êîòî-
ðîé âîçìîæíî ïðîèçâîäñòâî áðèêåòîâ ñ çàäàí-
íîé ñòåïåíüþ óïëîòíåíèÿ ðàçëè÷íà. Ïîýòîìó â
êà÷åñòâå êðèòåðèÿ ýôôåêòèâíîñòè êàëèáðîâêè,
õàðàêòåðèçóþùåãî ðåñóðñ ýêñïëóàòàöèè áàíäà-
æåé, ïðèíÿòà âåëè÷èíà ìàêñèìàëüíî äîïóñòè-
ìîãî èçíîñà ôîðìóþùèõ ýëåìåíòîâ max . Ñî-
ãëàñíî ýòîìó êðèòåðèþ íàèáîëåå ýôôåêòèâíîé
êîíôèãóðàöèåé ôîðìóþùèõ ýëåìåíòîâ ÿâëÿåò-
ñÿ òà, êîòîðàÿ îáåñïå÷èâàåò ìàêñèìàëüíûé ïå-
ðèîä ýêñïëóàòàöèè ïðè ñîáëþäåíèè óñëîâèÿ
ïîëó÷åíèÿ áðèêåòîâ òðåáóåìîãî êà÷åñòâà:

maxmax max  .  (9)

Òàêèì îáðàçîì, ïðåäëîæåíû êðèòåðèè âû-
áîðà ðàöèîíàëüíîé êàëèáðîâêè áàíäàæåé âàë-
êîâûõ ïðåññîâ:

1. Ìàêñèìàëüíàÿ èëè îïòèìàëüíàÿ âåëè÷è-
íà óïëîòíåíèÿ.

2. Ìàêñèìàëüíàÿ ðàâíîìåðíîñòü óïëîòíåíèÿ.
3. Ìèíèìàëüíûå ýíåðãîñèëîâûå õàðàêòåðè-

ñòèêè.
4. Ìàêñèìàëüíàÿ èëè çàäàííàÿ ïðîèçâîäè-

òåëüíîñòè.
5. Ìàêñèìàëüíàÿ ïðîäîëæèòåëüíîñòü ýêñ-

ïëóàòàöèè áàíäàæåé.
Ïðèíÿòûå êðèòåðèè ïîçâîëÿþò ñôîðìóëè-

ðîâàòü ãèïîòåçó âûáîðà ðàöèîíàëüíîé êàëèáðîâ-
êè áàíäàæåé âàëêîâûõ ïðåññîâ. Äëÿ çàäàííûõ
óñëîâèé áðèêåòèðîâàíèÿ ñðåäè âîçìîæíûõ âà-
ðèàíòîâ êàëèáðîâêè, ðàöèîíàëüíûì ÿâëÿåòñÿ
òîò, êîòîðûé îáåñïå÷èâàåò çàäàííóþ âåëè÷èíó
óïëîòíåíèÿ øèõòû, ìàêñèìàëüíóþ ðàâíîìåð-
íîñòü ðàñïðåäåëåíèÿ íàïðÿæåíèé, îñòàòî÷íûõ
óïðóãèõ äåôîðìàöèé è ïëîòíîñòè â áðèêåòå, ïðè
ìèíèìàëüíûõ çíà÷åíèÿõ ýíåðãîñèëîâûõ ïàðà-
ìåòðîâ, çàäàííîé ïðîèçâîäèòåëüíîñòè è ìàêñè-
ìàëüíîé ïðîäîëæèòåëüíîñòè ýêñïëóàòàöèè áàí-
äàæåé ïðåññà. Äàííàÿ ãèïîòåçà ïðåäïîëàãàåò
êîìïëåêñíûé àíàëèç âëèÿíèÿ êîíôèãóðàöèè
ôîðìóþùèõ ýëåìåíòîâ íà ñîâîêóïíîñòü ýíåð-
ãîñèëîâûõ è òåõíîëîãè÷åñêèõ ïàðàìåòðîâ áðè-
êåòèðîâàíèÿ íà ðàçëè÷íûõ ñòàäèÿõ ýêñïëóàòà-
öèè áàíäàæåé.

Âûâîäû

Êðèòåðèè (1)–(9) è ãèïîòåçà âûáîðà ðàöè-
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îíàëüíîé êàëèáðîâêè áàíäàæåé âàëêîâûõ ïðåñ-
ñîâ ñôîðìóëèðîâàíû âïåðâûå è áóäóò èñïîëü-
çîâàíû ïðè ñîçäàíèè êîìïëåêñíîãî ðàñ÷åòíî-
àíàëèòè÷åñêîãî ìåòîäà îïðåäåëåíèÿ ðàöèîíàëü-
íûõ ïàðàìåòðîâ ôîðìóþùèõ ýëåìåíòîâ áàíäà-
æåé âàëêîâûõ áðèêåòíûõ ïðåññîâ. Â äàëüíåé-
øåì, ïðè ïîëó÷åíèè íîâûõ ðåçóëüòàòîâ òåîðå-
òè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé,
ïðåäëîæåííûå êðèòåðèè è ãèïîòåçà ìîãóò áûòü
òðàíñôîðìèðîâàíû è äîïîëíåíû.
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ÐÎÇÐÎÁÊÀ ÊÐÈÒÅÐ²¯Â ÂÈÁÎÐÓ ÐÀÖ²ÎÍÀËÜÍÎÃÎ
ÊÀË²ÁÐÓÂÀÍÍß ÁÀÍÄÀÆ²Â ÂÀËÊÎÂÈÕ ÏÐÅÑ²Â

Áàþë Ê.Â., Õóäÿêîâ Î.Þ., Âàùåíêî Ñ.Â., Ñîëîäêà Í.Î.

Ïîêàçàíî àêòóàëüí³ñòü ³ øëÿõè ôîðìóâàííÿ íàóêîâî-
îá´ðóíòîâàíîãî ìåòîäó âèçíà÷åííÿ ðàö³îíàëüíîãî êàë³áðóâàííÿ
âàëê³â áðèêåòíèõ ïðåñ³â íà îñíîâ³ àíàë³çó çâ’ÿçê³â ì³æ ïàðà-
ìåòðàìè êàë³áðóâàííÿ áàíäàæ³â ³ õàðàêòåðèñòèêàìè ïðîöåñó
áðèêåòóâàííÿ. Çàïðîïîíîâàíî êðèòåð³¿ îö³íêè òà âèáîðó ðàö³-
îíàëüíîãî êàë³áðóâàííÿ áàíäàæ³â âàëêîâèõ ïðåñ³â, ùî çàáåçïå-
÷óº çàäàíó âåëè÷èíó óù³ëüíåííÿ øèõòè, ìàêñèìàëüíó
ð³âíîì³ðí³ñòü ðîçïîä³ëó íàïðóæåíü, çàëèøêîâèõ ïðóæíèõ äå-
ôîðìàö³é ³ ù³ëüíîñò³ â áðèêåò³, ïðè ì³í³ìàëüíèõ çíà÷åííÿõ åíåð-
ãîñèëîâèõ ïàðàìåòð³â, çàäàíî¿ ïðîäóêòèâíîñò³ ³ ìàêñèìàëüíî¿
òðèâàëîñò³ åêñïëóàòàö³¿ áàíäàæ³â ïðåñà. Ïðèéíÿò³ êðèòåð³¿
äîçâîëÿþòü ñôîðìóëþâàòè ã³ïîòåçó âèáîðó ðàö³îíàëüíî¿ êàë³-
áðîâêè áàíäàæ³â âàëêîâèõ ïðåñ³â. Äàíà ã³ïîòåçà ïåðåäáà÷àº êîì-
ïëåêñíèé àíàë³ç âïëèâó êîíô³ãóðàö³¿ ôîðìóþ÷èõ åëåìåíò³â
íà ñóêóïí³ñòü åíåðãîñèëîâèõ òà òåõíîëîã³÷íèõ ïàðàìåòð³â áðè-
êåòóâàííÿ íà ð³çíèõ ñòàä³ÿõ åêñïëóàòàö³¿ áàíäàæ³â. Êðèòåð³¿
òà ã³ïîòåçà âèáîðó ðàö³îíàëüíî¿ êàë³áðîâêè áàíäàæ³â âàëêîâèõ
ïðåñ³â ñôîðìóëüîâàíî âïåðøå òà áóäå âèêîðèñòàíî ïðè ñòâî-
ðåíí³ êîìïëåêñíîãî ðîçðàõóíêîâî-àíàë³òè÷íîãî ìåòîäó âèçíà-
÷åííÿ ðàö³îíàëüíèõ ïàðàìåòð³â ôîðìóþ÷èõ åëåìåíò³â áàíäàæ³â
âàëêîâèõ áðèêåòíèõ ïðåñ³â. Ó ïîäàëüøîìó, ïðè îòðèìàíí³ íî-
âèõ ðåçóëüòàò³â òåîðåòè÷íèõ òà åêñïåðèìåíòàëüíèõ äîñë³ä-
æåíü çàïðîïîíîâàí³ êðèòåð³¿ òà ã³ïîòåçà ìîæóòü áóòè òðàíñ-
ôîðìîâàí³ òà äîïîâíåí³.

Êëþ÷îâ³ ñëîâà: âàëêîâèé ïðåñ, áðèêåòóâàííÿ, êàë³áðó-
âàííÿ, ôîðìóþ÷³ åëåìåíòè.

DEVELOPMENT OF CRITERIA FOR SELECTION
RATIONAL CALIBRATION OF BRIQUETTING RINGS OF
ROLLER PRESSES

Baiul K.V., Khudyakov A.Yu., Vaschenko S.V., Solodkaya N.A.

The relevance and ways of forming a scientifically grounded
method for determining the rational calibration of rolls of briquette
presses are shown on the basis of analysis of the relationships between
the parameters of bandage calibration and the characteristics of the
briquetting process. The criteria for evaluating and selecting rational
calibration of pressing rings of roller press providing a specified value
for the compacting of charge, the maximum uniformity of stress
distribution, residual elastic deformations and density in a briquette,
with minimum values of energy-strength parameters, a given
productivity and maximum operating life of the pressing rings are
proposed. The accepted criteria allow to formulate a hypothesis of a
rational bandages calibration choice of roller presses. This hypothesis
presupposes a comprehensive analysis of forming elements
configuration influence  on the aggregate of energy and technological
parameters of briquetting at various stages of operation of bandages.
The criteria and the hypothesis of choosing a rational calibration of
banding presses for roller presses are formulated for the first time
and will be used to create a comprehensive calculation and analysis
method for determining the rational parameters of the forming elements
of the bandages of briquette presses. Later, when new results of
theoretical and experimental studies are received, the proposed criteria
and hypothesis can be transformed and supplemented.

Keywords: roller press, briquetting, calibration, forming
elements.
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ÏÐÎÃÍÎÇÓÂÀÍÍß ×ÈÑÅËÜÍÎÑÒ² ÎÊÐÅÌÈÕ ÏÎÏÓËßÖ²É Â ÎÄÍ²É
ÅÊÎËÎÃ²×Í²É ÇÎÍ²

Òåðíîï³ëüñüêèé íàö³îíàëüíèé ïåäàãîã³÷íèé óí³âåðñèòåò ³ìåí³ Âîëîäèìèðà Ãíàòþêà, ì. Òåðíîï³ëü

Â ðîáîò³ ðîçãëÿäàºòüñÿ ìîäåëþâàííÿ ïðîöåñ³â çì³íè äèíàì³êè ïîïóëÿö³é ï³ä âïëè-

âîì ð³çíèõ ôàêòîð³â íàâêîëèøíüîãî ñåðåäîâèùà. Çðîáëåíî ñïðîáó ñïðîãíîçóâàòè

÷èñåëüí³ñòü îêðåìèõ ïîïóëÿö³é â óìîâàõ íåð³âíîì³ðíîãî ðîçïîä³ëó âèä³â ³ ðåñóðñ³â,

à òàêîæ ïðîâåñòè ÷èñåëüíå äîñë³äæåííÿ ìîæëèâèõ ñöåíàð³¿â ñï³â³ñíóâàííÿ ³ âèò³ñ-

íåííÿ îäíîãî âèäó ³íøèì. Êîíêóðåíö³þ ìîæíà âèçíà÷èòè ÿê âèêîðèñòàííÿ ÿêî-

ãîñü ðåñóðñó (ñòðàâè, âîäè, ñâ³òëà, ïðîñòîðó) ÿêèì-íåáóäü îðãàí³çìîì, ÿêèé òèì

ñàìèì çìåíøóº äîñòóïí³ñòü öüîãî ðåñóðñó äëÿ ³íøèõ îðãàí³çì³â. Ñóòí³ñòü ì³æâèäî-

âî¿ êîíêóðåíö³¿ ïîëÿãàº â òîìó, ùî ó îñîáèí îäíîãî âèäó çìåíøóºòüñÿ ïëîäþ÷³ñòü,

âèæèâàííÿ ³ øâèäê³ñòü â³äòâîðåííÿ. Äëÿ îòðèìàííÿ ðåçóëüòàò³â âèêîðèñòîâóâàëè

îá÷èñëåííÿ øâèäêîñò³ çðîñòàííÿ æèâî¿ ðå÷îâèíè â ïîïóëÿö³ÿõ òà îá÷èñëåííÿ êî-

åô³ö³ºíò³â ìàêñèìàëüíî ìîæëèâî¿ á³îìàñè. Ïðîãíîçîâàí³ ïîêàçíèêè â³äîáðàæåíî ó

âèãëÿä³ ãðàô³ê³â. Ïðîâåäåí³ îá÷èñëåííÿ äîçâîëÿþòü ïðèïóñòèòè, ùî ïðè ð³çíèõ

êîåô³ö³ºíòàõ ³ ïåâíèõ çíà÷åííÿõ ïàðàìåòð³â ìîæíà äîáèòèñÿ âèõîäó íà ñò³éê³ ñòà-

ö³îíàðí³ ðîçïîä³ëè.

Êëþ÷îâ³ ñëîâà: ìîäåëü, êîìï’þòåðíå ìîäåëþâàííÿ, ïîïóëÿö³ÿ, äèíàì³êà ïîïóëÿö³¿,

ïîïóëÿö³éíà åêîëîã³ÿ, ìîäåëþþ÷èé îá’ºêò, äâîâèì³ðí³ ìîäåë³, äèñêðåòí³ ìîäåë³,

ñåðåäîâèùå Mathcad, ìîâà ïðîãðàìóâàííÿ Ñ.

Ïîñòàíîâêà ïðîáëåìè

Íåçàëåæíî â³ä òîãî, ùî ëåæèòü â îñíîâ³
ì³æâèäîâî¿ êîíêóðåíö³¿ – âèêîðèñòàííÿ îäíèõ
³ òèõ æå ðåñóðñ³â, áîðîòüáà çà òåðèòîð³þ – âîíà
ìîæå ïðèâåñòè àáî äî âçàºìíîãî ïðèñòîñóâàííÿ
âèä³â, àáî äî âèò³ñíåííÿ îäíîãî âèäó ³íøèì.

Ó ðåàëüíî ³ñíóþ÷èõ ïðèðîäíèõ åêîñèñòå-
ìàõ íàë³÷óþòü äåñÿòêè âèä³â (ïîïóëÿö³é, óãðó-
ïóâàíü), ùî âçàºìîä³þòü ì³æ ñîáîþ.

Ñóêóïí³ñòü ïîïóëÿö³é, ùî ôóíêö³îíóþòü ÿê
ö³ë³ñíà îäèíèöÿ ó â³äâåäåíîìó ¿é ïðîñòîð³ ô³çè÷-
íîãî ïðèðîäíîãî ñåðåäîâèùà, ÿâëÿº ñîáîþ á³î-
òè÷íå óãðóïóâàííÿ.

×èñåëüí³ñòü (ù³ëüí³ñòü) öèõ ïîïóëÿö³é ç
÷àñîì çàçíàº çì³í. Íàâ³òü ÿêùî ïîïóëÿö³þ òà
åêîñèñòåìó ââàæàþòü íåçì³ííèìè, ù³ëüí³ñòü
(ê³ëüê³ñòü îñîáèí íà îäèíèöþ ïëîù³ àáî îá’ºìó),
íàðîäæóâàí³ñòü, ð³âåíü âèæèâàííÿ (ñìåðòí³ñòü),
â³êîâà ñòðóêòóðà, ³íòåíñèâí³ñòü ðîñòó òà ³íø³
õàðàêòåðèñòèêè, ÿê ïðàâèëî, çì³íþþòüñÿ çàëåæ-
íî â³ä ñåçîíó, êë³ìàòó, ³íøèõ ôàêòîð³â íàâêî-
ëèøíüîãî ñåðåäîâèùà.

Öåíòðàëüíîþ ïðîáëåìîþ â åêîëîã³¿ ñï³âòî-
âàðèñòâ º â³äøóêàííÿ óìîâ, ùî çàáåçïå÷óþòü

äîâãîòðèâàëå ñï³â³ñíóâàííÿ ñï³âòîâàðèñòâà ÿê
ö³ëîãî ÷è âèìèðàííÿ äåÿêèõ âèä³â, ÿêå ïðèçâî-
äèòü äî íîâèõ äîâãîòðèâàëî-ñï³â³ñíóþ÷èõ ñï³âòî-
âàðèñòâ. Âàðòî âðàõîâóâàòè, ùî òèï âçàºìîä³¿
ì³æ ð³çíèìè âèäàìè ïîïóëÿö³é ìîæå çì³íþâà-
òèñÿ â³ä óìîâ æèòòÿ àáî ñòàä³é ¿õ æèòòºâèõ
öèêë³â, òîáòî â³í íå º ïîñò³éíèì.

Ìîäåëþâàííÿ äèíàì³êè ïîïóëÿö³é çàñòî-
ñîâóºòüñÿ äëÿ âèð³øåííÿ òàêèõ, àêòóàëüíèõ íà
ñüîãîäí³, çàâäàíü:

– çáåðåæåííÿ çíèêàþ÷èõ ³ ð³äê³ñíèõ âèä³â;
– ïðîãíîçóâàííÿ ÷èñåëüíîñò³ ïðîìèñëîâèõ

ïîïóëÿö³é;
– ðîçðîáêà îïòèìàëüíèõ ñòðàòåã³é ïðîìèñ-

ëó;
– âèâ÷åííÿ ì³æâèäîâî¿ âçàºìîä³¿;
– âèâ÷åííÿ âïëèâó àíòðîïîãåííèõ ôàêòîð³â

íà ÷èñåëüí³ñòü á³îëîã³÷íèõ âèä³â, òîùî.
Åêîëîã³÷íà êðèçà ñüîãîäí³ – öå âæå íå ïðî-

áëåìà îäíîãî ðåã³îíó ÷è êðà¿íè – öå ïðîáëåìà
âñüîãî ëþäñòâà. Ò³ëüêè çíèùèâøè, á³ëüøîþ
ì³ðîþ çà îñòàíí³ äâà ñòîë³òòÿ, ôëîðó ³ ôàóíó
ïëàíåòè, íàñ òóðáóþòü ïðîáëåìè âèæèâàííÿ
íàñòóïíèõ ïîêîë³íü.
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Ìåòà äîñë³äæåííÿ

Çàçíà÷åí³ àðãóìåíòè îáóìîâèëè ìåòó äîñë³-
äæåííÿ:

– çìîäåëþâàòè ïðîöåñ çì³íè äèíàì³êè ïåâ-
íèõ ïîïóëÿö³¿ ï³ä âïëèâîì ð³çíèõ ôàêòîð³â íà-
âêîëèøíüîãî ñåðåäîâèùà;

– äîñë³äèòè àíòðîïîãåííèé âïëèâ íà çì³íó
÷èñåëüíîñò³ öèõ ïîïóëÿö³é;

– âèñâ³òëèòè ïðîáëåìè ïîïóëÿö³éíî¿ äè-
íàì³êè;

– ñïðîãíîçóâàòè çì³íó ÷èñåëüíîñò³ îêðå-
ìèõ ïîïóëÿö³¿.

Äëÿ ðîçâ’ÿçàííÿ ïîñòàâëåíèõ çàâäàíü áóëî
âèêîðèñòàíî êîìïëåêñ âçàºìîïîâ’ÿçàíèõ ìå-
òîä³â:

– òåîðåòè÷íèõ – àíàë³çó òà óçàãàëüíåííÿ
íàóêîâî-ïåäàãîã³÷íî¿ ë³òåðàòóðè ç ìåòîþ âèÿâ-
ëåííÿ ñó÷àñíîãî ñòàíó äîñë³äæóâàíî¿ ïðîáëåìè;

– åìï³ðè÷íèõ – ñïîñòåðåæåííÿ.
Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é

Æîäíå äîñë³äæåííÿ, âêëþ÷àþ÷è ³ äîñë³ä-
æåííÿ ç á³îëîã³¿ òà åêîëîã³¿, íå ìîæå áóòè ïî-
âíèì ³ òî÷íèì, ÿêùî âîíî íå ñóïðîâîäæóºòüñÿ
ïîáóäîâîþ, õî÷à á íàéïðîñò³øî¿, àëå âñå æ òàêè
ìàòåìàòè÷íî¿ ìîäåë³ äîñë³äæóâàíîãî îá’ºêòà ÷è
ïðîöåñó. Ïðè öüîìó, ÷èì ñêëàäí³øèì º îá’ºêò
÷è ïðîöåñ, ÿêèé ðîçãëÿäàºòüñÿ, òèì ñêëàäí³øå
çíàéòè ìàòåìàòè÷í³ àáñòðàêö³¿, ÿê³ ï³äõîäÿòü äëÿ
éîãî îïèñó.

Ìàòåìàòè÷í³ ìîäåë³ îïèñóþòü êëàñ îá’ºêò³â,
ÿâèù ÷è ïðîöåñ³â, ÿê³ ìàþòü ñï³ëüí³, ïîä³áí³
âëàñòèâîñò³ àáî º ³çîìîðôíèìè. Áàãàòî êëàñèê³â
íàóêè íåçàëåæíî âèñëîâëþâàëè îäíó ³ òó æ äóì-
êó: «Îáëàñòü çíàííÿ ñòàíîâèòüñÿ íàóêîþ, êîëè
âîíà âèñëîâëþº ñâî¿ çàêîíè ó âèãëÿä³ ìàòåìà-
òè÷íèõ ñï³ââ³äíîøåíü» [1]. Ñàìå ïåðø³ ñïðîáè
ìàòåìàòè÷íî îïèñàòè á³îëîã³÷í³ ïðîöåñè â³äíî-
ñÿòüñÿ äî ïðîöåñ³â ïîïóëÿö³éíî¿ äèíàì³êè. Âèâ-
÷åííÿ çàêîíîì³ðíîñòåé äèíàì³êè ÷èñåëüíîñò³
ïîïóëÿö³é íåîáõ³äíå äëÿ ðàö³îíàëüíîãî âèêîðè-
ñòàííÿ ïðèðîäí³õ ðåñóðñ³â. Îñíîâíèì ïðèïó-
ùåííÿì, ÿêå âèêîðèñòîâóºòüñÿ ïðè ïîáóäîâ³
ìàòåìàòè÷íèõ ìîäåëåé äèíàì³êè çì³íè ÷èñåëü-
íîñò³ ïîïóëÿö³é, º áàëàíñîâå ñï³ââ³äíîøåííÿ ì³æ
ð³çíèìè ãðóïàìè ó ñòðóêòóð³ ïîïóëÿö³¿, âðàõî-
âóþ÷è ïðè öüîìó âïëèâ ð³çíî¿ ïðèðîäè ôàêòîð³â.

Ïîáóäîâà áàëàíñîâèõ ñï³ââ³äíîøåíü áà-
çóºòüñÿ íà îñíîâ³ ïðîñòèõ ïðèïóùåíü: ïðèð³ñò
÷èñåëüíîñò³ õèæàê³â ïîâ’ÿçàíèé ³ç øâèäê³ñòþ
ñïîæèâàííÿ æåðòâ, âðàõóâàâøè òå, ùî ïðè òà-
êîìó ñïîæèâàíí³ º íåìèíó÷îþ âòðàòà á³îìàñè,
à òîìó ê³ëüê³ñòü íàðîäæåíèõ õèæàê³â â æîäíîìó
ðàç³ íå ìîæå ïåðåâèùóâàòè ê³ëüê³ñòü ñïîæèâà-
íèõ æåðòâ. Ê³ëüê³ñòü ì³ãðóþ÷èõ ïîïóëÿö³é ç äàíî¿

òåðèòîð³¿ íå ìîæå ïåðåâèùèòè ÷èñëî ïîïóëÿö³é,
ÿê³ ïðîæèâàþòü íà í³é.

ßêùî ââàæàòè, ùî çîâí³øí³õ âïëèâ³â íà
ïîïóëÿö³þ íåìàº, òîä³ áàëàíñ ÷èñåëüíîñò³ ïî-
ïóëÿö³¿ ñêëàäàºòüñÿ ç òàêèõ îñíîâíèõ ôàêòîð³â:
íàðîäæóâàí³ñòü; ñìåðòí³ñòü; ³ìì³ãðàö³ÿ; åì³ãðà-
ö³ÿ.

Äëÿ çðó÷íîñò³ ââàæàòèìåìî, ùî ÷èñåëüí³ñòü
äåÿêîãî âèäó ïîïóëÿö³¿ º íåïåðåðâíîþ âåëè÷è-
íîþ. Òàêèé êëàñ çàäà÷ íà ñüîãîäí³øí³é äåíü ìàº
ðîçðîáëåí³ ìàòåìàòè÷í³ ìîäåë³, ÿê³ âèêîðèñòî-
âóþòü àïàðàò äèôåðåíö³àëüíèõ ð³âíÿíü.

Ïðîöåñ çì³íè ÷èñåëüíîñò³ ïîïóëÿö³¿ çà íå-
âåëèêèé ïðîì³æîê ÷àñó t  ìîæíà îïèñàòè
ð³âíÿííÿì:

          t,txt,D-ttxt,B + tx = t + tx    (1)

äå   txt,B  – ê³ëüê³ñòü íàðîäæåíèõ ³ òàêèõ, ùî
åì³ãðóâàëè;   txt,D  – ê³ëüê³ñòü ïîìåðëèõ ³ òà-
êèõ, ùî ³ìì³ãðóâàëè.

Î÷åâèäíî, ùî   0t,0B ,   0t,0D .
Ïåðåéøîâøè äî ãðàíèö³ ïðè 0t  , îäåð-

æèìî äèôåðåíö³àëüíå ð³âíÿííÿ:

     .txt,D-txt,Bt 

Äëÿ ñó÷àñíîãî ìîäåëþâàííÿ ñèñòåì «õèæàê-
æåðòâà» àáî «ñïîæèâà÷-ðåñóðñ» øèðîêî çàñòî-
ñîâóþòü òàêó ñèñòåìó ð³âíÿíü:

 N,NR,V-Q
dt

dR
   (2)

 N,N,RkVmN
dt

dN
   (3)

äå R  – ê³ëüê³ñòü ðåñóðñó; N  – ê³ëüê³ñòü (á³îìà-
ñà) îñîáèí ïîïóëÿö³¿ ñïîæèâà÷³â; Q  – øâèäê³ñòü
íàäõîäæåííÿ ðåñóðñó â ñèñòåìó;  NR,V  – ôóí-
êö³ÿ, ÿêà ìîäåëþº øâèäê³ñòü ñïîæèâàííÿ ðå-
ñóðñó îäí³ºþ îñîáèíîþ ïîïóëÿö³¿ (ïèòîìà
øâèäê³ñòü ñïîæèâàííÿ); 1k  – ÷àñòèíà ðåñóð-
ñó, âèêîðèñòîâóâàíà çà ïðîäóêòèâíèõ ö³ëåé; m  –
 êîåô³ö³ºíò ñìåðòíîñò³, îáåðíåíî ïðîïîðö³éíèé
ñåðåäí³é òðèâàëîñò³ æèòòÿ îñîáèí â ïåâíèõ óìî-
âàõ íàâêîëèøíüîãî ñåðåäîâèùà.

Íåãàòèâíå ñòàâëåííÿ îäíîãî âèäó äî ³íøî-
ãî, ïîâ’ÿçàíå ç áîðîòüáîþ çà ³ñíóâàííÿ, çà äîì³-
íóâàííÿ, çà ¿æó, ïðîñò³ð òà ³íø³ ðåñóðñè ì³æ
îðãàí³çìàìè ç îäíàêîâèìè ïîòðåáàìè. Ó ðåçóëü-
òàò³ êîíêóðåíö³¿ îäèí âèä ñêîðî÷óº ðåñóðñè
³íøîãî âèäó, ÿêèé âíàñë³äîê öüîãî ïîâ³ëüí³øå
ðîñòå, çàëèøàº ìåíøå ÷èñëî íàùàäê³â ³ ìàº ìåí-
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øå øàíñ³â âèæèòè.
Äëÿ âèâ÷åííÿ òàêèõ ïèòàíü îáîâ’ÿçêîâî

âèêîðèñòîâóþòüñÿ ìàòåìàòè÷í³ ìåòîäè, çîêðå-
ìà, êîìï’þòåðíå ìîäåëþâàííÿ. Àêòóàëüíîþ òå-
ìîþ íà ñüîãîäí³øí³é äåíü çàëèøàºòüñÿ ðîçðîá-
êà àäåêâàòíîãî ìàòåìàòè÷íîãî àïàðàòà äëÿ âèâ-
÷åííÿ ÷èñåëüíîñò³ äèíàì³êè ïîïóëÿö³é.

Â çàõ³äíèõ ðåã³îíàõ Óêðà¿íè, çîêðåìà, ïî-
ðÿä ç ñóòî ôàóí³ñòè÷íèìè äîñë³äæåííÿìè ïðî-
âîäèëèñÿ òàêîæ åêîëîã³÷í³ äîñë³äæåííÿ òèõ ÷è
³íøèõ ïîïóëÿö³é (².Ì. Ãðîä, Ë.Î. Øåâ÷èê [2],
Â.². Çäóí [3], À.Ï. Ñòàðíè÷åíêî [4]).

Âèêëàä îñíîâíîãî ìàòåð³àëó

Áóäåìî ðîçãëÿäàòè ñóêóïí³ñòü âçàºìîä³þ-
÷èõ ì³æ ñîáîþ ïîïóëÿö³é. Ï³ä ïîïóëÿö³ºþ ðî-
çóì³ºòüñÿ ñóêóïí³ñòü îñîáèí, ùî ìîæóòü äàâàòè
æèòòºçäàòíå ïîòîìñòâî é ï³ääàþòüñÿ âïëèâó îä-
íàêîâèõ çîâí³øí³õ ³ âíóòð³øí³õ ôàêòîð³â ñåðå-
äîâèùà ³ñíóâàííÿ. Ââàæàòèìåìî, ùî àðåàë ïðî-
æèâàííÿ îñîáèí ïîïóëÿö³¿ îáìåæåíèé.

Ñóòí³ñòü ì³æâèäîâî¿ êîíêóðåíö³¿ ïîëÿãàº â
òîìó, ùî ó îñîáèí îäíîãî âèäó çìåíøóºòüñÿ
ïëîäþ÷³ñòü, âèæèâàííÿ ³ øâèäê³ñòü â³äòâîðåí-
íÿ.

Òàê ÿê ìàºìî ñïðàâó ç ð³çíèìè ïîïóëÿö³ÿ-
ìè, òî çâåðíåìîñÿ äî ëîã³ñòè÷íîãî ð³âíÿííÿ ³
ñïðîáóºìî âðàõóâàòè ì³æâèäîâó êîíêóðåíö³þ.

Ðîçãëÿäàþ÷è äèíàì³êó ÷èñåëüíîñò³ ïîïó-
ëÿö³é, åêîëîãè íàñàìïåðåä íàìàãàþòüñÿ çðîçó-
ì³òè ¿¿ çàêîíîì³ðíîñò³, ïðè ÿê³é îñîáèíè îäíî-
ãî âèäó âïëèâàþòü íà îñîáèíè ³íøîãî âèäó, ³
ïîÿñíèòè ð³çíèöþ ì³æ òèïàìè äèíàì³ê.

Ìåòîþ ÷èñëîâîãî åêñïåðèìåíòó º àíàë³ç

÷èñåëüíîñò³ òðüîõ âèä³â. Äëÿ ïîáóäîâè ìàòåìà-
òè÷íî¿ ìîäåë³ âèêîðèñòàºìî âõ³äí³ äàí³: ê³ëüê³ñòü
òðàâî¿äíèõ – 100; ê³ëüê³ñòü ðîñëèí – 200;
ê³ëüê³ñòü õèæàê³â – 110; ê³ëüê³ñòü ðîñëèí, ÿê³
ç’¿äàº îäíà îñîáèíà ïîïóëÿö³¿ òðàâî¿äíèõ òâà-
ðèí – 1; ê³ëüê³ñòü ðîñëèí íà êâàäðàòíèé ìåòð –
 10; ê³ëüê³ñòü òðàâî¿äíèõ, ÿê³ ç’¿äàº îäíà îñîáè-
íà ïîïóëÿö³¿ õèæàêà – 0,5; øâèäê³ñòü ðîçìíî-
æåííÿ ïîïóëÿö³¿ òðàâî¿äíèõ òâàðèí – 0,1;
øâèäê³ñòü ðîñòó ðîñëèí – 40%; øâèäê³ñòü ðîç-
ìíîæåííÿ ïîïóëÿö³¿ õèæàêà – 0,10001; äîñòóï-
íà ïëîùà äëÿ ðîçìíîæåííÿ ðîñëèí – 19; òðè-
âàë³ñòü æèòòºâîãî öèêëó – 12.

Â ðîáîò³ çðîáëåíî ñïðîáó ñïðîãíîçóâàòè
÷èñåëüí³ñòü îêðåìèõ ïîïóëÿö³é (áàãàòîð³÷í³ òðà-
âè, ìîëþñêè (ñëèìàêè), äèê³ êàáàíè) â óìîâàõ
íåð³âíîì³ðíîãî ðîçïîä³ëó âèä³â ³ ðåñóðñ³â, à òà-
êîæ ïðîâåñòè ÷èñåëüíå äîñë³äæåííÿ ìîæëèâèõ
ñöåíàð³¿â ñï³â³ñíóâàííÿ ³ âèò³ñíåííÿ îäíîãî âèäó
³íøèì.

×èñëîâå ìîäåëþâàííÿ çä³éñíþâàëîñÿ íà
áàç³ äâîõ ð³âíÿíü:

1) ð³âíÿííÿ äëÿ îá÷èñëåííÿ ïîêàçíèêà ïðè-
ðîñòó ïîïóëÿö³¿:
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2) ð³âíÿííÿ äëÿ îá÷èñëåííÿ ïîêàçíèêà ìàê-
ñèìàëüíî ìîæëèâî¿ á³îìàñè )tt(r

eN)t(N 0
0


 .

Ïðîãíîçîâàí³ ïîêàçíèêè â³äîáðàæåíî ó
âèãëÿä³ ãðàô³ê³â (ðèñ. 1), ÿê³ îòðèìàëè ç äîïî-
ìîãîþ ñèñòåìè ïðîãðàìóâàííÿ C.

Ðèñ. 1. Ìîäåëü ñï³ââ³äíîøåííÿ ïîïóëÿö³é íà âèçíà÷åí³é òåðèòîð³¿ (Microsoft Visual Studio C#)
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Ïîáóäîâàíà ìîäåëü (ðèñ. 2) äàº ï³äñòàâè
çðîáèòè âèñíîâêè, ùî çã³äíî ïîñòàíîâêè çàäà÷³
áóëî ïðàâèëüíî îïèñàíî ìàòåìàòè÷íèé ôóíêö³-
îíàë, ÿêèé äîçâîëÿº îòðèìàòè ¿¿ ðîçâ’ÿçîê. Ó îáîõ
ðîçðîáëåíèõ êîìï’þòåðíèõ ìîäåëÿõ îòðèìàëè
îäíàêîâèé ðåçóëüòàò.

Ðèñ. 2. Ìîäåëü ñï³ââ³äíîøåííÿ ïîïóëÿö³é íà âèçíà÷åí³é

òåðèòîð³¿ (Mathcad)

Âåðèô³êàö³þ ðîçðîáëåíèõ ìîäåëåé ïðîâå-
äåíî çà äàíèìè ìîí³òîðèíãó ïåâíîãî âèäó ïî-
ïóëÿö³é, ùî áóëè îòðèìàí³ ñòóäåíòàìè ïðèðîä-
íè÷îãî ôàêóëüòåòó ï³ä ÷àñ âåñíÿíî-ë³òíüî-
îñ³íí³õ ïîëüîâèõ ïðàêòèê òà çâ³òè ë³ñíèöòâà
×îðòê³âñüêîãî ðàéîíó Òåðíîï³ëüñüêî¿ îáëàñò³
(ðåçóëüòàòè íàäàí³ íà ðèñ. 1 òà ðèñ. 2).

Äëÿ òîãî, ùîá äîâåñòè ïðàâèëüí³ñòü ïîñòà-
íîâêè çàäà÷³ òà îòðèìàíîãî ðîçâ’ÿçêó ö³º¿ æ çà-
äà÷³ çàñîáàìè Microsoft VisualStudio C 2010,
ïîáóäóâàíî êîìï’þòåðíó ìîäåëü ó ñåðåäîâèù³
Mathcad (ðèñ. 2).

Âèñíîâêè òà ïåðñïåêòèâè ïîäàëüøèõ äîñë³ä-

æåíü

Áóäü-ÿêà ïîïóëÿö³ÿ ðîñëèí, òâàðèí ÷è
ì³êðîîðãàí³çì³â – öå äîñêîíàëà æèâà ñèñòåìà,
¿é âëàñòèâà ñàìîðåãóëÿö³ÿ, â³äíîâëåííÿ ñâîº¿
äèíàì³÷íî¿ ð³âíîâàãè. Àëå âîíà ³ñíóº íå ³çîëüî-
âàíî, à ðàçîì ç ïîïóëÿö³ÿìè ³íøèõ âèä³â, óòâî-
ðþþ÷è òàêèì ÷èíîì á³îöåíîçè.

Òîìó ïðè ìàòåìàòè÷íîìó ìîäåëþâàíí³ äè-
íàì³êè ïîïóëÿö³¿ íåîáõ³äíî âðàõîâóâàòè âïëèâ
áàãàòüîõ ôàêòîð³â.

Ðîçðîáëåíà ìàòåìàòè÷íà ìîäåëü àäåêâàòíî
îïèñóº îñíîâí³ ôàêòîðè, ÿê³ âïëèâàþòü íà äè-
íàì³êó ðîçâèòêó ïîïóëÿö³é, ùî ðîçãëÿäàþòüñÿ.

Îòðèìàí³ ðåçóëüòàòè çíàéøëè ï³äòâåðäæåí-
íÿ â ïðîöåñ³ äîñë³äæåíü ï³ä ÷àñ ïîëüîâèõ ïðàê-
òèê. Ïðîâåäåí³ îá÷èñëåííÿ äîçâîëÿþòü ïðèïóñ-
òèòè, ùî ïðè ð³çíèõ êîåô³ö³ºíòàõ ³ ïåâíèõ çíà-
÷åííÿõ ïàðàìåòð³â ìîæíà äîáèòèñÿ âèõîäó íà

ñò³éê³ ñòàö³îíàðí³ ðîçïîä³ëè. Ââàæàºìî, ùî îò-
ðèìàí³ ðåçóëüòàòè ìîæíà çàñòîñîâóâàòè äëÿ ïðî-
ãíîçóâàííÿ ïîâåä³íêè êîíêóðóþ÷èõ á³îñèñòåì.
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Â ðàáîòå ðàññìàòðèâàåòñÿ ìîäåëèðîâàíèå ïðîöåññîâ
èçìåíåíèÿ äèíàìèêè ïîïóëÿöèé ïîä âîçäåéñòâèåì ðàçëè÷íûõ
ôàêòîðîâ îêðóæàþùåé ñðåäû. Ñäåëàíà ïîïûòêà ñïðîãíîçèðî-
âàòü ÷èñëåííîñòü îòäåëüíûõ ïîïóëÿöèé â óñëîâèÿõ íåðàâíî-
ìåðíîãî ðàñïðåäåëåíèÿ âèäîâ è ðåñóðñîâ, à òàêæå ïðîâåñòè
÷èñëåííîå èññëåäîâàíèå âîçìîæíûõ ñöåíàðèåâ ñîñóùåñòâîâà-
íèÿ è âûòåñíåíèå îäíîãî âèäà äðóãèì. Êîíêóðåíöèþ ìîæíî
îïðåäåëèòü êàê èñïîëüçîâàíèå êàêîãî-òî ðåñóðñà (åäà, âîäû,
ñâåòà, ïðîñòðàíñòâà) êàêèì-íèáóäü îðãàíèçìîì, êîòîðûé òåì
ñàìûì óìåíüøàåò äîñòóïíîñòü ýòîãî ðåñóðñà äëÿ äðóãèõ îðãà-
íèçìîâ. Ñóùíîñòü êîíêóðåíöèè çàêëþ÷àåòñÿ â òîì, ÷òî ó îñî-
áåé îäíîãî âèäà óìåíüøàåòñÿ ïëîäîâèòîñòü, âûæèâàåìîñòü è
ñêîðîñòü âîñïðîèçâåäåíèÿ. Äëÿ ïîëó÷åíèÿ ðåçóëüòàòîâ èñïîëü-
çîâàëè âû÷èñëåíèÿ ñêîðîñòè ðîñòà æèâîãî âåùåñòâà â ïîïóëÿ-
öèÿõ è âû÷èñëåíèÿ êîýôôèöèåíòîâ ìàêñèìàëüíî âîçìîæíîé
áèîìàññû. Ïðîãíîçèðóåìûå ïîêàçàòåëè îòîáðàæåíû â âèäå ãðà-
ôèêîâ. Ïðîâåäåííûå âû÷èñëåíèÿ ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî
ïðè ðàçíûõ êîýôôèöèåíòàõ è îïðåäåëåííûõ çíà÷åíèÿõ ïàðà-
ìåòðîâ ìîæíî äîáèòüñÿ âûõîäà íà óñòîé÷èâûå ñòàöèîíàðíûå
ðàñïðåäåëåíèÿ.

Êëþ÷åâûå ñëîâà: ìîäåëü, êîìïüþòåðíîå
ìîäåëèðîâàíèå, ïîïóëÿöèÿ, äèíàìèêà ïîïóëÿöèè,
ïîïóëÿöèîííàÿ ýêîëîãèÿ, ìîäåëèðóþùèé îáúåêò, äâóìåðíûå
ìîäåëè, äèñêðåòíûå ìîäåëè, ñðåäà Mathcad, ÿçûê
ïðîãðàììèðîâàíèÿ Ñ.
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OF PREDICTING THE SIZE OF INDIVIDUAL
POPULATIONS IN ONE SAME ECOLOGICAL ZONE

Hrod I.N.

This paper describes the modeling of the changes in the
dynamics of populations under the influence of various environmental
factors. An attempt is made to predict the number of individual
populations in terms of the uneven distribution of species and resources,
as well as to conduct a numerical study of possible scenarios of
coexistence and displacement of one species by another. Competition
can be defined as the use of some resource (food, water, light, space)
any organism that reduces the availability of that resource to other
organisms. The essence of interspecific competition is that individuals
of one species reduce the fecundity, survival rate and playback speed.
Used calculation formula of the rate of growth of living matter in the
populations and the coefficients of the maximum possible biomass.
The projected figures are displayed in graphs. At different coefficients
and the specific values of the parameters it is possible to achieve
stable stationary distributions.

Keywords: model, computer modeling, population, popu-
lation dynamics, population ecology, modeling facility, two-di-
mensional model, discrete model, Mathcad environment, pro-
gramming language C.
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SOFTWARE FOR DESIGN SYSTEMS OF FUZZY CONTROL AND CONDUCTING
FUZZY-MULTIPLE CALCULATIONS

Ukrainian State University of Chemical Technology, Dnipro

The paper suggests a description of the design concept and ways to implement the library

to work with data that are fuzzy. Based on a review of the latest researches in the field of

fuzzy calculations, we formulated the basic requirements for software for performing fuzzy-

multiple calculations. The aim of the work is the development of a software implemented

as a modular library that satisfies the requirements of universality, integrability, speed,

portability, completeness and independence. To ensure the flexibility of the library, the

fuzzy data are differentiated into fuzzy sets and fuzzy numbers. We presented the

implementation of a multi-purpose library for working with fuzzy data. We offered the

description of the main stages of software design, the tool for their creation and the

structure of library modules. We made a class diagram that shows the relationships in the

library, and a description of the function modules for working with these classes. The

developed software can be integrated into an existing or projected control system.

Keywords: fuzzy set, fuzzy control system, library.

Statement of the problem

In 1965, the Azerbaijani mathematician Lotfi
Zadeh published the fundamental work on the theory
of fuzzy sets, having based a separate direction of
mathematics. In 1973, he proposed a theory of fuzzy
logic, which initiated the application of the new
mathematical theory in practice. Since then, the new
mathematical apparatus has firmly entered the
engineering and applied practice in many branches
of science and technology. As examples of the use
of fuzzy logic in practice, one can give the automatic
gate control system of a dam in a hydroelectric power
plant (Tokyo Electric Power), the aiming of cameras
during the broadcast of sports events (Hirota, Fuji,
Toshiba, Omron), control of air conditioning systems
(Mitsubishi, Sharp), engine control and economical
vehicle speed (Nissan), semiconductor manufacturing
control (Canon), document archiving (Mitsubishi),
character recognition (Sony), motion recognition
(Canon) and many others [1]. The scope of fuzzy
control systems, elements of fuzzy logic or at least
its principles is extremely wide and continues to
expand. In this connection, the problem arises of
the tools for designing and developing fuzzy control
systems. Today a large number of individual programs
and complexes for fuzzy calculations have been
produced. But existing software products and
complexes for the development of fuzzy systems are

not flexible enough to include fuzzy calculations in
a separate project, in the overwhelming majority they
are commercial products, mostly focused on solving
specific problems. Often, to build a project on the
principles of fuzzy logic, it is necessary to develop
from scratch the calculated part for the current task,
which causes problems with the repeatability of using
the resulting module. Therefore, the problem of the
existence of a flexible open universal mechanism for
developing fuzzy systems remains open.

Analysis of recent research and publications

During the existence of fuzzy calculations, a
fairly large number of instruments were developed
to implement fuzzy control systems.

One of the first to mention is the Fuzzy Logic
Toolbox, which is part of MatLab environment. This
software allows you to build fuzzy approximating
systems, fuzzy expert systems, hybrid (neural
network) systems, gives the opportunity to build quite
complex rules systems, has a wide range of
membership functions. At the same time, this
software has a convenient graphical interface, in spite
of this, you can work with it from the command
line using an extensive set of commands. The software
can also be used in the design of systems in Simulink
environment [2-4].

One of the best-selling packages for the design
of fuzzy systems is CubiCalc software from
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HyperLogic. This software can be integrated into
Microsoft Excel to perform fuzzy calculations in the
form of tables, can be used with programs that support
Visual Basic. The company also supplies an additional
library for the design of neural networks based on
fuzzy sets [5].

FuziCalc of FuziWare is also known as a
software for working with fuzzy quantities. This
software supports work with membership functions
and tables of both exact and fuzzy values [6].

Among the well-known programs are Triumph-
Analytic Corporation «Parus», software AnyLogic,
ITHINK, PolyAnalyst, ExPro Master and others [7].

All of the above software products, in addition
to being corporate and not freely available, have one
thing in common: they are separate programs that
can only be used to design fuzzy systems and can
not be integrated into the finished project. For the
project to work, a separate development of the
calculation modules is necessary. In addition, all these
software tools are not flexible enough to work, for
example, with fuzzy arithmetic, since they are
oriented to a rule base with fuzzy inference, which
makes them at best inconvenient for solving particular
problems.

There is a simple expert system FuzzyAdvicer
in free access, written in the language F# [8], but it
is not universal when working with various fuzzy
systems and can not be integrated directly into the
developed control system.

A huge disadvantage is also the incompleteness
of the provided instruments for calculation. In the
overwhelming majority, the possibility of fuzzy
inference is given only by Mamdani algorithm, less
often – by Sugeno algorithm. Of the existing fuzzy
operators, only those based on the minimax t-norm
are used. This significantly limits the possibility of
calculation.

Formulation of the research objective

The aim of the study is to develop a software
that will meet the following requirements:

– universality: the software should provide all
the possibilities for design fuzzy control systems, and
for fuzzy calculations within the projects being
developed;

– integrability: the software should provide the
ability to conduct calculations outside its
environment, as a component of the system being
designed, that is, to perform the duties of a calculation
module that transfers data directly to the control
system in an automatic mode;

– speed: the software should provide a
sufficiently high speed of operation in real conditions;

– portability: the software should provide the

ability to reuse in various fuzzy systems on different
platforms;

– completeness: the software should provide a
full set of possible fuzzy calculations;

– independence: the software should not
depend on the details of the implementation of a
particular platform.

Statement of the main research material

C++ was used as the programming language,
the development was carried out in Visual Studio
2013 programming environment under Windows 7.
To maintain universality, portability and
independence, the software was designed as a
modular library. The advantage of this approach is
that the library written in C++ integrates well into
almost any developed system, it is supported by quite
a large number of environments and programming
languages, it is well transferred to other operating
systems (in particular – on Mac OS and on Unix/
Linux). Since the library for working with fuzzy sets
was planned to be independent of the platform
implementations, the entire calculation part and the
data structures for it were original solutions.

The first stage of development was the
implementation of the abstract data type «set». As a
basis, a data structure of the «red-black tree» type
was written (Fig. 1). A red-black tree is a binary
search tree with one additional bit of color in each
node.

Fig. 1. Example of red-black tree

The color of the node can be either conditional
red, or conditional black [9]. A red-black tree must
satisfy the following properties:

– each node is either red or black;
– the root of the tree is a black node;
– each leaf of a tree (zero element) is a black node;
– if the node is red, then both children are

black;
– for each node, all the simple paths from it

to leaves that are descendants of this node contain
the same number of black nodes [9].
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These restrictions implement the main property
of the red-black tree: the path from the root to the
farthest leaf is no more than twice as long as the
path from the root to the nearest leaf. As a result,
the red-black tree is approximately balanced. Because
of this, it satisfies the requirement of speed of
operation, since the basic operations when working
with this data structure (element search, insertion of
a new element, and deletion of an element) occupy
no more than O (log n) number of operations.

In this case, the red-black tree very well
corresponds to the abstract data type «set», because
it allows to store data in each node in the form
necessary for us and at the same time excludes the
appearance of duplicate elements of the set. All the
operations necessary for working with the tree (delete,
insert, search, search for the next, previous, etc.)
were implemented. At the initial stages of the
development of the library, a restriction was accepted
that the used sets are finite and to each element
there corresponds a certain value of the membership
function, that is, the membership function is given
to the set in the form of a table of values. Therefore,
each node of the received tree contains information
about the stored element of the set and the value of
the membership function. In order to use the resulting
class in the future as a container, an additional iterator
class was created, based on a red-black tree node.

The resulting container was used in a class that
describes the actual data type «set». For this class,
the main methods and interfaces were implemented:
insertion, deletion, searching for an element by an
available key, searching for the smallest/largest,
passing the container using an iterator.

Based on the accepted constraint on the
finiteness of the set, we developed classes for working
with fuzzy elements (Fig. 2). In particular, we carried
out the differentiation of fuzzy sets into fuzzy sets
themselves and fuzzy numbers, which ensured the
flexibility of the library.

Fig. 2. Diagram of library classes

Fuzzy numbers provide work with interval
arithmetic and can be used in private calculations.
They are rigidly typed, which greatly facilitates the
calculations. The class of the fuzzy set itself is written
using template technology, which makes it possible
not to tie to the data type, and provides code
portability. The library has a modular structure,
therefore the user can use only the part necessary to
him, even the base class of the data structure «set» is
available separately.

Fig. 2 provides a simplified diagram of classes
that demonstrates the relationship in the library. The
description of classes is given in Table. 1.

Table  1

The description of library classes

Class Description 

f_RBnode 
Class-implementation of a red-

black tree node 

f_RBnode 
Class-interface to the node of red-

black tree 

f_RBtree Red-black tree 

f_RBnode_iterator 
Iterator for moving on red-black 

tree 

f_set Set 

FNumberI 
Fuzzy number on the set of 

natural numbers 

FNumberD 
Fuzzy number on the set of real 

numbers 

FuzSet<T> Class-template of fuzzy set 

 Table  2

Module structure of the library

Module Content 

Red-black tree Classes _f_RBnode, f_RBnode, f_RBtree 

Set Module of red-black tree and classes _f_RBnode_iterator, f_set 

Standard functions 
A set of mathematical functions and text formatting functions to ensure library 

independence 

Fuzzy integer number Modules of tree, set, standard functions and class FNumberI 

Fuzzy real number Modules of tree, set, standard functions and class FNumberD 

Operations on a fuzzy set 
A set of functions that provide logical operations (intersection, union, etc.), as well as 

the choice of various t-norms for these operations 

Fuzzy set Modules of tree, set, standard functions, operations and class FuzSet<T> 
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At the same time, the library in addition to the
above classes also contains separate modules of
functions for working with these classes. An
approximate structure of the modules is given in
Table. 2.

Concerning fuzzy logic in the library (Fig. 3),
we implemented:

– classes of fuzzy numbers and a fuzzy set itself;
– basic characteristics of fuzzy sets (height,

mode, carrier, alpha-level, core, norm);
– the choice of several t-norms for fuzzy

operations (min / max, algebraic, boundary, drastic);
– logical operations (union, intersection,

complement, equality, difference, symmetric
difference, disjunctive sum);

– algebraic operations on fuzzy numbers;
– algebraic actions on fuzzy sets (concentration,

extension, exponentiation, multiplication by number,
combination);

– operator of increasing fuzziness;
– defuzzification of fuzzy number.
All theoretical information for the realization

of the fuzzy set functional is given in [2–4,10].
To fully comply with the requirements set for

the library, the following steps are necessary to

develop the software:
– add of fuzzy relationships and operations over

them;
– add of a linguistic variable, term sets,

operations on term sets;
– add of a fuzzy output with a choice of output

algorithm;
– add of defuzzification of fuzzy set;
– add of infinite fuzzy sets with a given

membership function;
– add of a set of standard membership

functions;
– porting the library to Unix/Linux and MacOS

systems;
– add of top of the framework library as a

separate customizable design tool for fuzzy systems
with a graphical interface.

Conclusions

As a result of the work, a library for working
with fuzzy sets was designed and implemented. The
resulting software tool can be integrated into virtually
any fuzzy control system being developed and at the
same time makes it possible to perform both small
fuzzy calculations and participate in system design.

Fig. 3. An example of a simple program using a library



Zelentsov D.G., Naumenko N.Yu., Gorbonos P.A.

18 ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 1, pp. 14-18

REFERENCES

1. Reznik L. Fuzzy Controllers. – Oxford: Newnes, 1997. –

 287 p.

2. Êðóãëîâ Â.Â., Äëè Ì.È., Ãîëóíîâ Ð.Þ. Íå÷¸òêàÿ ëî-

ãèêà è èñêóññòâåííûå íåéðîííûå ñåòè. – Ì.: ÔÈÇÌÀÒËÈÒ,

2001. – 201 ñ.

3. Ëåîíåíêîâ À.À. Íå÷¸òêîå ìîäåëèðîâàíèå â ñðåäå

MATLAB è fuzzyTECH. – ÑÏá.: ÁÕÂ-Ïåòåðáóðã, 2005. – 736 ñ.

4. Øòîâáà Ñ.Ä. Ââåäåíèå â òåîðèþ íå÷¸òêèõ ìíîæåñòâ

è íå÷¸òêóþ ëîãèêó: Ìîíîãðàôèÿ. – Âèííèöà: Êîíòèíåíò-

Ïðèì, 2003. – 198 ñ.

5. HyperLogic Corporation official site [Ýëåêòðîííûé

ðåñóðñ]: [Âåá-ñàéò]. – Ýëåêòðîííûå äàííûå: Escondido, USA,

2008 – 2016. – Ðåæèì äîñòóïà: www.hyperlogic.com (äàòà îá-

ðàùåíèÿ 08.10.2016). – Íàçâàíèå ñ ýêðàíà.

6. Áî÷àðíèêîâ Â.Ï. Fuzzy-òåõíîëîãèÿ: Ìàòåìàòè÷åñêèå

îñíîâû. Ïðàêòèêà ìîäåëèðîâàíèÿ â ýêîíîìèêå. – Ñàíêò-

Ïåòåðáóðã: «Íàóêà» ÐÀÍ, 2001. – 328 ñ.

7. Brainema [Ýëåêòðîííûé ðåñóðñ]: [Âåá-ñàéò]. – Ýëåê-

òðîííûå äàííûå: 20011 – 2016. – Çàïèñü îò 08.04.2013 – Ðå-

æèì äîñòóïà: www.brainema.ru/ 2013/04/fuzzy-logic-

programs.html (äàòà îáðàùåíèÿ 08.10.2016). – Íàçâàíèå ñ

ýêðàíà.

8. CyberGuru [Ýëåêòðîííûé ðåñóðñ]: [Âåá-ñàéò]. –

 Ýëåêòðîííûå äàííûå: 2006–2014. – Ðåæèì äîñòóïà:

www.cyberguru.ru/algorithms/algorithms-theory/algorithms-

fuzzy-logic-system.html (äàòà îáðàùåíèÿ 08.10.2016). – Íàçâà-

íèå ñ ýêðàíà.

9. Àëãîðèòìû: ïîñòðîåíèå è àíàëèç, 3-å èçä. : Ïåð. ñ

àíãë. / Òîìàñ Êîðìåí, ×àðëüç Ëåéçåðîí, Ðîíàëüä Ðèâåñò,

Êëèôôîðä Øòàéí. – Ì.: ÎÎÎ «È. Ä. Âèëüÿìñ», 2013. – 1328 ñ.

10. Çàäå Ë. Íå÷¸òêàÿ ëîãèêà: Ïîíÿòèå ëèíãâèñòè÷åñ-

êîé ïåðåìåííîé è åãî ïðèìåíåíèå ê ïðèíÿòèþ ïðèáëèæ¸í-

íûõ ðåøåíèé. – Ì.: Ìèð, 1976. – 167 ñ.

Ïîñòóïèëà â ðåäàêöèþ 12.10.2016

ÏÐÎÃÐÀÌÍÈÉ ÇÀÑ²Á ÄËß ÏÐÎÅÊÒÓÂÀÍÍß ÑÈÑÒÅÌ
ÍÅ×²ÒÊÎÃÎ ÓÏÐÀÂË²ÍÍß ² ÏÐÎÂÅÄÅÍÍß ÍÅ×²ÒÊÎ-
ÌÍÎÆÈÍÍÈÕ ÐÎÇÐÀÕÓÍÊ²Â

Çåëåíöîâ Ä.Ã., Íàóìåíêî Í.Þ., Ãîðáîíîñ Ï.Î.

Â ðîáîò³ ïðîïîíóºòüñÿ îïèñ êîíöåïö³¿ ïðîåêòóâàííÿ ³
ñïîñîáè ðåàë³çàö³¿ á³áë³îòåêè äëÿ ðîáîòè ç äàíèìè, ùî ìàþòü
íå÷³òêèé õàðàêòåð. Íà ï³äñòàâ³ îãëÿäó îñòàíí³õ äîñë³äæåíü â
îáëàñò³ íå÷³òêèõ îá÷èñëåíü ñôîðìóëüîâàí³ îñíîâí³ âèìîãè, ùî
ïðåä’ÿâëÿþòüñÿ äî ïðîãðàìíèõ çàñîá³â äëÿ ïðîâåäåííÿ íå÷³òêî-
ìíîæèííèõ ðîçðàõóíê³â. Ìåòîþ ðîáîòè º ðîçðîáêà ïðîãðàìíî-
ãî çàñîáó, ðåàë³çîâàíîãî ó âèãëÿä³ ìîäóëüíî¿ á³áë³îòåêè, ÿêà çà-
äîâ³ëüíÿº âèìîãàì óí³âåðñàëüíîñò³, ³íòåãðîâàíîñò³, øâèäêîä³¿,
ïåðåíîñèìîñò³, ïîâíîòè òà íåçàëåæíîñò³. Äëÿ çàáåçïå÷åííÿ
ãíó÷êîñò³ ðîáîòè á³áë³îòåêè ïðîâåäåíà äèôåðåíö³àö³ÿ íå÷³òêèõ
äàíèõ íà âëàñíå íå÷³òê³ ìíîæèíè ³ íà íå÷³òê³ ÷èñëà. Ïðåä-
ñòàâëåíà ðåàë³çàö³ÿ áàãàòîö³ëüîâî¿ á³áë³îòåêè äëÿ ðîáîòè ç íå-
÷³òêèìè äàíèìè. Ïðîïîíóºòüñÿ îïèñ îñíîâíèõ åòàï³â ïðîåê-
òóâàííÿ ïðîãðàìíîãî çàñîáó, ³íñòðóìåíòó ¿õ ñòâîðåííÿ ³ ñòðóê-
òóðè ìîäóë³â á³áë³îòåêè. Íàâîäèòüñÿ ä³àãðàìà êëàñ³â, ùî äå-
ìîíñòðóº âçàºìîçâ’ÿçêè â á³áë³îòåö³, ³ îïèñ ìîäóë³â ôóíêö³é
äëÿ ðîáîòè ç öèìè êëàñàìè. Ðîçðîáëåíèé ïðîãðàìíèé çàñ³á ìîæå
áóòè ³íòåãðîâàí â óæå ³ñíóþ÷ó àáî ïðîåêòîâàíó ñèñòåìó óï-
ðàâë³ííÿ.

Êëþ÷îâ³ ñëîâà: íå÷³òêà ìíîæèíà, íå÷³òêà ñèñòåìà
óïðàâë³ííÿ, á³áë³îòåêà.

ÏÐÎÃÐÀÌÌÍÎÅ ÑÐÅÄÑÒÂÎ ÄËß ÏÐÎÅÊÒÈÐÎÂÀÍÈß
ÑÈÑÒÅÌ ÍÅ×¨ÒÊÎÃÎ ÓÏÐÀÂËÅÍÈß È
ÏÐÎÂÅÄÅÍÈß ÍÅ×¨ÒÊÎ-ÌÍÎÆÅÑÒÂÅÍÍÛÕ
ÐÀÑ×¨ÒÎÂ

Çåëåíöîâ Ä.Ã., Íàóìåíêî Í.Þ., Ãîðáîíîñ Ï.À.

Â ðàáîòå ïðåäëàãàåòñÿ îïèñàíèå êîíöåïöèè ïðîåêòèðî-
âàíèÿ è ñïîñîáû ðåàëèçàöèè áèáëèîòåêè äëÿ ðàáîòû ñ äàííû-
ìè, èìåþùèìè íå÷¸òêèé õàðàêòåð. Íà îñíîâàíèè îáçîðà ïîñ-
ëåäíèõ èññëåäîâàíèé â îáëàñòè íå÷¸òêèõ âû÷èñëåíèé ñôîðìó-
ëèðîâàíû îñíîâíûå òðåáîâàíèÿ, ïðåäúÿâëÿåìûå ê ïðîãðàììíûì
ñðåäñòâàì äëÿ ïðîâåäåíèÿ íå÷¸òêî-ìíîæåñòâåííûõ ðàñ÷¸òîâ.
Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà ïðîãðàììíîãî ñðåäñòâà,
ðåàëèçîâàííîãî â âèäå ìîäóëüíîé áèáëèîòåêè, êîòîðàÿ óäîâ-
ëåòâîðÿåò òðåáîâàíèÿì óíèâåðñàëüíîñòè, èíòåãðèðóåìîñòè,
áûñòðîäåéñòâèÿ, ïåðåíîñèìîñòè, ïîëíîòû è íåçàâèñèìîñòè.
Äëÿ îáåñïå÷åíèÿ ãèáêîñòè ðàáîòû áèáëèîòåêè ïðîâåäåíà äèô-
ôåðåíöèàöèÿ íå÷¸òêèõ äàííûõ íà ñîáñòâåííî íå÷¸òêèå ìíî-
æåñòâà è íà íå÷¸òêèå ÷èñëà. Ïðåäñòàâëåíà ðåàëèçàöèÿ ìíîãî-
öåëåâîé áèáëèîòåêè äëÿ ðàáîòû ñ íå÷¸òêèìè äàííûìè. Ïðåä-
ëàãàåòñÿ îïèñàíèå îñíîâíûõ ýòàïîâ ïðîåêòèðîâàíèÿ ïðîãðàìì-
íîãî ñðåäñòâà, èíñòðóìåíòà èõ ñîçäàíèÿ è ñòðóêòóðû ìîäóëåé
áèáëèîòåêè. Ïðèâîäèòñÿ äèàãðàììà êëàññîâ, äåìîíñòðèðóþ-
ùàÿ âçàèìîñâÿçè â áèáëèîòåêå, è îïèñàíèå ìîäóëåé ôóíêöèé
äëÿ ðàáîòû ñ ýòèìè êëàññàìè. Ðàçðàáîòàííîå ïðîãðàììíîå
ñðåäñòâî ìîæåò áûòü èíòåãðèðîâàíî â óæå ñóùåñòâóþùóþ
èëè ïðîåêòèðóåìóþ ñèñòåìó óïðàâëåíèÿ.

Êëþ÷åâûå ñëîâà: íå÷¸òêîå ìíîæåñòâî, íå÷¸òêàÿ ñèñòåìà
óïðàâëåíèÿ, áèáëèîòåêà.
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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÝÔÔÅÊÒÀ ÐÅÎËÎÃÈ×ÅÑÊÎÉ ÀÍÎÌÀËÈÈ Â ÂÎÄÍÛÕ
ÐÀÑÒÂÎÐÀÕ ÀÌÈÍÎÑÈËÈÊÀÒÎÂ

à Íàöèîíàëüíûé èññëåäîâàòåëüñêèé Ìîñêîâñêèé ãîñóäàðñòâåííûé ñòðîèòåëüíûé óíèâåðñèòåò, ã. -
Ìîñêâà

Б ГВУЗ «НАЦИОНАЛЬНЫЙ ГОРНЫЙ УНИВЕРСИТЕТ», Г. ДНЕПР

Â ðàáîòå ïðåäëàãàåòñÿ ïðîñòàÿ ìàòåìàòè÷åñêàÿ ìîäåëü âçàèìîñâÿçàííûõ êèñëîòíî-

îñíîâíûõ è ïîëèêîíäåíñàöèîííûõ ðàâíîâåñèé â âîäíûõ ðàñòâîðàõ àìèíîñèëèêà-

òîâ (ïîëèñèëèêàòîâ àëèôàòè÷åñêèõ àìèíîâ, àìèíîñïèðòîâ è äðóãèõ àìèíîñîåäè-

íåíèé). Öåëüþ ðàáîòû ÿâëÿëîñü îïèñàíèå ýôôåêòà ðåîëîãè÷åñêîé àíîìàëèè, çàê-

ëþ÷àþùåéñÿ â îáðàòèìîì ðîñòå âÿçêîñòè ðàñòâîðà ïðè ïîâûøåíèè òåìïåðàòóðû.

Ïðåäëàãàåìàÿ ðàñ÷åòíàÿ ìîäåëü ïðåäïîëàãàåò ïðÿìóþ çàâèñèìîñòü âÿçêîñòè ðà-

ñòâîðà îò ñòåïåíè ïîëèìåðèçàöèè ñèëèêàòíûõ àíèîíîâ, à òàêæå íåçàâèñèìîñòü

êîíñòàíòû äèññîöèàöèè ñèëàíîëüíûõ ãðóïï è êîíñòàíòû ðàâíîâåñèÿ ïðîöåññà ïî-

ëèêîíäåíñàöèè îò ñòåïåíè ïîëèìåðèçàöèè. Íà îñíîâå ïðèíÿòûõ äîïóùåíèé áûëà

ïîñòðîåíà è ðåøåíà ñèñòåìà èç âîñüìè ëèíåéíûõ è íåëèíåéíûõ óðàâíåíèé. Ðå-

çóëüòàòû âû÷èñëåíèé, âûïîëíåííûõ äëÿ êîíöåíòðèðîâàííûõ ðàñòâîðîâ ñèëèêàòîâ

àìèíîâ (ìåòèëàìèí, äèýòèëàìèí, ïèïåðèäèí, ìîíîýòàíîëàìèí), à òàêæå íàòðèÿ,

ïîäòâåðæäàþò íàëè÷èå ïîëîæèòåëüíîé òåìïåðàòóðíîé çàâèñèìîñòè ñòåïåíè ïîëè-

ìåðèçàöèè ñèëèêàòíûõ àíèîíîâ â ðàñòâîðàõ àìèíîñèëèêàòîâ, â îòëè÷èå îò ðàñòâî-

ðîâ ñèëèêàòîâ ñèëüíûõ îñíîâàíèé. Òàêèì îáðàçîì, ïðåäëàãàåìàÿ ìàòåìàòè÷åñêàÿ

ìîäåëü ïîëèìåðèçàöèîííî-ãèäðîëèçíûõ ðàâíîâåñèé â âîäíûõ ðàñòâîðàõ ñèëèêà-

òîâ êà÷åñòâåííî îáúÿñíÿåò ñóùåñòâîâàíèå ðåîëîãè÷åñêîé àíîìàëèè â âîäíûõ ðà-

ñòâîðàõ àìèíîñèëèêàòîâ è åå îòñóòñòâèå â ðàñòâîðàõ ùåëî÷íûõ ñèëèêàòîâ è ñèëè-

êàòîâ ÷åòûðåõçàìåùåííûõ àììîíèåâûõ îñíîâàíèé. Êðîìå òîãî, îíà ïðàâèëüíî

âîñïðîèçâîäèò ñìåùåíèå ìîëåêóëÿðíî-ìàññîâîãî ðàñïðåäåëåíèÿ ñèëèêàòíûõ àíè-

îíîâ ïðè èçìåíåíèè õèìè÷åñêîãî ñîñòàâà è êîíöåíòðàöèè ðàñòâîðîâ.

Êëþ÷åâûå ñëîâà: àëèôàòè÷åñêèå àìèíû, àìèíîñèëèêàòû, ðåîëîãè÷åñêèå ñâîéñòâà,

âÿçêîñòü, ïîëèêîíäåíñàöèÿ, ðàñ÷åòíàÿ ìîäåëü.

Ïîñòàíîâêà ïðîáëåìû
Ðàñòâîðû àìèíîñèëèêàòîâ (ÀÑ) ïðåäñòàâ-

ëÿþò ñîáîé âîäíûå ðàñòâîðû ïîëèñèëèêàòîâ
àëèôàòè÷åñêèõ àìèíîâ (à òàêæå àìèíîñïèðòîâ
è äðóãèõ àìèíîñîåäèíåíèé), ïîëó÷àåìûå ìåòî-
äîì èîííîãî îáìåíà ëèáî ïðÿìûì ðàñòâîðåíè-
åì òâåðäîé êðåìíåêèñëîòû èëè àýðîñèëà â âîä-
íûõ ðàñòâîðàõ àìèíîñîåäèíåíèé ñ äîñòàòî÷íî
âûñîêîé âåëè÷èíîé êîíñòàíòû îñíîâíîñòè àìè-
íî- èëè èìèíîãðóïïû ( bpK <4,5). Ñâîéñòâà òà-
êèõ ðàñòâîðîâ â çíà÷èòåëüíîé ñòåïåíè îïðåäå-
ëÿþòñÿ äâóìÿ âçàèìîñâÿçàííûìè ðàâíîâåñèÿìè,
à èìåííî, ðàâíîâåñèåì èîíèçàöèè àìèíà è ðàâ-
íîâåñèåì ïîëèêîíäåíñàöèè êðåìíåêèñëîðîäíûõ
àíèîíîâ (ÊÊÀ), ðåçóëüòèðóþùèå çíà÷åíèÿ ðÍ
è ïàðàìåòðîâ ìîëåêóëÿðíî-ìàññîâîãî ðàñïðåäå-

ëåíèÿ (ÌÌÐ) àíèîíîâ îïðåäåëÿþòñÿ òèïîì àìè-
íà, åãî

êîíöåíòðàöèåé è êîíöåíòðàöèåé 2SiO , à
òàêæå òåìïåðàòóðîé. Íàèáîëåå èíòåðåñíûì
ñâîéñòâîì âîäíûõ ðàñòâîðîâ ÀÑ ÿâëÿåòñÿ òî, ÷òî
âñå äîñòàòî÷íî êîíöåíòðèðîâàííûå ïî êðåìíå-
çåìó ðàñòâîðû ïðîÿâëÿþò ýôôåêò ðåîëîãè÷åñ-
êîé àíîìàëèè, çàêëþ÷àþùèéñÿ â îáðàòèìîì
ïîâûøåíèè âÿçêîñòè ðàñòâîðà ñ ðîñòîì òåìïå-
ðàòóðû. Õîòÿ ñ ìîìåíòà îòêðûòèÿ ýôôåêòà ðåî-
ëîãè÷åñêîé àíîìàëèè â ðàñòâîðàõ ÀÑ ïðîøëî
áîëåå 20 ëåò, ôèçèêî-õèìè÷åñêèé ìåõàíèçì ÿâ-
ëåíèÿ äî ñèõ ïîð íåëüçÿ ñ÷èòàòü îêîí÷àòåëüíî
óñòàíîâëåííûì.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Âïåðâûå îá ýôôåêòå ðåîëîãè÷åñêîé àíî-
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ìàëèè â ðàñòâîðàõ ÀÑ áûëî ñîîáùåíî â 1994 ã.
[1], ïðè÷åì ñðàçó æå áûëî îòìå÷åíî è â ïîñëå-
äóþùèõ ðàáîòàõ ïîäòâåðæäåíî, ÷òî çàãóñòåâàíèå
ðàñòâîðîâ ïðè íàãðåâàíèè ñîïðîâîæäàåòñÿ ïî-
âûøåíèåì ñðåäíåé ñòåïåíè ïîëèìåðèçàöèè ÊÊÀ
[2–3]. Âíåøíå ñõîäíûé ýôôåêò íàáëþäàåòñÿ è
â äðóãèõ ñèëèêàòíûõ ñèñòåìàõ (ðàñòâîðû ïîëè-
ñèëèêàòîâ ëèòèÿ [4] è òåòðàììèí-öèíêà [5]), à
òàêæå â íåñêîëüêèõ íåñèëèêàòíûõ ñèñòåìàõ,
îäíàêî â ýòèõ ñëó÷àÿõ àíîìàëèÿ èìååò ñîâåð-
øåííî äðóãîé ìåõàíèçì, íå ñâÿçàííûé ñ ïîëè-
ìåðèçàöèåé èîíîâ [6].

Â òàáë. 1 ïåðå÷èñëåíû â õðîíîëîãè÷åñêîì
ïîðÿäêå îïèñàíèÿ âàæíåéøèõ æèäêèõ ñèñòåì,
ïðîÿâëÿþùèõ ðåîëîãè÷åñêóþ àíîìàëèþ. Ñëåäóåò
îòìåòèòü, ÷òî, íåñìîòðÿ íà îòñóòñòâèå äîñòàòî÷-
íî íàäåæíîãî òåîðåòè÷åñêîãî îáîñíîâàíèÿ ýô-
ôåêòà â êàêîé-ëèáî èç ïðîÿâëÿþùèõ åãî ñèñ-
òåì, ñàìî ÿâëåíèå ïîëó÷èëî ïðàêòè÷åñêîå ïðè-
ìåíåíèå, â ÷àñòíîñòè, ïðè îòëèâêå êåðàìè÷åñ-
êèõ ãåëåé ñ ïîìîùüþ ìåòèëöåëëþëîçû â êà÷å-
ñòâå çàãóñòèòåëÿ [7–8].

Ðàñòâîðû ñèëèêàòîâ äðóãèõ ñèëüíûõ îñíî-
âàíèé (ùåëî÷íûõ ìåòàëëîâ, êðîìå ëèòèÿ, è ÷å-
òûðåõçàìåùåííûõ àììîíèåâûõ îñíâàíèé), à òàê-
æå áîðàòîâ ÀÑ, íå ïðîÿâëÿþò ðåîëîãè÷åñêîé
àíîìàëèè. Â êà÷åñòâå ïðèìåðà, íà ðèñ. 1 ïîêà-
çàíû çàâèñèìîñòè äåñÿòè÷íîãî ëîãàðèôìà äè-
íàìè÷åñêîé âÿçêîñòè ( lg , ìÏàñ.) îò òåìïåðà-
òóðû äëÿ íåñêîëüêèõ ñèëèêàòíûõ è áîðàòíûõ
ðàñòâîðîâ, ïðîÿâëÿþùèõ è íå ïðîÿâëÿþùèõ
ðåîëîãè÷åñêóþ àíîìàëèþ.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿëàñü ðàçðà-

áîòêà ïðîñòîé ìàòåìàòè÷åñêîé ìîäåëè âçàèìî-
ñâÿçàííûõ êèñëîòíî-îñíîâíûõ è ïîëèêîíäåí-
ñàöèîííûõ ðàâíîâåñèé â ðàñòâîðàõ ÀÑ, êîòîðàÿ

ïîçâîëèëà áû îáúÿñíèòü âîçíèêíîâåíèå ðåîëî-
ãè÷åñêîé àíîìàëèè çà ñ÷åò ïîëèêîíäåíñàöèîí-
íîãî ôàêòîðà, à èìåííî, ïðÿìîé çàâèñèìîñòè
ñðåäíåé ñòåïåíè ïîëèìåðèçàöèè ÊÊÀ îò òåì-
ïåðàòóðû.

Òàêîé ïîäõîä äàåò âîçìîæíîñòü óòî÷íèòü
ìåõàíèçì ÿâëåíèÿ, âûÿñíèòü ðîëü â åãî âîçíèê-
íîâåíèè ðàçëè÷íûõ òåðìîäèíàìè÷åñêèõ ôàêòî-
ðîâ è, êàê ñëåäñòâèå, ïðîâîäèòü áîëåå îñìûñ-
ëåííûé ïîèñê íîâûõ ñèëèêàòíûõ è íåñèëèêàò-
íûõ ñèñòåì ñ òàêîé æå àíîìàëèåé.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Ñâîéñòâà ðàñòâîðîâ ÀÑ â çíà÷èòåëüíîé ñòå-
ïåíè îïðåäåëÿþòñÿ äâóìÿ âçàèìîñâÿçàííûìè

Òàáëèöà 1

Èçâåñòíûå ê íàñòîÿùåìó âðåìåíè ñèñòåìû ñ ðåîëîãè÷åñêîé àíîìàëèåé

Система Год открытия и авторы Механизм аномалии 

Водные растворы силикатов 

лития 
1907 (J.M. Ordway) 

Обратная температурная зависимость 

растворимости силикатов лития в воде 

Метилцеллюлоза (водные 

растворы) 
1935 (E. Heymann) 

Усиление гидрофобного взаимодействия 

полимерных цепей из-за уменьшения степени 

гидратации метокси-групп с ростом температуры 

Жидкая сера 
1943 (R.F. Bacon, 

R. Fanelli) 

Обратимая полимеризация при нагревании до 

1590С  

Водные растворы сополимеров 

(на основе полиалкиленгликолей, 

N-замещенных полиакриламидов, 

полифосфазенов и др.) 

1972 (I. Schmolka) 

Мицеллярная агрегация, вызываемая усилением 

гидрофобного взаимодействия из-за уменьшения 

степени гидратации полярных групп с ростом 

температуры 

Водные растворы 

аминосиликатов 

1994 (Н.И. Малявский 

с сотр.) 

Повышение степени полимеризации ККА с 

ростом температуры 

 

Ðèñ. 1. Òåìïåðàòóðíàÿ çàâèñèìîñòü lg  äëÿ âîäíûõ

ðàñòâîðîâ ñèëèêàòîâ (â ñêîáêàõ – ìîëÿðíûé ìîäóëü):

1 – íàòðèÿ (2,9); 2 – ëèòèÿ (3,0); 3 – ïèïåðèäèíà (2,8);

4 – äèýòèë-áèñ-ãèäðîêñèïðîïèëàììîíèÿ (1,5);

5 – ýòàíîëàìèíà (0,57); 6 – âîäíîãî ðàñòâîðà áîðàòà

ýòàíîëàìèíà (1,3)
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ðàâíîâåñèÿìè: ðàâíîâåñèåì èîíèçàöèè àìèíà è
ðàâíîâåñèåì ïîëèêîíäåíñàöèè ñèëèêàòíûõ àíè-
îíîâ:

  OHNHOHNH 322 ;  (1)

.312

43










OHOSiH

SiOHOSiH

x
qmp

x
qmp

  (2)

×åì âûøå âåëè÷èíà êîíñòàíòû îñíîâíîñ-
òè àìèíà ( bK ), òåì ñèëüíåå ðàâíîâåñèå (1) ñìå-
ùåíî âïðàâî, à ðàâíîâåñèå (2) – âëåâî, â ñòîðî-
íó ìåíåå ïîëèìåðèçîâàííûõ ÊÊÀ. Ïîâûøåíèå
îáùåé êîíöåíòðàöèè 2SiO  â ðàñòâîðå, íàîáî-
ðîò, ñìåùàåò ðàâíîâåñèå (2) âïðàâî. Ïðåäëàãàå-
ìàÿ ðàñ÷åòíàÿ ìîäåëü áàçèðóåòñÿ íà ñëåäóþùèõ
ïðåäïîëîæåíèÿõ:

– ðàñòâîðû àìèíîñèëèêàòîâ, êàê è ñèëè-
êàòîâ ùåëî÷íûõ ìåòàëëîâ, èìåþò ðàâíîâåñíûé
õàðàêòåð;

– äèíàìè÷åñêàÿ âÿçêîñòü ðàñòâîðîâ ñèëè-
êàòîâ ñâÿçàíà ïðÿìîé çàâèñèìîñòüþ ñî ñðåäíåé
ñòåïåíüþ ïîëèìåðèçàöèè ÊÊÀ;

– âåëè÷èíû êîíñòàíòû äèññîöèàöèè ñèëà-
íîëüíûõ ãðóïï ÊÊÀ è êîíñòàíòû ðàâíîâåñèÿ
ïðîöåññà ïîëèêîíäåíñàöèè ÊÊÀ íå çàâèñÿò îò
òèïà àíèîíà è åãî ñòåïåíè ïîëèìåðèçàöèè.

Èç ýòèõ ïðåäïîëîæåíèé ïåðâûå äâà îñíî-
âàíû íà âñåé ñîâîêóïíîñòè ðåçóëüòàòîâ èññëå-
äîâàíèé ðàñòâîðîâ àìèíîñèëèêàòîâ, à òðåòüå
ÿâëÿåòñÿ âïîëíå äîïóñòèìûì óïðîùåíèåì, çíà-
÷èòåëüíî îáëåã÷àþùèì ðàñ÷åò è íå èçìåíÿþ-
ùèì êà÷åñòâåííî åãî ðåçóëüòàòû.

Òîãäà èìååòñÿ òðè õèìè÷åñêèõ ðàâíîâåñèÿ,
îïðåäåëÿþùèå èîííûé ñîñòàâ ðàñòâîðà, ñ êîí-
ñòàíòàìè, ñîîòâåòñòâåííî, äèññîöèàöèè ñèëà-
íîëüíîé ñâÿçè ( aK ), ïðîòîíèçàöèè àìèíà ( bK )
è ïîëèêîíäåíñàöèè ÊÊÀ ( pK ):

  HOSiOHSi ;  (3)

]OHSi[

]H[]OSi[
Ka








;  (3a)

  OHNHROHNHR 322 ;  (4)

]NHR[

]OH[]NHR[
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;  (4a)
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OHSiOSi

OSiOHSi
  

(5)

]OSi[]OHSi[

]OH[]SiOSi[
K p 






 .  (5a)

Èç ñîîáðàæåíèé ñòåõèîìåòðèè èìååì åùå
òðè çàâèñèìîñòè:

],[2

][][4
2



 

SiOSi

OSiOHSiCSiO
  

(6)

]NHR[]NHR[CRNH 232
  ;  (7)

]NHR[]OH[]OSi[   3 ,  (8)

ãäå 
2SiOC  è 

2RNHC îáîçíà÷àþò îáùèå ìîëÿð-
íûå êîíöåíòðàöèè êðåìíåçåìà è àìèíà â ðà-
ñòâîðå. Ïðè ýòîì â ïîñëåäíåì óðàâíåíèè äîïó-
ñòèìî ïðåíåáðå÷ü êîíöåíòðàöèåé êàòèîíîâ âî-
äîðîäà, ó÷èòûâàÿ ñóùåñòâåííî ùåëî÷íóþ ñðåäó
â ðàñòâîðàõ ñèëèêàòîâ ïðàêòè÷åñêè âàæíûõ êîí-
öåíòðàöèé (ðÍ=10,5–12,5).

Äëÿ îöåíêè ñòåïåíè «çàïîëèìåðèçîâàííî-
ñòè» ÊÊÀ çäåñü èñïîëüçóåòñÿ îñíîâíîñòü x
(ìîëüíîå îòíîøåíèå 22 SiO/OH  â ìîëåêóëå
ñîîòâåòñòâóþùåé êðåìíåêèñëîòû), íàèáîëåå
óäîáíàÿ äëÿ õàðàêòåðèñòèêè ñèëüíî çàïîëèìå-
ðèçîâàííûõ ñèëèêàòîâ è ñâÿçàííàÿ ñ áîëåå ÷àñ-
òî èñïîëüçóåìîé âåëè÷èíîé ñâÿçíîñòè ÊÊÀ ( Q )
ñîîòíîøåíèåì xQ 24  . Âåëè÷èíà îñíîâíîñ-
òè ÊÊÀ âûðàæàåòñÿ ÷åðåç èñïîëüçóåìûå çäåñü
ïàðàìåòðû ñèñòåìû ñëåäóþùèì îáðàçîì:

2
/][2 SiOCSiOSix  .  (9)

Òàêæå èìååò ìåñòî åùå îäíà âçàèìîñâÿçü
êîíöåíòðàöèé – èîííîå ïðîèçâåäåíèå âîäû:

]OH[]H[Kw
  .  (10)

Òàêèì îáðàçîì, ïîëó÷åíà ñèñòåìà èç âîñü-
ìè óðàâíåíèé (3à, 4à, 5à è 6–10), ÷åòûðå èç êî-
òîðûõ íåëèíåéíûå. Ýòà ìîäåëü ìîæåò áûòü èñ-
ïîëüçîâàíà è äëÿ ðàñ÷åòà ðàâíîâåñèé â ðàñòâî-
ðàõ ùåëî÷íûõ ñèëèêàòîâ è ñèëèêàòîâ ÷åòûðåõ-
çàìåùåííûõ àììîíèåâûõ îñíîâàíèé – ïðè èñ-
ïîëüçîâàíèè ïðåäïîëîæåíèÿ î ïîëíîé èîíèçà-
öèè êàòèîíà (ðàâíîâåñèå (4) öåëèêîì ñäâèíóòî
âïðàâî).

Ñ ó÷åòîì ïîäñòàíîâîê ðåøåíèå ñèñòåìû
ñâîäèòñÿ ê ðåøåíèþ ñëåäóþùåãî óðàâíåíèÿ:

02
2
 SiO

a

w Cx
K

QK
QF ,  (11)
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ãäå çíà÷åíèÿ ïàðàìåòðîâ Q è F, ñîîòâåòñòâåííî,
ðàâíû:

wp

a

KK

K)x(
Q




2
;

)1
)1(

4
1(

2
2

2 



SiOb

RNHb

CQK

CK
F .

Ðåøåíèå óðàâíåíèÿ (11) îòíîñèòåëüíî x
ïðè ðàçëè÷íûõ çíà÷åíèÿõ îáùèõ êîíöåíòðàöèé
àìèíà è êðåìíåçåìà ïðîâîäèëîñü ÷èñëåííî ìå-
òîäîì ïîëîâèííîãî äåëåíèÿ. Ðåøåíèå îáëåã÷à-
åòñÿ òåì, ÷òî â åäèíñòâåííîì èìåþùåì ôèçè-
÷åñêèé ñìûñë èíòåðâàëå îñíîâíîñòåé 20  x
óðàâíåíèå âñåãäà èìååò ðåøåíèå è ïðèòîì åäèí-
ñòâåííîå. Äëÿ ñòàíäàðòíîé òåìïåðàòóðû 298 Ê
èñïîëüçîâàëèñü îáùåïðèíÿòûå çíà÷åíèÿ ïîêà-
çàòåëåé êîíñòàíò: 014,pKw  ; 89,pKa   [4];

860,pK p   [4], à âåëè÷èíû bpK  àìèíîâ áûëè
âçÿòû èç ìîíîãðàôèè Äæ. Ëåôôëåðà è Å. Ãðóí-
âàëüäà [9]. Äëÿ ðàñòâîðîâ ùåëî÷íûõ ñèëèêàòîâ
èñïîëüçîâàëàñü óñëîâíàÿ âåëè÷èíà 3bpK ,
ïðàêòè÷åñêè ïîëíîñòüþ èñêëþ÷àþùàÿ âîçìîæ-
íîñòü ãèäðîëèçà ïî êàòèîíó.

Ðåçóëüòàòû âû÷èñëåíèé, âûïîëíåííûõ äëÿ
êîíöåíòðèðîâàííûõ ðàñòâîðîâ ñèëèêàòîâ àìè-
íîâ (ìåòèëàìèí, äèýòèëàìèí, ïèïåðèäèí, ýòà-
íîëàìèí è äð.) è íàòðèÿ, äàþò âïîëíå ðàçóì-
íûå, õîòÿ è íåñêîëüêî çàíèæåííûå, âåëè÷èíû
ñðåäíåìàññîâîé îñíîâíîñòè ÊÊÀ ( x ). Òàê, äëÿ
10–20%-íûõ ïî êðåìíåçåìó ðàñòâîðîâ ñ ñèëè-
êàòíûì ìîäóëÿìè 2–3 ïîëó÷åíû çíà÷åíèÿ, ëå-
æàùèå â èíòåðâàëàõ 0,1–0,3 (àìèíîñèëèêàòû) è
0,3–0,5 (ñèëèêàòû íàòðèÿ). Ïîñëåäíèé èíòåð-
âàë íàõîäèòñÿ â ïîëóêîëè÷åñòâåííîì ñîãëàñèè
ñ áîëüøèíñòâîì ýêñïåðèìåíòàëüíûõ äàííûõ
(õ=0,5–0,6), îïðåäåëÿåìûõ ñ ïîìîùüþ ÌÌÐ íà
ÿäðàõ Si-29. Êðîìå òîãî, õîðîøî âîñïðîèçâîäÿòñÿ
èçâåñòíûå çàâèñèìîñòè âåëè÷èíû õ îò ïàðàìåò-
ðîâ ñîñòàâà ðàñòâîðà (åå ðîñò ñ óâåëè÷åíèåì

2
RNHC  ïðè ïîñòîÿííîé 

2
SiOC è ñ óìåíüøåíèåì

2
SiOC  ïðè ïîñòîÿííîé 

2
RNHC , à òàêæå ñ óìåíü-

øåíèåì 
b

pK  àìèíà). Âîñïðîèçâîäèòñÿ òàêæå

ìåíåå òðèâèàëüíàÿ çàâèñèìîñòü, à èìåííî, ñó-
ùåñòâåííûé ðîñò âåëè÷èíû õ ñ óìåíüøåíèåì
êîíöåíòðàöèè ðàñòâîðà äëÿ àìèíîñèëèêàòîâ è
âåñüìà ñëàáàÿ çàâèñèìîñòü (èëè äàæå íåêîòîðîå
óìåíüøåíèå õ [4]) äëÿ ùåëî÷íûõ ñèëèêàòîâ.

Áûëè âûïîëíåíû ðàñ÷åòû òåìïåðàòóðíîé

çàâèñèìîñòè x  äëÿ îáîèõ òèïîâ ñèëèêàòíûõ
ðàñòâîðîâ. Âåëè÷èíû bpK  àìèíîâ äëÿ òåìïå-
ðàòóð îò 00 äî +600Ñ îïðåäåëåíû ïî ëèòåðàòóð-
íûì äàííûì [9] (äëÿ ùåëî÷íûõ ñèëèêàòîâ èç-
ìåíåíèÿ èñïîëüçîâàííîé â ðàñ÷åòàõ óñëîâíîé
âåëè÷èíû bpK  íå âëèÿþò íà ðåçóëüòàòû ðàñ÷å-
òà). Äëÿ âû÷èñëåíèÿ apK  è ppK , â ñâÿçè ñ îò-
ñóòñòâèåì äîñòîâåðíûõ äàííûõ, èñïîëüçîâàíû
íàáîðû çíà÷åíèé ýíòàëüïèé äèññîöèàöèè è ïî-
ëèìåðèçàöèè âíóòðè íåêîòîðûõ èìåþùèõ ôè-
çè÷åñêèé ñìûñë èíòåðâàëîâ. Õàðàêòåðíûå ïðè-
ìåðû ðåçóëüòàòîâ âû÷èñëåíèé ïðèâåäåíû â òàá-
ëèöå 2 (51,4 êÄæ/ìîëü – êðàéíÿÿ âåðõíÿÿ îöåíêà
âåëè÷èíû aH  – è –8,3 êÄæ/ìîëü – êðàéíÿÿ
íèæíÿÿ îöåíêà âåëè÷èíû pH  – âû÷èñëåíû ïî
äàííûì, ïðèâåäåííûì â ìîíîãðàôèè Ð. Àéëåðà
[4]).

Êàê ñëåäóåò èç ïðåäñòàâëåííûõ â òàáëèöå
ðåçóëüòàòîâ, äëÿ ðàñòâîðîâ ñèëèêàòà ìåòèëàìè-
íà âî âñåõ ñëó÷àÿõ, êðîìå îäíîãî (¹ 6), ïîëó÷å-
íî ïîâûøåíèå ñòåïåíè ïîëèìåðèçàöèè (èëè, ÷òî
òî æå ñàìîå, ïîíèæåíèå ñðåäíåé îñíîâíîñòè
ÊÊÀ) ñ ðîñòîì òåìïåðàòóðû. Àíàëîãè÷íûå ðå-
çóëüòàòû ïîëó÷åíû äëÿ ñèëèêàòîâ äðóãèõ àìè-
íîñîåäèíåíèé. Â òî æå âðåìÿ, äëÿ ðàñòâîðîâ
ñèëèêàòîâ ñèëüíûõ îñíîâàíèé, òàêèõ, êàê ñè-
ëèêàò íàòðèÿ, âî âñåõ ñëó÷àÿõ, êðîìå îäíîãî
(¹ 6), íàáëþäàåòñÿ îáðàòíàÿ çàâèñèìîñòü – ïî-
íèæåíèå ñòåïåíè ïîëèìåðèçàöèè (ïîâûøåíèå
îñíîâíîñòè ÊÊÀ) ñ ðîñòîì òåìïåðàòóðû.

Ïîëó÷åííûå ðåçóëüòàòû ïî ñìåùåíèþ
ÌÌÐ ñîãëàñóþòñÿ ñ ðàçëè÷íîé êðóòèçíîé ðàñ-
÷åòíûõ êðèâûõ çàâèñèìîñòè pH  îò òåìïåðàòó-
ðû – äëÿ ðàñòâîðîâ ÀÑ ñêîðîñòü ñíèæåíèÿ pH
ñ ðîñòîì òåìïåðàòóðû çíà÷èòåëüíî âûøå, ÷åì
äëÿ ðàñòâîðîâ ùåëî÷íûõ ñèëèêàòîâ. Â êà÷åñòâå
ïðèìåðà, íà ðèñ. 2 ïîêàçàíû òåìïåðàòóðíûå çà-
âèñèìîñòè x  è  äëÿ ðàñòâîðîâ ñèëèêàòîâ íà-
òðèÿ è ìåòèëàìèíà ñ îäèíàêîâûìè ìîäóëÿìè è
êîíöåíòðàöèåé êðåìíåçåìà, ðàññ÷èòàííûå ïðè
îäèíàêîâûõ íàáîðàõ ýíòàëüïèéíûõ ïåðåìåííûõ.

Ðàñ÷åò ïîêàçûâàåò, ÷òî, âîïðåêè ïåðâîíà-
÷àëüíûì ïðåäïîëîæåíèÿì [2–3], ðåîëîãè÷åñêàÿ
àíîìàëèÿ íå ñâÿçàíà íåïîñðåäñòâåííî ñ òåïëî-
âûì ýôôåêòîì ïðîòîíèçàöèè àìèíà: ïîëèìå-
ðèçàöèÿ àìèíîñèëèêàòà ïðè íàãðåâàíèè ðàñòâîðà
èìååò ìåñòî ïðè âñåõ êîìáèíàöèÿõ èñõîäíûõ
ïàðàìåòðîâ, êðîìå îäíîãî (¹ 6), â òîì ÷èñëå è
äëÿ ñëó÷àÿ ñ íóëåâûìè çíà÷åíèÿìè âñåõ òðåõ
ýíòàëüïèé (¹ 1). Ïðåäñòàâëÿåòñÿ, ÷òî îïðåäå-
ëÿþùóþ ðîëü â åå âîçíèêíîâåíèè èãðàþò òðè
ôàêòîðà: à) óâåëè÷åíèå  ñ ðîñòîì òåìïåðàòóðû,
á) íåâûñîêàÿ, â ñðàâíåíèè ñ ïðîöåññîì èîíèçà-
öèè âîäû (55,8 êÄæ/ìîëü), èëè íóëåâàÿ ýíäî-
òåðìè÷íîñòü ðåàêöèè äèññîöèàöèè ñèëàíîëüíîé
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ãðóïïû è â) íóëåâîé èëè ïîëîæèòåëüíûé òåï-
ëîâîé ýôôåêò ðåàêöèè ïîëèêîíäåíñàöèè ÊÊÀ,
â îïòèìóìå – ñî÷åòàíèå ïîñëåäíèõ äâóõ ôàêòî-
ðîâ (¹ 4).

Ïðè ýòîì ñ ðîñòîì òåìïåðàòóðû êîíöåíò-
ðàöèÿ ãèäðîêñèä-èîíîâ óâåëè÷èâàåòñÿ, ãëàâíûì
îáðàçîì, âñëåäñòâèå óñèëåíèÿ ïðîöåññà äèññî-
öèàöèè âîäû.

Òî æå îòíîñèòñÿ è ê òåìïåðàòóðíîé çàâè-
ñèìîñòè âåëè÷èíû  OH  â ðàñòâîðå ñèëèêàòà
íàòðèÿ, íî òàì íàáëþäàåòñÿ, íàîáîðîò, äåïîëè-
ìåðèçàöèÿ ÊÊÀ ïðè íàãðåâàíèè, õîòÿ è âåñüìà
ñëàáàÿ.

Òàêîé ðåçóëüòàò ìîæíî îáúÿñíèòü èçìåíå-
íèåì âèäà ïåðâîãî ÷ëåíà âíóòðè ñêîáîê â óðàâ-
íåíèè (11): ïðè áîëüøèõ çíà÷åíèÿõ bK  îí ïå-
ðåñòàåò çàâèñåòü îò wK , à ñëåäîâàòåëüíî, è îò
òåìïåðàòóðû, è òåìïåðàòóðíóþ çàâèñèìîñòü âå-
ëè÷èíû x  îïðåäåëÿåò âòîðîé ÷ëåí âíóòðè ñêî-
áîê, îáåñïå÷èâàþùèé ïîëîæèòåëüíóþ òåìïåðà-
òóðíóþ çàâèñèìîñòü âåëè÷èíû îñíîâíîñòè ÊÊÀ.

Âûâîäû
Òàêèì îáðàçîì, ïðåäëàãàåìàÿ ìàòåìàòè÷åñ-

êàÿ ìîäåëü ïîëèìåðèçàöèîííî-ãèäðîëèçíûõ
ðàâíîâåñèé â âîäíûõ ðàñòâîðàõ ñèëèêàòîâ êà÷å-
ñòâåííî îáúÿñíÿåò ñóùåñòâîâàíèå ðåîëîãè÷åñ-
êîé àíîìàëèè â ðàññìàòðèâàåìûõ ðàñòâîðàõ è
åå îòñóòñòâèå â ðàñòâîðàõ ùåëî÷íûõ ñèëèêàòîâ
è ñèëèêàòîâ ÷åòûðåõçàìåùåííûõ àììîíèåâûõ
îñíîâàíèé. Êðîìå òîãî, îíà ïðàâèëüíî âîñïðî-
èçâîäèò è ïîçâîëÿåò àíàëèçèðîâàòü ñìåùåíèÿ
ÌÌÐ ÊÊÀ ïðè èçìåíåíèè õèìè÷åñêîãî ñîñòà-
âà è êîíöåíòðàöèè ðàñòâîðîâ.

Íåêîòîðûå äðóãèå ýêñïåðèìåíòàëüíî íà-
áëþäàåìûå â ðàñòâîðàõ ñèëèêàòîâ ýôôåêòû ïðåä-
ëîæåííàÿ ìîäåëü íå îáúÿñíÿåò, âî âñÿêîì ñëó-
÷àå, íà ñóùåñòâóþùåì óðîâíå åå ñëîæíîñòè. Ê
÷èñëó òàêèõ ýôôåêòîâ îòíîñÿòñÿ, íàïðèìåð,
íåìîíîòîííàÿ çàâèñèìîñòü îñíîâíîñòè ÊÊÀ îò
êîíöåíòðàöèè àìèíà ïðè ïîñòîÿííîé êîíöåíò-
ðàöèè êðåìíåçåìà, âåëè÷èíà 1x  â íàñûùåí-
íûõ âîäíûõ ðàñòâîðàõ êðåìíåçåìà, à ñàìîå ãëàâ-
íîå – íàëè÷èå ðåîëîãè÷åñêîé àíîìàëèè â ðà-

Òàáëèöà 2

Âåëè÷èíû ñðåäíåé îñíîâíîñòè ÊÊÀ â ðàñòâîðàõ ñèëèêàòîâ ìåòèëàìèíà è íàòðèÿ ñ ìàññîâîé äîëåé  10%,
âû÷èñëåííûå äëÿ òðåõ òåìïåðàòóð ïðè ðàçëè÷íûõ çíà÷åíèÿõ ââîäíûõ ïàðàìåòðîâ

Энтальпия, кДж/моль   2233 82 SiO,ONHCH   22 82 SiO,ONa   
№ 

п/п 
aH  bH  pH  00C 250C 600C 00C 250C 600C 

1 0 0 0 0,194 0,141 0,117 0,360 0,366 0,389 

2 0 0,8 0 0,192 0,141 0,118 0,360 0,366 0,389 

3 0 0,8 –8,3 0,182 0,141 0,131 0,360 0,366 0,394 

4 0 0,8 10 0,203 0,141 0,104 0,361 0,366 0,380 

5 25 0,8 –8,3 0,158 0,141 0,136 0,361 0,366 0,378 

6 51,4 0,8 –8,3 0,136 0,141 0,153 0,363 0,366 0,369 

7 51,4 0,8 0 0,145 0,141 0,141 0,365 0,366 0,366 

8 51,4 0,8 10 0,157 0,141 0,128 0,367 0,366 0,364 

à                                                                                    á

Ðèñ. 2. Ðàññ÷èòàííûå òåìïåðàòóðíûå çàâèñèìîñòè ñðåäíåé îñíîâíîñòè ÊÊÀ (à) è âåëè÷èíû pH  (á) äëÿ ðàñòâîðîâ

ñèëèêàòîâ íàòðèÿ è ìåòèëàìèíà (ÌÀ) ñ ìîëÿðíûìè ìîäóëÿìè 2,8 è ìàññîâîé äîëåé 2SiO  10% (íàáîð ýíòàëüïèé

ñîîòâåòñòâóåò ¹ 2 â òàáë. 2)
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ñòâîðàõ ïîëèñèëèêàòîâ ëèòèÿ. Åñòü îñíîâàíèÿ
íàäåÿòüñÿ, ÷òî âïîñëåäñòâèè ýòè ýôôåêòû òàê-
æå ñìîãóò áûòü êà÷åñòâåííî âîñïðîèçâåäåíû íà
îñíîâå ïðåäëàãàåìîé ìîäåëè ïðè óñëîâèè åå
íåêîòîðîãî óñëîæíåíèÿ, â ÷àñòíîñòè, ââåäåíèÿ
ó÷åòà êîýôôèöèåíòîâ àêòèâíîñòè èîíîâ, îãðà-
íè÷åííîé ðàñòâîðèìîñòè ñèëèêàòîâ â âîäå, à
òàêæå çàâèñèìîñòè êîíñòàíòû èîíèçàöèè ñèëà-
íîëüíîé ãðóïïû îò ñòåïåíè ïîëèìåðèçàöèè
ÊÊÀ.
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Â ðîáîò³ ïðîïîíóºòüñÿ ïðîñòà ìàòåìàòè÷íà ìîäåëü

âçàºìîïîâ’ÿçàíèõ êèñëîòíî-îñíîâíèõ ³ ïîë³êîíäåíñàö³éíèõ ð³âíî-
âàã ó âîäíèõ ðîç÷èíàõ àì³íîñèë³êàò³â (ïîë³ñèë³êàò³â àë³ôàòè÷-
íèõ àì³í³â, àì³íîñïèðò³â òà ³íøèõ àì³íîñïîëóê). Ìåòîþ ðîáî-
òè áóâ îïèñ åôåêòó ðåîëîã³÷íî¿ àíîìàë³¿, ÿêà ïîëÿãàº â îáî-
ðîòíîìó çðîñòàíí³ â’ÿçêîñò³ ðîç÷èíó ïðè ï³äâèùåíí³ òåìïåðà-
òóðè. Ðîçðàõóíêîâà ìîäåëü, ùî ïðîïîíóºòüñÿ, ïåðåäáà÷àº ïðÿ-
ìó çàëåæí³ñòü â’ÿçêîñò³ ðîç÷èíó â³ä ñòóïåíÿ ïîë³ìåðèçàö³¿ ñè-
ë³êàòíèõ àí³îí³â, à òàêîæ íåçàëåæí³ñòü êîíñòàíòè äèñîö³-
àö³¿ ñèëàíîëüíèõ ãðóï ³ êîíñòàíòè ð³âíîâàãè ïðîöåñó ïîë³êîí-
äåíñàö³¿ â³ä ñòóïåíÿ ïîë³ìåðèçàö³¿. Íà îñíîâ³ ïðèéíÿòèõ ïðè-
ïóùåíü áóëà ïîáóäîâàíà ³ ðîçâ’ÿçàíà ñèñòåìà ç âîñüìè ë³í³éíèõ
òà íåë³í³éíèõ ð³âíÿíü. Ðåçóëüòàòè îá÷èñëåíü, âèêîíàíèõ äëÿ
êîíöåíòðîâàíèõ ðîç÷èí³â ñèë³êàò³â àì³í³â (ìåòèëàì³í, ä³åòè-
ëàì³í, ï³ïåðèäèí, ìîíîåòàíîëàì³í), à òàêîæ íàòð³þ, ï³äòâåð-
äæóþòü íàÿâí³ñòü ïîçèòèâíî¿ òåìïåðàòóðíî¿ çàëåæíîñò³
ñòóïåíÿ ïîë³ìåðèçàö³¿ ñèë³êàòíèõ àí³îí³â â ðîç÷èíàõ àì³íîñèë-
³êàò³â, íà â³äì³íó â³ä ðîç÷èí³â ñèë³êàò³â ñèëüíèõ îñíîâ. Òàêèì
÷èíîì, ïðîïîíîâàíà ìàòåìàòè÷íà ìîäåëü ïîë³ìåðèçàö³éíî-ã³äðî-
ë³çíèõ ð³âíîâàã ó âîäíèõ ðîç÷èíàõ ñèë³êàò³â ÿê³ñíî ïîÿñíþº ³ñíó-
âàííÿ ðåîëîã³÷íî¿ àíîìàë³¿ ó âîäíèõ ðîç÷èíàõ àì³íîñèë³êàò³â ³ ¿¿
â³äñóòí³ñòü ó ðîç÷èíàõ ëóæíèõ ñèë³êàò³â ³ ñèë³êàò³â ÷îòèðü-
îõçàì³ùåííèõ àìîí³ºâèõ îñíîâ. Êð³ì òîãî, âîíà ïðàâèëüíî
â³äòâîðþº çì³ùåííÿ ìîëåêóëÿðíî-ìàñîâîãî ðîçïîä³ëó ñèë³êàò-
íèõ àí³îí³â ïðè çì³í³ õ³ì³÷íîãî ñêëàäó ³ êîíöåíòðàö³¿ ðîç÷èí³â.

Êëþ÷îâ³ ñëîâà: àë³ôàòè÷í³ àì³íè, àì³íîñèë³êàòè,
ðåîëîã³÷í³ âëàñòèâîñò³, â’ÿçê³ñòü, ïîë³êîíäåíñàö³ÿ,
ðîçðàõóíêîâà ìîäåëü.

MODELING A RHEOLOGICAL ANOMALY IN AQUEOUS
AMINOSILICATE SOLUTIONS

Maliavski N.I., Zhuravlova O.I.

A simple mathematical model of interrelated acid-base and
polycondesation equilibria in aqueous solutions of aminosilicates
(polysilicates of aliphatic amines, amino alcohols and other amino
compounds) is proposed. The objective of the work was to describe
the effect of a rheological anomaly consisting in a reversible increase
in solution viscosity with increasing temperature. The proposed
calculation model assumes a direct dependence of the solution viscosity
on the polymerization degree of silicate anions, as well as the
independence of the dissociation constant of silanols and the
polycolucondensation equilibrium constant on the degree of
polymerization. Based on the assumptions made, a system of eight
linear and nonlinear equations was constructed and solved. The
results of calculations performed for concentrated solutions of
aminosilicates (methylamine, diethylamine, piperidine and
monoethanolamine silicates), as well as sodium silicate, confirm the
presence of a positive temperature dependence of the polymerization
degree of silicate anions in aminosilicate solutions, in contrast to
solutions of silicates of strong bases. Thus, the proposed mathematical
model of polymerization-hydrolysis equilibria in aqueous silicate
solutions qualitatively explains the existence of the rheological anomaly
in aqueous solutions of aminosilicates and its absence in solutions of
alkali silicates and silicates of quaternary ammonium bases. In
addition, it correctly reproduces displacements of the molecular mass
distribution of silicate anions with changes in chemical composition
and concentration of solutions.

Keywords: aliphatic amines, aminosilicates, water glass,
rheological properties, viscosity, polycondensation, calculation
model.
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ÈÍÒÅËËÅÊÒÓÀËÜÍÀß ÑÈÑÒÅÌÀ ÏÎÄÄÅÐÆÊÈ ÏÐÈÍßÒÈß ÐÅØÅÍÈÉ ÏÎ
ÓÏÐÀÂËÅÍÈÞ ÄÎÌÅÍÍÎÉ ÏËÀÂÊÎÉ

Èíñòèòóò ÷åðíîé ìåòàëëóðãèè èì. Ç.È. Íåêðàñîâà ÍÀÍ Óêðàèíû, ã. Äíåïð

Ïðåäñòàâëåíû ôóíêöèîíàëüíûå è àëãîðèòìè÷åñêèå îñîáåííîñòè ðàçðàáîòàííîé â

Èíñòèòóòå ÷åðíîé ìåòàëëóðãèè èíòåëëåêòóàëüíîé ñèñòåìû ïîääåðæêè ïðèíÿòèÿ

ðåøåíèé ïî óïðàâëåíèþ äîìåííîé ïëàâêîé. Èäåîëîãèÿ ïîñòðîåíèÿ èíòåëëåêòó-

àëüíîé ñèñòåìû îñíîâàíà íà äèàãíîñòèêå è ïðèíÿòèè ðåøåíèé ïî óïðàâëåíèþ

ïðîöåññîì ïëàâêè íà îñíîâå ðàñ÷åòà êîìïëåêñíûõ êðèòåðèåâ îöåíêè ïðîöåññîâ,

÷òî îòëè÷àåò åå îò èçâåñòíûõ ìîäåëüíûõ ñèñòåì. Â êîìïëåêñíûõ êðèòåðèÿõ îáúå-

äèíåíû òåõíîëîãè÷åñêèå ïàðàìåòðû è âûõîäíûå äàííûå ñèñòåì àâòîìàòèçèðîâàí-

íîãî êîíòðîëÿ ïðîöåññîâ. Ïðåäëîæåíû è ðåàëèçîâàíû â ñèñòåìå äâà ìåòîäè÷åñêèõ

ïîäõîäà ê ñîçäàíèþ êîìïëåêñíûõ ïîêàçàòåëåé, íà îñíîâå êîòîðûõ ðàçðàáîòàíû

êðèòåðèè îöåíêè: òåïëîâîãî ñîñòîÿíèÿ äîìåííîé ïëàâêè, ãàçîäèíàìè÷åñêîãî ðå-

æèìà, ôîðìû è ïîëîæåíèÿ ïëàñòè÷íîé çîíû, ýôôåêòèâíîñòè îñåâîé êîêñîâîé

îòäóøèíû, âîçäåéñòâèÿ ðàñïëàâîâ íà ôóòåðîâêó ìåòàëëîïðèåìíèêà è èíòåãðàëü-

íîãî ïîêàçàòåëÿ äîìåííîé øèõòû. Ïîêàçàíî, ÷òî îñíîâíûìè ñòðóêòóðíûìè êîìï-

ëåêñàìè ñèñòåìû ÿâëÿþòñÿ: êîíòðîëüíî-èçìåðèòåëüíûé (áàçà äàííûõ); áàçà çíà-

íèé; ðàñ÷åòíûé; ìîäåëüíûé; äèàãíîñòè÷åñêèé, ôîðìèðîâàíèÿ ðåêîìåíäàöèé ïî

óïðàâëåíèþ äîìåííîé ïëàâêîé. Âûïîëíåíà àäàïòàöèÿ ðàçðàáîòàííîé èíòåëëåêòó-

àëüíîé ñèñòåìû ê òåõíîëîãè÷åñêèì óñëîâèÿì ðàáîòû ÄÏ ¹9 ÏÀÎ «ÀðñåëîðÌèò-

òàë Êðèâîé Ðîã». Îáîñíîâàí âûáîð áàçîâûõ ðåæèìîâ ðàáîòû ïå÷è è îïûòíûõ ïå-

ðèîäîâ äëÿ àïðîáàöèè ñèñòåìû. Ðàññ÷èòàíû çíà÷åíèÿ êðèòåðèåâ îöåíêè ïðîöåñ-

ñîâ ïëàâêè è îïðåäåëåíû îïòèìàëüíûå äèàïàçîíû èçìåíåíèÿ. Âûïîëíåíà äèàãíî-

ñòèêà õîäà ïå÷è â èññëåäóåìûõ ïåðèîäàõ åå ðàáîòû è ðàçðàáîòàíû ðåêîìåíäàöèè

ïî óïðàâëåíèþ ïðîöåññîì ïëàâêè.

Êëþ÷åâûå ñëîâà: äîìåííàÿ ïëàâêà, êðèòåðèè îöåíêè ïðîöåññîâ, ôóíêöèîíàëüíî-

àëãîðèòìè÷åñêàÿ ñòðóêòóðà èíòåëëåêòóàëüíîé ñèñòåìû.

Ïîñòàíîâêà ïðîáëåìû
Äîìåííàÿ ïëàâêà, ïðåäñòàâëÿþùàÿ ñîáîé

ñîâîêóïíîñòü ôèçèêî-õèìè÷åñêèõ ïðåâðàùåíèé
è ìåõàíè÷åñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ â äî-
ìåííîé ïå÷è, ÿâëÿåòñÿ ñëîæíûì ñ òî÷êè çðåíèÿ
óïðàâëåíèÿ îáúåêòîì. Ýôôåêòèâíîñòü óïðàâëÿ-
þùèõ âîçäåéñòâèé íà õîä ïðîöåññîâ â ïå÷è îï-
ðåäåëÿåòñÿ êâàëèôèêàöèîííûì óðîâíåì îïåðà-
òîðîâ, äëÿ ïîääåðæêè ïðèíÿòèÿ êîòîðûìè êîí-
êðåòíûõ ðåøåíèé ïî óïðàâëåíèþ õîäîì ïå÷è â
ïîñëåäíèå ãîäû ðàçðàáîòàíû è ðåàëèçîâàíû
èíôîðìàöèîííî-ìîäåëèðóþùèå ñèñòåìû (ýêñ-
ïåðòíûå ñèñòåìû).

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Öåëüþ âûïîëíåííûõ èññëåäîâàíèé ÿâëÿ-

ëàñü ðàçðàáîòêà ïåðâîé îòå÷åñòâåííîé èíòåëëåê-

òóàëüíîé ñèñòåìû ïîääåðæêè ïðèíÿòèÿ ðåøå-
íèé ïî óïðàâëåíèþ äîìåííîé ïëàâêîé.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Ïðèìåíÿåìûå â íàñòîÿùåå âðåìÿ ýêñïåðò-

íûå ñèñòåìû îòëè÷àþòñÿ íàáîðîì âûïîëíÿåìûõ
ôóíêöèé, óðîâíåì òåõíè÷åñêîãî, ìàòåìàòè÷åñ-
êîãî è èíôîðìàöèîííîãî îáåñïå÷åíèÿ, à òàêæå
èåðàðõè÷åñêîé ñòðóêòóðîé [1–2]. Íàèáîëüøèõ
óñïåõîâ â ðàçðàáîòêå è ðåàëèçàöèè ýêñïåðòíûõ
ñèñòåì äîáèëèñü çà ðóáåæîì. Â ÷àñòíîñòè, ê
íàèáîëåå èçâåñòíûì ìîæíî îòíåñòè ýêñïåðòíûå
ñèñòåìû, ðàçðàáîòàííûå ôèðìàìè Siemens VAI
(Ãåðìàíèÿ, Àâñòðèÿ) è Sollac (Ôðàíöèÿ). Êàê
ïîêàçàë îïûò èñïîëüçîâàíèÿ òàêèõ ñèñòåì, îíè
ïëîõî àäàïòèðóþòñÿ ê óñëîâèÿì óêðàèíñêèõ
ïðåäïðèÿòèé. Êðîìå òîãî, ýòè ñèñòåìû ÿâëÿþò-
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ñÿ ìîäåëüíûìè è èñïîëüçóþò èíôîðìàöèþ àâ-
òîìàòèçèðîâàííûõ ñèñòåì äëÿ íàñòðîéêè è àäàï-
òàöèè ìàòåìàòè÷åñêèõ ìîäåëåé, íà îñíîâå êî-
òîðûõ ôóíêöèîíèðóþò ýêñïåðòíûå ñèñòåìû.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Îñíîâîé äëÿ ñîçäàíèÿ â Èíñòèòóòå ÷åðíîé
ìåòàëëóðãèè ÍÀÍ Óêðàèíû ïåðâîé îòå÷åñòâåí-
íîé ýêñïåðòíîé ñèñòåìû ïî óïðàâëåíèþ ïðî-
öåññîì ïëàâêè ÿâèëèñü ðàçðàáîòàííûå â òå÷å-
íèå ïîñëåäíèõ äâóõ äåñÿòèëåòèé ñîâðåìåííûå
ñèñòåìû àâòîìàòèçèðîâàííîãî êîíòðîëÿ ïðîöåñ-
ñîâ ïëàâêè, êîòîðûå â íàèáîëåå ïîëíîì îáúåìå
óñòàíîâëåíû íà ÄÏ ¹9 ÏÀÎ «ÀðñåëîðÌèòòàë
Êðèâîé Ðîã» [3].

Èäåîëîãèÿ ïîñòðîåíèÿ èíòåëëåêòóàëüíîé
ñèñòåìû îñíîâàíà íà äèàãíîñòèêå è ïðèíÿòèè
ðåøåíèé ïî óïðàâëåíèþ ïðîöåññîì ïëàâêè íà
îñíîâå ðàñ÷åòà êîìïëåêñíûõ êðèòåðèåâ îöåíêè
ïðîöåññîâ, ÷òî îòëè÷àåò åå îò èçâåñòíûõ ìîäåëü-
íûõ ñèñòåì. Â êîìïëåêñíûõ êðèòåðèÿõ îáúåäè-
íåíû òåõíîëîãè÷åñêèå ïàðàìåòðû è âûõîäíûå
äàííûå ñèñòåì àâòîìàòèçèðîâàííîãî êîíòðîëÿ
ïðîöåññîâ, ÷òî â çíà÷èòåëüíîé ñòåïåíè îáëåã-
÷èò ïðèíÿòèå îïåðàòîðàìè ðåøåíèé ïî óïðàâ-
ëåíèþ äîìåííîé ïëàâêîé. Ñîçäàíèå òàêèõ êîì-
ïëåêñíûõ êðèòåðèåâ îñîáî àêòóàëüíî â ñîâðå-
ìåííûõ óñëîâèÿõ âåäåíèÿ äîìåííîé ïëàâêè, õà-
ðàêòåðèçóþùèõñÿ óõóäøåíèåì ñâîéñòâ øèõòî-
âûõ ìàòåðèàëîâ è íåïîñòîÿíñòâîì èõ ñîñòàâà,
èñïîëüçîâàíèåì çíà÷èòåëüíîãî êîëè÷åñòâà âòî-
ðè÷íûõ ðåñóðñîâ è îòñåâàåìûõ ôðàêöèé, à òàê-
æå ðàçëè÷íûõ óãëåðîäñîäåðæàùèõ äîáàâîê, â òîì
÷èñëå, ïûëåóãîëüíîãî òîïëèâà.

Ïðåäëîæåíû è ðåàëèçîâàíû â ñèñòåìå äâà
ìåòîäè÷åñêèõ ïîäõîäà ê ñîçäàíèþ êîìïëåêñíûõ
êðèòåðèåâ. Ñîãëàñíî ïåðâîìó ïîäõîäó ïðîöåññ
ðàçðàáîòêè êðèòåðèÿ ïðåäñòàâëåí äâóìÿ ýòàïà-
ìè – ðàçðàáîòêà ïîêàçàòåëÿ îöåíêè ïðîöåññà è
ïðåîáðàçîâàíèå ïîêàçàòåëÿ â êðèòåðèé. Âûáîð
ïàðàìåòðîâ, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû
â êà÷åñòâå àðãóìåíòîâ ïîêàçàòåëÿ ïðîöåññà ïëàâ-
êè, îñóùåñòâëÿëñÿ íà îñíîâå àíàëèçà èõ êîððå-
ëÿöèîííûõ çàâèñèìîñòåé îò òåõíîëîãè÷åñêèõ
ïàðàìåòðîâ, ïðèíÿòûõ â êà÷åñòâå êðèòåðèåâ
îöåíêè ïðîöåññîâ. Äëÿ ðàâíîçíà÷íîãî âëèÿíèÿ
êàæäîãî èç âûäåëåííûõ ïàðàìåòðîâ íà ïîêàçà-
òåëü ïðèíèìàåòñÿ ìóëüòèïëèêàòèâíàÿ ôîðìà åãî
ïðåäñòàâëåíèÿ (â âèäå ïðîèçâåäåíèÿ ïàðàìåò-
ðîâ). Êàæäûé èç âõîäÿùèõ â ïîêàçàòåëü ïàðà-
ìåòðîâ ïðèíèìàåòñÿ â êà÷åñòâå àðãóìåíòà êðè-
òåðèÿ. Íà ïåðâîì ýòàïå ïîñòðîåíèÿ êðèòåðèÿ
âûïîëíÿåòñÿ ïðîöåäóðà íîðìèðîâàíèÿ àðãóìåí-
òîâ ñ ó÷åòîì èõ íîðìàëüíîãî çàêîíà ðàñïðåäå-

ëåíèÿ.
Ñëåäóþùèì ýòàïîì ïðåäóñìàòðèâàåòñÿ

âûïîëíåíèå ëîãèò-ïðåîáðàçîâàíèÿ êàæäîãî àð-
ãóìåíòà ðàçðàáàòûâàåìîãî êðèòåðèÿ, â ðåçóëü-
òàòå êîòîðîãî âûõîäíàÿ âåëè÷èíà ïðèâîäèòñÿ ê
äèàïàçîíó 0…1.

Â ëîãèò-ðåãðåññèîííîé ìîäåëè ïðåäñêàçàí-
íûå çíà÷åíèÿ çàâèñèìîé ïåðåìåííîé èëè ïåðå-
ìåííîé îòêëèêà íå ìîãóò áûòü ìåíüøå (èëè ðàâ-
íûìè) íóëþ, èëè áîëüøå (èëè ðàâíûìè) åäè-
íèöå, íå çàâèñèìî îò çíà÷åíèé íåçàâèñèìûõ
ïåðåìåííûõ. Ïîýòîìó, ýòà ìîäåëü ÷àñòî èñïîëü-
çóåòñÿ äëÿ àíàëèçà áèíàðíûõ çàâèñèìûõ ïåðå-
ìåííûõ èëè ïåðåìåííûõ îòêëèêà. Òåðìèí «ëî-
ãèò» áûë âïåðâûå èñïîëüçîâàí Äæîçåôîì Áåðê-
ñîíîì â 1944 ã. [4]. Äëÿ âûïîëíåíèÿ ëîãèò-ïðå-
îáðàçîâàíèÿ èñïîëüçóåòñÿ óðàâíåíèå:

  .

1

1
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Â ðåçóëüòàòå ïðåîáðàçîâàíèé êðèòåðèé îï-
ðåäåëÿåòñÿ êàê ñðåäíåå ãåîìåòðè÷åñêîå ëîãèò-
ïðåîáðàçîâàííûõ íîðìèðîâàííûõ àðãóìåíòîâ.

Âòîðîé ïîäõîä ê ñîçäàíèþ êðèòåðèÿ çàê-
ëþ÷àåòñÿ â èñïîëüçîâàíèè îáîáùåííîé ôóíê-
öèè æåëàòåëüíîñòè Õàððèíãòîíà, ïîçâîëÿþùåé
ðàçíîðàçìåðíûå ïîêàçàòåëè ïðåîáðàçîâàòü â áåç-
ðàçìåðíóþ øêàëó æåëàòåëüíîñòè è «ñâåðíóòü»
èõ â åäèíûé îáîáùåííûé ïîêàçàòåëü, ÷òî äàåò
âîçìîæíîñòü âûïîëíèòü âñåñòîðîííþþ îöåíêó
îáúåêòà è ïîâûñèòü èíôîðìàöèîííóþ ìîùíîñòü
êðèòåðèÿ îïòèìèçàöèè.

Ïåðâûé ïîäõîä ïðèìåíåí äëÿ ðàçðàáîòêè
êðèòåðèåâ îöåíêè: òåïëîâîãî ñîñòîÿíèÿ äîìåí-
íîé ïëàâêè, ãàçîäèíàìè÷åñêîãî ðåæèìà, ýôôåê-
òèâíîñòè îñåâîé îòäóøèíû, âîçäåéñòâèÿ ðàñïëà-
âîâ íà ôóòåðîâêó ìåòàëëîïðèåìíèêà, à òàêæå
îöåíêè ôîðìû è ïîëîæåíèÿ ïëàñòè÷íîé çîíû â
äîìåííîé ïå÷è. Âòîðîé ïîäõîä ïîëîæåí â îñ-
íîâó ñîçäàíèÿ èíòåãðàëüíîãî ïîêàçàòåëÿ äîìåí-
íîé øèõòû.

Ïðåäñòàâëåííàÿ íà ðèñ. 1 ôóíêöèîíàëüíî-
àëãîðèòìè÷åñêàÿ ñòðóêòóðà èíòåëëåêòóàëüíîé
ñèñòåìû ïîçâîëÿåò ïðîàíàëèçèðîâàòü âçàèìîäåé-
ñòâèå ñîñòàâíûõ êîìïëåêñîâ ñèñòåìû.

Ñèñòåìà ïîäðàçäåëåíà íà ñòðóêòóðíûå êîì-
ïëåêñû (ïîäñèñòåìû), êîòîðûå â ñâîþ î÷åðåäü
ñîñòîÿò èç îòäåëüíûõ áëîêîâ. Îñíîâíûìè ñòðóê-
òóðíûìè êîìïëåêñàìè ÿâëÿþòñÿ: êîíòðîëüíî-
èçìåðèòåëüíûé (áàçà äàííûõ); áàçà çíàíèé; ðàñ-
÷åòíûé; ìîäåëüíûé; äèàãíîñòè÷åñêèé, ôîðìè-
ðîâàíèÿ ðåêîìåíäàöèé ïî óïðàâëåíèþ äîìåí-
íîé ïëàâêîé. Êîíòðîëüíî-èçìåðèòåëüíûé êîì-
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ïëåêñ – «Áàçà äàííûõ» (ÁÄ) ÿâëÿåòñÿ èíôîðìà-
öèîííîé ìîäåëüþ è îòîáðàæàåò ñîñòîÿíèå ïðî-
öåññà. Îòëè÷èòåëüíîé îñîáåííîñòüþ îðãàíèçà-
öèè äàííûõ â ÁÄ ÿâëÿåòñÿ èõ èíòåãðèðîâàíèå è
îáåñïå÷åíèå ìíîãîïîëüçîâàòåëüñêîãî ðåæèìà.
Âàæíîé îñîáåííîñòüþ ôîðìèðîâàíèÿ áàç äàí-
íûõ ðàçðàáàòûâàåìîé äëÿ óñëîâèé ÄÏ ¹9 ÏÀÎ
«ÀðñåëîðÌèòòàë Êðèâîé Ðîã» èíòåëëåêòóàëüíîé
ñèñòåìû ïîääåðæêè ïðèíÿòèÿ ðåøåíèé ÿâëÿåò-
ñÿ îáúåäèíåíèå â åäèíûé êîìïëåêñ òðàäèöèîí-
íî êîíòðîëèðóåìûõ òåõíîëîãè÷åñêèõ ïàðàìåò-
ðîâ è ðàñ÷åòíûõ ïîêàçàòåëåé ïëàâêè, à òàêæå
èíôîðìàöèè, ïîñòóïàþùåé îò àâòîìàòèçèðîâàí-
íûõ ñèñòåì êîíòðîëÿ äîìåííîé ïëàâêè: ðàçãàðà
ôóòåðîâêè ãîðíà è ëåùàäè («Ðàçãàð»), ðàñïðå-
äåëåíèÿ äóòüÿ ïî ôóðìàì («Ôóðìà»), êîíòðîëÿ
è ïðîãíîçà øëàêîâîãî ðåæèìà («Øëàê»), èíôîð-
ìàöèîííîé ñèñòåìû îòîáðàæåíèÿ èíôîðìàöèè
ðàäèîëîêàöèîííîãî ïðîôèëåìåðà [3].

Áàçà çíàíèé. Áàçà çíàíèé èíòåëëåêòóàëü-
íîé ñèñòåìû ñîäåðæèò òåõíîëîãè÷åñêèå ïðèçíà-
êè, íà îñíîâå êîòîðûõ äèàãíîñòèðóåòñÿ õîä  ïå÷è,
à òàêæå ðåêîìåíäàöèè, ðåãëàìåíòèðîâàííûå
Òåõíîëîãè÷åñêîé èíñòðóêöèåé ïî âåäåíèþ äî-
ìåííîé ïëàâêè íà êîíêðåòíîé äîìåííîé ïå÷è,
è ïðåäñòàâëåííûå ïîñëåäîâàòåëüíîñòüþ ðåêî-
ìåíäóåìûõ äåéñòâèé. Íà îñíîâå ýòîé èíôîðìà-
öèè, çàïèñàííîé â áàçå çíàíèé, ýêñïåðòíàÿ ñè-
ñòåìà â ñîîòâåòñòâèè ñ êîíêðåòíîé îáñòàíîâ-
êîé, äèàãíîñòèðóåò õîä ïå÷è è ãåíåðèðóåò ðå-
øåíèå î ïîðÿäêå âûïîëíåíèÿ îïåðàöèé (äåé-

ñòâèé) ïî åãî íîðìàëèçàöèè. Ðàñ÷åòíàÿ ïîäñèñ-
òåìà èíòåãðèðóåò â ñâîåì ñîñòàâå äâà áëîêà:

1. Áëîê ðàñ÷åòà êðèòåðèåâ îöåíêè ïðîöåñ-
ñîâ ïëàâêè, ïðåäíàçíà÷åííûõ äëÿ îöåíêè: òåï-
ëîâîãî ñîñòîÿíèÿ äîìåííîé ïëàâêè (Kt), ãàçî-
äèíàìè÷åñêîãî ðåæèìà (Kgd), ôîðìû è ïîëîæå-
íèÿ ïëàñòè÷íîé çîíû (Êcz), ýôôåêòèâíîñòè îñå-
âîé êîêñîâîé îòäóøèíû (Êî), âîçäåéñòâèÿ ðàñ-
ïëàâîâ íà ôóòåðîâêó ìåòàëëîïðèåìíèêà (Êsf) è
èíòåãðàëüíîãî ïîêàçàòåëÿ äîìåííîé øèõòû (Kø).

2. Áëîê ðàñ÷åòà ïîëîæåíèÿ, êîíôèãóðàöèè
è òîëùèíû ïëàñòè÷íîé çîíû. Ðàñ÷åò áàçèðóåòñÿ
íà ìåòîäå îïðåäåëåíèÿ ôîðìû è ïîëîæåíèÿ
ïëàñòè÷íîé çîíû íà îñíîâå ïîêàçàíèé ïðîôè-
ëåìåðà, â äîïîëíåíèå ê êîòîðîìó, â ñëó÷àå îò-
ñóòñòâèÿ âîçìîæíîñòè ïîëó÷åíèÿ èñõîäíîé èí-
ôîðìàöèè, ìîæåò ïðèâëåêàòüñÿ ìàòåìàòè÷åñêàÿ
ìîäåëü îïðåäåëåíèÿ ïîëîæåíèÿ ëèíèè ïëàâëå-
íèÿ è ýôôåêòèâíîé ïëîùàäè ïëàâëåíèÿ. Îïðå-
äåëåíèå ñ ïîìîùüþ ìàòåìàòè÷åñêèõ ìîäåëåé
âûãðóçêè øèõòîâûõ ìàòåðèàëîâ èç áóíêåðà ÁÇÓ
è ðàäèàëüíîãî ðàñïðåäåëåíèÿ øèõòû íà êîëîø-
íèêå êîìïîíåíòíîãî ñîñòàâà ìàòåðèàëîâ â çî-
íàõ ñå÷åíèÿ êîëîøíèêà ïîçâîëÿåò îïðåäåëèòü
òîëùèíó ïëàñòè÷íîé çîíû. Ñèñòåìíàÿ ðåàëèçà-
öèÿ ýòèõ ïîäõîäîâ ïîçâîëÿåò ðàññ÷èòàòü êðèòå-
ðèé îöåíêè ïëàñòè÷íîé çîíû, à òàêæå îïðåäå-
ëèòü åå ôîðìó, òîëùèíó è ïîëîæåíèå, ò.å. åå
îñíîâíûå ïàðàìåòðû, â çíà÷èòåëüíîé ñòåïåíè
îïðåäåëÿþùèå èçìåíåíèÿ ïðîãðàìì çàãðóçêè
øèõòîâûõ ìàòåðèàëîâ.

Ðèñ. 1. Ôóíêöèîíàëüíî-àëãîðèòìè÷åñêàÿ ñòðóêòóðà èíòåëëåêòóàëüíîé ñèñòåìû ïîääåðæêè ïðèíÿòèÿ ðåøåíèé ïî

óïðàâëåíèþ äîìåííîé ïëàâêîé
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Ìîäåëüíàÿ ïîäñèñòåìà ñîñòîèò èç òðåõ áëî-
êîâ, êàæäûé èç êîòîðûõ ïðåäñòàâëÿåò îïðåäå-
ëåííóþ ôóíêöèîíàëüíóþ ìàòåìàòè÷åñêóþ ìî-
äåëü:

1. Ìàòåìàòè÷åñêàÿ ìîäåëü îïóñêàíèÿ ñëî-
åâ øèõòû, ñôîðìèðîâàííûõ íà êîëîøíèêå, â
øàõòå äîìåííîé ïå÷è. Ðåçóëüòàòû ìîäåëèðîâà-
íèÿ ïîçâîëÿþò ñôîðìèðîâàòü ñòðóêòóðó ïëàñ-
òè÷íîé çîíû.

2. Ìîäåëü, ñèíòåçèðîâàííàÿ íà îñíîâå
îáúåäèíåíèÿ äâóõ ìîäåëåé – âûãðóçêè øèõòî-
âûõ ìàòåðèàëîâ èç áóíêåðà ÁÇÓ è ðàñïðåäåëå-
íèÿ ìàòåðèàëîâ íà êîëîøíèêå, ïîçâîëÿþùàÿ
îïðåäåëèòü ðàñïðåäåëåíèå êîìïîíåíòîâ øèõòî-
âûõ ìàòåðèàëîâ â çîíàõ ñå÷åíèÿ êîëîøíèêà.

3. Ìàòåìàòè÷åñêàÿ ìîäåëü ïðîöåññà øëà-
êîîáðàçîâàíèÿ.

Ïîäñèñòåìà äèàãíîñòèêè õîäà äîìåííîé
ïå÷è. Ôóíêöèîíèðîâàíèå ïîäñèñòåìû îáåñïå-
÷èâàåòñÿ àíàëèçîì ïîñòóïàþùåé èç ñòðóêòóðíûõ
êîìïëåêñîâ èíôîðìàöèè. Ïîäñèñòåìà ïðåäñòàâ-
ëÿåò ñîáîé ïðîãðàììíûé ìîäóëü, ïðåäíàçíà÷åí-
íûé äëÿ ðàííåãî îáíàðóæåíèÿ íàìå÷àþùèõñÿ
ðàññòðîéñòâ äîìåííîé ïå÷è. Õîä ïå÷è äèàãíîñ-
òèðóåòñÿ, ñ îäíîé ñòîðîíû, íà îñíîâå ñîïîñòàâ-
ëåíèÿ çíà÷åíèé ðàññ÷èòàííûõ êðèòåðèåâ îöåí-
êè ïðîöåññîâ ïëàâêè ñ îïòèìàëüíûìè äèàïàçî-
íàìè èõ èçìåíåíèÿ, ñ äðóãîé – íà îñíîâå àíà-
ëèçà êîãíèòèâíûõ çíàíèé, íàõîäÿùèõñÿ â Áàçå
çíàíèé ñèñòåìû. Äëÿ óñòàíîâëåíèÿ äîïóñòèìî-
ãî äèàïàçîíà èçìåíåíèÿ êðèòåðèÿ, îáåñïå÷èâà-
þùåãî öåëåâóþ ôóíêöèþ óïðàâëåíèÿ ïðîöåñ-
ñîì ïëàâêè – ìèíèìèçàöèþ ðàñõîäà êîêñà è
òðåáóåìûé óðîâåíü ïðîèçâîäñòâà êîíäèöèîííîãî
÷óãóíà, ïðèìåíåí ðàçðàáîòàííûé â È×Ì ìåòîä
ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè [5], îñíîâíûå
àñïåêòû êîòîðîãî ñâîäÿòñÿ ê ñëåäóþùåìó. Ïî
íàêîïëåííûì ýêñïëóàòàöèîííûì äàííûì ãîòî-
âèòñÿ èñõîäíàÿ âûáîðêà â ïðîñòðàíñòâå ïàðà-
ìåòðîâ â âèäå ìàòðèöû {Aij}, ïðîøåäøåé ñïå-
öèàëüíóþ ýêñïåðòèçó íà êîððåêòíîñòü â ïîäñè-
ñòåìå «Îïåðàöèè ñ äàííûìè» ïàêåòà ïðèêëàä-
íîé ñòàòèñòèêè. Êàæäûé èç êðèòåðèåâ ðàññìàò-
ðèâàåòñÿ êàê ïîâåðõíîñòü – îòêëèê â ãèïåðïðî-
ñòðàíñòâå ïàðàìåòðîâ îïòèìèçàöèè. Ñóïåðïîçè-
öèÿ òàêèõ ïîâåðõíîñòåé â âûáðàííûõ êîîðäè-
íàòíûõ ñå÷åíèÿõ äàåò âîçìîæíîñòü ñîïîñòàâèòü
ëîêàëüíûå îïòèìóìû âñåõ ïîâåðõíîñòåé îäíî-
âðåìåííî è ðàöèîíàëüíî âûáðàòü ïàðàìåòðû,
óäîâëåòâîðÿþùèå óêàçàííûì òðåáîâàíèÿì. Çà-
äà÷à îïòèìèçàöèè ñâîäèòñÿ, òàêèì îáðàçîì, ê
ïîñòðîåíèþ íåîáõîäèìûõ ìàòåìàòè÷åñêèõ ìî-
äåëåé äëÿ òî÷å÷íûõ ýêñïåðèìåíòàëüíûõ ôóíê-
öèé – îòêëèêîâ ñ ïîñëåäóþùåé ãåîìåòðè÷åñêîé

èíòåðïðåòàöèåé â âèäå òðåõìåðíûõ êàðòîãðàìì.
Â êà÷åñòâå ïðèìåðà, èëëþñòðèðóþùåãî èñ-

ïîëüçîâàíèå ìåòîäà ìíîãîêðèòåðèàëüíîé îïòè-
ìèçàöèè äëÿ îïðåäåëåíèÿ îïòèìàëüíîãî äèàïà-
çîíà èçìåíåíèÿ îäíîãî èç ôóíêöèîíèðóþùèõ â
ñîñòàâå ñèñòåìû êðèòåðèåâ, íà ðèñ. 2 ïðèâåäå-
íà êàðòîãðàììà, ïîëó÷åííàÿ â ðåçóëüòàòå ñîâìå-
ñòíîãî ðàññìîòðåíèÿ êàðòîãðàìì, îòðàæàþùèõ,
â ÷àñòíîñòè, ñâÿçü êðèòåðèÿ òåïëîâîãî ñîñòîÿ-
íèÿ ïëàâêè, ñîäåðæàíèÿ êðåìíèÿ, ñóììàðíîãî
ðàñõîäà òîïëèâà è ïðîèçâîäñòâà ÷óãóíà.

Íà îñíîâå ðàññìîòðåíèÿ êàðòîãðàììû îï-
ðåäåëÿåòñÿ îïòèìàëüíûé äèàïàçîí èçìåíåíèÿ
êðèòåðèÿ (íà ðèñóíêå îïòèìàëüíàÿ îáëàñòü îáî-
çíà÷åíà ÷åðíûì öâåòîì).

Ðèñ. 2. Òðåõìåðíàÿ äèàãðàììà äëÿ îïðåäåëåíèÿ

îïòèìàëüíûõ çíà÷åíèé êðèòåðèÿ îöåíêè òåïëîâîãî

ñîñòîÿíèÿ, ñîîòâåòñòâóþùèõ ìàêñèìàëüíîé

ïðîèçâîäèòåëüíîñòè ïå÷è è ìèíèìàëüíîìó ðàñõîäó

ñóììàðíîãî òîïëèâà

Îäíèì èç áëîêîâ, âõîäÿùèõ â ñîñòàâ ïîä-
ñèñòåìû äèàãíîñòèêè, ÿâëÿåòñÿ áëîê äèàãíîñ-
òèêè îòêëîíåíèÿ ïîëîæåíèÿ è ôîðìû ïëàñòè÷-
íîé çîíû â äîìåííîé ïå÷è îò èõ ðàöèîíàëüíûõ
çíà÷åíèé. Áëîê ôóíêöèîíèðóåò íà îñíîâå äàí-
íûõ î ôîðìå è ïîëîæåíèè ïëàñòè÷íîé çîíû,
ïîñòóïàþùèõ îò ðàñ÷åòíîé ïîäñèñòåìû.

Äëÿ îöåíêè õîäà ïå÷è ñ ïîìîùüþ ñîîòâåò-
ñòâóþùèõ êðèòåðèåâ ïîäñèñòåìà ñîäåðæèò áëîê
âûáîðà áàçîâîãî ðåæèìà ïëàâêè.

Ïîäñèñòåìà ôîðìèðîâàíèÿ ðåêîìåíäàöèé
ïî óïðàâëåíèþ äîìåííîé ïëàâêîé. Ïîäñèñòåìà
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îáúåäèíÿåò äâà áëîêà – ãåíåðàöèè ïðåäâàðèòåëü-
íûõ ðåêîìåíäàöèé è ôîðìèðîâàíèÿ îêîí÷àòåëü-
íûõ ðåêîìåíäàöèé ïî óïðàâëåíèþ äîìåííîé
ïëàâêîé. Ôîðìèðîâàíèå ïðåäâàðèòåëüíûõ ðåêî-
ìåíäàöèé îñóùåñòâëÿåòñÿ ïî ðåçóëüòàòàì äèàã-
íîñòèêè õîäà ïå÷è íà îñíîâå ñîïîñòàâëåíèÿ çíà-
÷åíèé ðàññ÷èòàííûõ êðèòåðèåâ îöåíêè ïðîöåñ-
ñîâ ïëàâêè ñ îïòèìàëüíûìè äèàïàçîíàìè èõ
èçìåíåíèÿ, à òàêæå ðåêîìåíäàöèé, ñîäåðæàùèõ-
ñÿ ñ Áàçå çíàíèé ñèñòåìû è ïðèìåíèìûõ â çà-
âèñèìîñòè îò îòêëîíåíèé õîäà ïå÷è îò íîðìàëü-
íîãî. Îêîí÷àòåëüíûå ðåêîìåíäàöèè ÿâëÿþòñÿ
ðåçóëüòàòîì ñîâìåñòíîãî àíàëèçà ïðåäâàðèòåëü-
íûõ ðåêîìåíäàöèé è âûõîäíûõ ïàðàìåòðîâ áëîêà
äèàãíîñòèêè îòêëîíåíèÿ ôîðìû è ïîëîæåíèÿ
ïëàñòè÷íîé çîíû îò èõ ðàöèîíàëüíûõ çíà÷åíèé.

Ïðåäñòàâëåíèå òåõíîëîãè÷åñêîìó ïåðñîíà-
ëó íåîáõîäèìîé èíôîðìàöèè î õîäå äîìåííîé
ïëàâêè îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ïîäñèñòåìû
îòîáðàæåíèÿ èíôîðìàöèè. Ïðè ýòîì ïîääåðæè-
âàþòñÿ äâà ðåæèìà:

– àâòîìàòè÷åñêèé (ïîñòîÿííûé âûâîä èí-
ôîðìàöèè íà ìîíèòîð êîìïüþòåðà);

– äèàëîãîâûé (ïî çàïðîñó ïîëüçîâàòåëÿ).
Ïîäñèñòåìà òàêæå îáåñïå÷èâàåò âèçóàëè-

çàöèþ ïðîìåæóòî÷íûõ è êîíå÷íûõ ðåçóëüòàòîâ
ôóíêöèîíèðîâàíèÿ ñòðóêòóðíûõ êîìïëåêñîâ
èíòåëëåêòóàëüíîé ñèñòåìû, â òîì ÷èñëå, ïðåä-
âàðèòåëüíûõ è îêîí÷àòåëüíî ñôîðìèðîâàííûõ
ðåêîìåíäàöèé ïî èçìåíåíèþ ïàðàìåòðîâ çàãðóç-
êè øèõòîâûõ ìàòåðèàëîâ ëèáî ïàðàìåòðîâ äó-
òüåâîãî ðåæèìà ïëàâêè.

Öåëåâûìè ôóíêöèÿìè èíòåëëåêòóàëüíîé
ñèñòåìû ÿâëÿþòñÿ ìèíèìèçàöèÿ ðàñõîäà êîêñà,
îáåñïå÷åíèå òðåáóåìîé ïðîèçâîäèòåëüíîñòè
ïå÷è, âûïëàâêà êîíäèöèîííîãî ÷óãóíà, òåìïå-
ðàòóðà æèäêèõ ïðîäóêòîâ ïëàâêè â ñîîòâåòñòâèè
ñ òðåáîâàíèÿìè ïîñëåäóþùåãî ñòàëåïëàâèëüíî-
ãî ïåðåäåëà. Ïðè ýòîì äîëæíû áûòü âûïîëíåíû
ñîîòâåòñòâóþùèå îãðàíè÷åíèÿ òåõíîëîãèè äî-
ìåííîé ïëàâêè, îáåñïå÷èâàþùèå ìèíèìàëüíóþ
âåðîÿòíîñòü ïîïàäàíèÿ òåõíîëîãè÷åñêîãî ñîñòî-
ÿíèÿ ïå÷è â òàê íàçûâàåìûå «êðèòè÷åñêèå» îá-
ëàñòè (êðèòè÷åñêèå, àâàðèéíûå ðåæèìû ðàáî-
òû).

Âûïîëíåíà àäàïòàöèÿ ðàçðàáîòàííîé èí-
òåëëåêòóàëüíîé ñèñòåìû ê òåõíîëîãè÷åñêèì óñ-
ëîâèÿì ðàáîòû ÄÏ ¹9 ÏÀÎ «ÀðñåëîðÌèòòàë
Êðèâîé Ðîã». Îáîñíîâàí âûáîð áàçîâûõ ðåæè-
ìîâ ðàáîòû ïå÷è è îïûòíûõ ïåðèîäîâ äëÿ àïðî-
áàöèè ñèñòåìû. Ðàññ÷èòàíû çíà÷åíèÿ êðèòåðè-
åâ îöåíêè ïðîöåññîâ ïëàâêè è îïðåäåëåíû îï-
òèìàëüíûå äèàïàçîíû èçìåíåíèÿ. Âûïîëíåíà
äèàãíîñòèêà õîäà ïå÷è â èññëåäóåìûõ ïåðèîäàõ

åå ðàáîòû è ðàçðàáîòàíû ðåêîìåíäàöèè ïî óï-
ðàâëåíèþ ïðîöåññîì ïëàâêè.

Âûâîäû
Îïûò èñïîëüçîâàíèÿ çàðóáåæíûõ ýêñïåðò-

íûõ ñèñòåì ñâèäåòåëüñòâóåò î íåóäîâëåòâîðè-
òåëüíîé èõ àäàïòàöèè ê óñëîâèÿì ìåòàëëóðãè-
÷åñêèõ ïðåäïðèÿòèé Óêðàèíû. Îñíîâûâàÿñü íà
ïðåäëîæåííîé â Èíñòèòóòå ÷åðíîé ìåòàëëóðãèè
ÍÀÍ Óêðàèíû èäåîëîãèè, ðàçðàáîòàíà èíòåë-
ëåêòóàëüíàÿ ñèñòåìà ïîääåðæêè ïðèíÿòèÿ ðå-
øåíèé ïî óïðàâëåíèþ äîìåííîé ïëàâêîé. Ïðåä-
ñòàâëåíà ôóíêöèîíàëüíî-àëãîðèòìè÷åñêàÿ
ñòðóêòóðà èíòåëëåêòóàëüíîé ñèñòåìû è îñîáåí-
íîñòè âçàèìîäåéñòâèÿ åå ïîäñèñòåì.
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²ÍÒÅËÅÊÒÓÀËÜÍÀ ÑÈÑÒÅÌÀ Ï²ÄÒÐÈÌÊÈ
ÏÐÈÉÍßÒÒß Ð²ØÅÍÜ Ç ÓÏÐÀÂË²ÍÍß ÄÎÌÅÍÍÎÞ
ÏËÀÂÊÎÞ

Ìóðàâéîâà ².Ã., Òîãîáèöüêà Ä.Í., Ñåìåíîâ Þ.Ñ.,
Øóìåëü÷³ê ª.²., Á³ëüêîâà À.²., Á³ëîøàïêà Î.À.

Ïðåäñòàâëåí³ ôóíêö³îíàëüí³ òà àëãîðèòì³÷í³ îñîáëèâîñò³
ðîçðîáëåíî¿ â ²íñòèòóò³ ÷îðíî¿ ìåòàëóðã³¿ ³íòåëåêòóàëüíî¿
ñèñòåìè ï³äòðèìêè ïðèéíÿòòÿ ð³øåíü ç óïðàâë³ííÿ äîìåííî¿
ïëàâêîþ. ²äåîëîã³ÿ ïîáóäîâè ³íòåëåêòóàëüíî¿ ñèñòåìè çàñíî-
âàíà íà ä³àãíîñòèö³ òà ïðèéíÿòò³ ð³øåíü ç óïðàâë³ííÿ ïðîöå-
ñîì ïëàâêè íà îñíîâ³ ðîçðàõóíêó êîìïëåêñíèõ êðèòåð³¿â îö³íêè
ïðîöåñ³â, ùî â³äð³çíÿº ¿¿ â³ä â³äîìèõ ìîäåëüíèõ ñèñòåì. Ó êîì-
ïëåêñíèõ êðèòåð³ÿõ îá’ºäíàí³ òåõíîëîã³÷í³ ïàðàìåòðè ³ âèõ³äí³
äàí³ ñèñòåì àâòîìàòèçîâàíîãî êîíòðîëþ ïðîöåñ³â. Çàïðîïî-
íîâàíî ³ ðåàë³çîâàíî â ñèñòåì³ äâà ìåòîäè÷íèõ ï³äõîäè äî ñòâî-
ðåííÿ êîìïëåêñíèõ ïîêàçíèê³â, íà îñíîâ³ ÿêèõ ðîçðîáëåí³ êðè-
òåð³¿ îö³íêè: òåïëîâîãî ñòàíó äîìåííî¿ ïëàâêè, ãàçîäèíàì³÷íî-
ãî ðåæèìó, ôîðìè ³ ïîëîæåííÿ ïëàñòè÷íî¿ çîíè, åôåêòèâíîñò³
îñüîâî¿ êîêñîâî¿ â³ääóøèíè, âïëèâó ðîçïëàâ³â íà ôóòåð³âêó ìå-
òàëîïðèéìà÷à òà ³íòåãðàëüíèé ïîêàçíèê äîìåííî¿ øèõòè.
Ïîêàçàíî, ùî îñíîâíèìè ñòðóêòóðíèìè êîìïëåêñàìè ñèñòåìè
º: êîíòðîëüíî-âèì³ðþâàëüíèé (áàçà äàíèõ); áàçà çíàíü; ðîçðà-
õóíêîâèé; ìîäåëüíèé; ä³àãíîñòè÷íèé, ôîðìóâàííÿ ðåêîìåíäàö³é
ç óïðàâë³ííÿ äîìåííîþ ïëàâêîþ. Âèêîíàíî àäàïòàö³þ ðîçðîá-
ëåíî¿ ³íòåëåêòóàëüíî¿ ñèñòåìè äî òåõíîëîã³÷íèõ óìîâ ðîáîòè
ÄÏ ¹9 ÏÀÒ «ÀðñåëîðÌ³òòàë Êðèâèé Ð³ã». Îá´ðóíòîâàíî âèá³ð
áàçîâèõ ðåæèì³â ðîáîòè ïå÷³ ³ âèïðîáóâàëüíèõ ïåð³îä³â äëÿ àï-
ðîáàö³¿ ñèñòåìè. Ðîçðàõîâàí³ çíà÷åííÿ êðèòåð³¿â îö³íêè ïðî-
öåñ³â ïëàâêè ³ âèçíà÷åí³ îïòèìàëüí³ ä³àïàçîíè ¿õ çì³íè. Âèêî-
íàíà ä³àãíîñòèêà õîäó ïå÷³ â äîñë³äæóâàíèõ ïåð³îäàõ ¿¿ ðîáîòè
³ ðîçðîáëåí³ ðåêîìåíäàö³¿ ç óïðàâë³ííÿ ïðîöåñîì ïëàâêè.

Êëþ÷îâ³ ñëîâà: äîìåííà ïëàâêà, êðèòåð³¿ îö³íêè
ïðîöåñ³â, ôóíêö³îíàëüíî-àëãîðèòì³÷íà ñòðóêòóðà
³íòåëåêòóàëüíî¿ ñèñòåìè.

INTELLIGENT DECISION SUPPORT SYSTEM
MANAGEMENT OF BLAST FURNACE SMELTING

Murav’eva I.G., Togobitskaya D.N., Semenov Iu.S.,
Shumelchik E.I., Bel’kova A.I., Beloshapka E.A.

Annotation. In this paper are presented functional and
algorithmic features of the intellectual system, which were developed
in Z .I. Nekrasov Iron and Steel Institute for supporting in making
decision on the management of blast furnace smelting. The ideology
of building an intelligent system is based on the diagnostics and
decision-making on the management of the melting process on the
basis of the calculation of complex criteria for evaluating processes,
which distinguishes it from known models systems. In complex criteria
are combined technological parameters and output data of automated
process control systems. In the system are proposed and implemented
two methodological approaches for creation complex indicators, on
the basis of which were developed evaluation criteria for: thermal
state of blast furnace smelting, gas dynamic regime, shape and location
of the plastic zone, efficiency of the axial coke vent, effects of melts
on the lining of a metal receptacle and integral index of blast furnace
charge. It is shown that the main structural complexes of the system
are: control-measuring (database); knowledge base; Calculated;
Model; Diagnostic and complex of recommendations formation for
the management of blast-furnace smelting. Adaptation of the developed
intellectual system was carried out in the technological conditions of
the work of blast furnace No. 9 PJSC «ArcelorMittal Kryviy Rih».
Also is justified the choice of the basic operating modes of the furnace
and the experimental periods for approbation of the system. The
values of the evaluation criteria for smelting processes were calculated
and the optimum ranges of variation were determined. The diagnoses
of furnace stroke were made in the periods of its operation and were
developed recommendations for controlling the smelting process.

Keywords: blast-furnace smelting, the criteria for assessing
processes, functional and algorithmic structure of intelligent sys-
tem.
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ÂÅÐÎßÒÍÎÑÒÍÛÅ ÌÎÄÅËÈ ÝÊÑÏËÓÀÒÀÖÈÎÍÍÎÃÎ ÑÎÑÒÎßÍÈß
ÐÅÇÅÐÂÓÀÐÍÛÕ ÊÎÍÑÒÐÓÊÖÈÉ

ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð

Â ðàáîòå ðàññìàòðèâàþòñÿ âîïðîñû âåðîÿòíîñòíîãî ìîäåëèðîâàíèÿ ïîêàçàòåëåé

íàäåæíîñòè ñòàëüíûõ ðåçåðâóàðîâ äëÿ õðàíåíèÿ íåôòåïðîäóêòîâ. Â êà÷åñòâå ìåòî-

äîëîãè÷åñêîé îñíîâû òàêîãî ìîäåëèðîâàíèÿ ïðèíÿòà èçâåñòíàÿ â òåîðèè íàäåæíî-

ñòè ñëîæíûõ ñèñòåì ãèïîòåçà «ñëàáåéøåãî çâåíà». Íåôòÿíîé ðåçåðâóàð ðàññìàòðè-

âàåòñÿ êàê ñëîæíàÿ ñèñòåìà, ñîñòîÿùàÿ èç 4-õ ïîñëåäîâàòåëüíî ñîåäèíåííûõ (â

ñìûñëå íàäåæíîñòè) ïîäñèñòåì: äíèùà, êðîâëè, öèëèíäðè÷åñêîé ñòåíêè è óçëà

ñîïðÿæåíèÿ ñòåíêè ñ äíèùåì. Ñâàðíûå ñîåäèíåíèÿ ïðèíèìàþòñÿ ðàâíîïðî÷íûìè

îñíîâíîìó ìåòàëëó ðåçåðâóàðà. Ñ÷èòàåòñÿ, ÷òî ðåçåðâóàð âûïîëíÿåò ñâîéñòâåííûå

åìó ôóíêöèè ïî ïðèåìó, õðàíåíèþ è ñëèâó íåôòåïðîäóêòîâ â íîðìàëüíûõ ðåæè-

ìàõ ðàáîòû â ñîîòâåòñòâèè ñ äåéñòâóþùèìè íîðìàòèâíûìè äîêóìåíòàìè è ñ ïðî-

åêòíûì óðîâíåì çàëèâà, à óõóäøåíèå òåõíè÷åñêîãî ñîñòîÿíèÿ ðåçåðâóàðà â ïåðèîä

ýêñïëóàòàöèè ïðîèñõîäèò ïîñòåïåííî è îáóñëàâëèâàåòñÿ ôèçè÷åñêèì èçíîñîì åãî

ìåòàëëîêîíñòðóêöèé. Ôîðñ-ìàæîðíûå ñèòóàöèè òèïà êàòàñòðîô, ãðóáûõ îøèáîê

ïðîåêòèðîâàíèÿ, èçãîòîâëåíèÿ è ìîíòàæà è ò.ä. íå ðàññìàòðèâàþòñÿ. Ïðåäëîæåíû

íîâûå ìîäåëè êîìïëåêñíîé îöåíêè òåõíè÷åñêîãî ñîñòîÿíèÿ íåôòÿíûõ ðåçåðâóà-

ðîâ, êîòîðûå ìîãóò èñïîëüçîâàòüñÿ äëÿ óïðàâëåíèÿ íàäåæíîñòüþ äàííûõ ñîîðóæå-

íèé, êàê íà ñòàäèè èõ ïðîåêòèðîâàíèÿ, òàê è â ïðîöåññå ýêñïëóàòàöèè. Ïàðàìåòðû

ýòèõ ìîäåëåé ìîãóò ëåãêî êîððåêòèðîâàòüñÿ ïî ðåçóëüòàòàì íàòóðíûõ îáñëåäîâà-

íèé ðåçåðâóàðîâ â ïåðèîä ýêñïëóàòàöèè, ÷òî ïîâûøàåò òî÷íîñòü ïðîãíîçà â êàæ-

äîì îòäåëüíîì ñëó÷àå.

Êëþ÷åâûå ñëîâà: íåôòÿíûå ðåçåðâóàðû, íàäåæíîñòü, òåõíè÷åñêîå ñîñòîÿíèå, ìàòå-

ìàòè÷åñêîå ìîäåëèðîâàíèå, ãèïîòåçà «ñëàáåéøåãî çâåíà».

Ñòàëüíûå âåðòèêàëüíûå öèëèíäðè÷åñêèå
ðåçåðâóàðû äëÿ äîëãîñðî÷íîãî õðàíåíèÿ íåôòå-
ïðîäóêòîâ (ÐÂÑ), ñîñòàâëÿþùèå çíà÷èòåëüíóþ
÷àñòü ðåçåðâóàðíîãî ïàðêà Óêðàèíû, â íàñòîÿ-
ùåå âðåìÿ íàõîäÿòñÿ â óñëîâèÿõ àêòèâíîãî ôè-
çè÷åñêîãî èçíîñà. Â ñâÿçè ñ ýòèì, â ïîñëåäíèå
ãîäû â çíà÷èòåëüíîé ìåðå ïîâûñèëñÿ ôàêòè÷åñ-
êèé ðèñê èõ îòêàçîâ è, òåì ñàìûì, âîçðîñëà ðîëü
ôàêòîðà ñâîåâðåìåííîãî è ýôôåêòèâíîãî âîñ-
ñòàíîâëåíèÿ ðàáîòîñïîñîáíîñòè â ïðîöåññå ýê-
ñïëóàòàöèè. Âñå ýòî òðåáóåò óòî÷íåíèÿ äåéñòâó-
þùèõ íîðìàòèâíûõ äîêóìåíòîâ ïî ýêñïëóàòà-
öèè óêàçàííûõ îáúåêòîâ â ÷àñòè ñðîêîâ ðåâè-
çèé òåõíè÷åñêîãî ñîñòîÿíèÿ, ÷òî ñâÿçàíî, ïðåæäå
âñåãî, ñ àäåêâàòíûì ìàòåìàòè÷åñêèì îïèñàíè-
åì ïîêàçàòåëåé èõ íàäåæíîñòè è ñ ðàçðàáîòêîé
íîâûõ ìîäåëåé è ìåòîäîâ óïðàâëåíèÿ íàäåæíî-
ñòüþ â óñëîâèÿõ ôèçè÷åñêîãî èçíîñà. Ñîîòâåò-
ñòâóþùèå âîïðîñû òåì áîëåå àêòóàëüíû ïðèìå-

íèòåëüíî ê îáúåêòàì, îòíîñÿùèìñÿ ê ñîîðóæå-
íèÿì âûñîêîé ñòåïåíè îòâåòñòâåííîñòè, äëÿ
êîòîðûõ îáåñïå÷åíèå íàäåæíîñòè èìååò ðåøà-
þùåå çíà÷åíèå [1].

Ïîñòàíîâêà ïðîáëåìû
Ñ òî÷êè çðåíèÿ íàäåæíîñòè áîëüøèíñòâî

ñòðîèòåëüíûõ êîíñòðóêöèé ìîæíî ðàññìàòðè-
âàòü ïîñëå äåêîìïîçèöèè êàê ñèñòåìó ñ ïîñëå-
äîâàòåëüíûì ñîåäèíåíèåì ýëåìåíòîâ. Äëÿ íîð-
ìàëüíîãî ôóíêöèîíèðîâàíèÿ òàêîé ñèñòåìû âñå
åå ýëåìåíòû äîëæíû áûòü ðàáîòîñïîñîáíûìè.
Îòêàç æå õîòÿ áû îäíîãî ýëåìåíòà ïðèâîäèò ê
îòêàçó âñåé ñèñòåìû. Ïîä îòêàçîì ïîíèìàåòñÿ
ïåðåõîä îáúåêòà èç ðàáîòîñïîñîáíîãî ñîñòîÿíèÿ
â íåðàáîòîñïîñîáíîå ñîñòîÿíèå. Â ðàçíîîáðàç-
íûõ ïðèêëàäíûõ çàäà÷àõ, ñâÿçàííûõ ñ ìîäåëè-
ðîâàíèåì íàäåæíîñòè ñòðîèòåëüíûõ êîíñòðóê-
öèé âîçíèêàåò ïðîáëåìà ôîðìèðîâàíèÿ íåêî-
òîðîãî îïåðàòîðà S , ñâÿçûâàþùåãî ïîêàçàòåëè
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íàäåæíîñòè êîíñòðóêöèè ñ âåðîÿòíîñòíûìè õà-
ðàêòåðèñòèêàìè åå êîíñòðóêòèâíûõ ýëåìåíòîâ.
Â ñëó÷àå íåçàâèñèìîñòè îòêàçîâ ýëåìåíòîâ (ò.å.
îòñóòñòâèÿ ïðè÷èííî-ñëåäñòâåííûõ ñâÿçåé ìåæ-
äó îòêàçàìè) ýòà ïðîáëåìà ëåãêî ðåøàåòñÿ íà
îñíîâå èçâåñòíîãî ïðàâèëà óìíîæåíèÿ âåðîÿò-
íîñòåé. Åñëè æå îòêàçû îòäåëüíûõ ýëåìåíòîâ
ðàññìàòðèâàåìîé ñèñòåìû ñòàòèñòè÷åñêè çàâè-
ñèìû, òî ïîñòðîèòü îïåðàòîð S , àäåêâàòíî îòî-
áðàæàþùèé çàâèñèìîñòü ïîêàçàòåëåé íàäåæíî-
ñòè êîíñòðóêöèè îò âåðîÿòíîñòíûõ õàðàêòåðèñ-
òèê åå êîíñòðóêòèâíûõ ýëåìåíòîâ, çíà÷èòåëüíî
ñëîæíåå, à ñâÿçàííûå ñ ýòèì âîïðîñû òðåáóþò
äàëüíåéøèõ èññëåäîâàíèé.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Èçâåñòíûé â òåîðèè âåðîÿòíîñòåé ïîäõîä

ê ïîñòðîåíèþ îïåðàòîðà S  â ñëó÷àå çàâèñèìûõ
îòêàçîâ îñíîâàí íà ñèíòåçå ôóíêöèé (èíòåãðàëü-
íîé èëè ïëîòíîñòè) ñîâìåñòíîãî ðàñïðåäåëåíèÿ
âåðîÿòíîñòåé íàðàáîòîê äî îòêàçà îòäåëüíûõ
êîíñòðóêòèâíûõ ýëåìåíòîâ [2]. Îäíàêî äëÿ ðå-
øåíèÿ ïðàêòè÷åñêèõ çàäà÷ îöåíêè íàäåæíîñòè
ñòðîèòåëüíûõ êîíñòðóêöèé òàêîé ïîäõîä êðàé-
íå íåóäîáåí è ôàêòè÷åñêè íå èñïîëüçóåòñÿ [1,
3–5]. Â äàííîé ñòàòüå ïðèìåíèòåëüíî ê ìîäå-
ëèðîâàíèþ íàäåæíîñòè ñòàëüíûõ ðåçåðâóàðîâ
äëÿ íåôòåïðîäóêòîâ îáñóæäàþòñÿ âîïðîñû ôîð-
ìèðîâàíèÿ îïåðàòîðà S  íà îñíîâå ìîäåëè «ñëà-
áåéøåãî çâåíà» [2].

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Öåëü ñòàòüè – ïðåäëîæèòü íîâûå, îñíîâàí-

íûå íà ãèïîòåçå «ñëàáåéøåãî çâåíà», âåðîÿòíî-
ñòíûå ìîäåëè îöåíêè òåõíè÷åñêîãî ñîñòîÿíèÿ
íåôòÿíûõ ðåçåðâóàðîâ, íàõîäÿùèõñÿ â ýêñïëó-
àòàöèè.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Íåôòÿíîé ðåçåðâóàð ðàññìàòðèâàåòñÿ êàê
ñëîæíàÿ ñèñòåìà, ñîñòîÿùàÿ èç 4-õ ïîäñèñòåì
(îñíîâíûõ êîíñòðóêòèâíûõ ýëåìåíòîâ): äíèùà
è êðîâëè, öèëèíäðè÷åñêîé ñòåíêè (íèæíèå è
âåðõíèå ïîÿñà áåçìîìåíòíîé îáëàñòè êîðïóñà
ðåçåðâóàðà) è óçëà ñîïðÿæåíèÿ ñòåíêè ñ äíè-
ùåì. Ñõåìà äåêîìïîçèöèè ðåçåðâóàðà ïðèíè-
ìàåòñÿ â âèäå, ïîêàçàííîì íà ðèñóíêå.

Ñâàðíûå ñîåäèíåíèÿ ïðèíèìàþòñÿ ðàâíî-
ïðî÷íûìè îñíîâíîìó ìåòàëëó ðåçåðâóàðà. Ñ÷è-
òàåòñÿ, ÷òî ðåçåðâóàð âûïîëíÿåò ñâîéñòâåííûå
åìó ôóíêöèè ïî ïðèåìó, õðàíåíèþ è îòïóñêó
íåôòåïðîäóêòîâ â íîðìàëüíûõ ðåæèìàõ ðàáîòû
â ñîîòâåòñòâèè ñ äåéñòâóþùèìè íîðìàòèâíûìè
äîêóìåíòàìè è ñ ïðîåêòíûì óðîâíåì çàëèâà, à
óõóäøåíèå òåõíè÷åñêîãî ñîñòîÿíèÿ ðåçåðâóàðà
â ïåðèîä ýêñïëóàòàöèè ïðîèñõîäèò ïîñòåïåííî

è îáóñëàâëèâàåòñÿ ôèçè÷åñêèì èçíîñîì åãî ìå-
òàëëîêîíñòðóêöèé. Ôîðñ-ìàæîðíûå ñèòóàöèè
òèïà êàòàñòðîô, ãðóáûõ îøèáîê ïðîåêòèðîâà-
íèÿ, èçãîòîâëåíèÿ è ìîíòàæà è ò.ä. íå ðàññìàò-
ðèâàþòñÿ.

Ñõåìà äåêîìïîçèöèè ðåçåðâóàðà

ÐÂÑ ïðîåêòèðóþòñÿ ñ îïðåäåëåííûì çàïà-
ñîì òîëùèíû êîíñòðóêòèâíûõ ýëåìåíòîâ, ÷òî
îáóñëàâëèâàåò ñîîòâåòñòâóþùèå íà÷àëüíûå çà-
ïàñû ïðî÷íîñòè, óñòîé÷èâîñòè è ãåðìåòè÷íîñ-
òè. Â ïåðèîä ýêñïëóàòàöèè òåõíè÷åñêîå ñîñòîÿ-
íèå ðåçåðâóàðíûõ êîíñòðóêöèé îáúåêòèâíî óõóä-
øàåòñÿ. Âñëåäñòâèå êîððîçèîííîãî èçíîñà òîë-
ùèíà êîíñòðóêòèâíûõ ýëåìåíòîâ ÐÂÑ óìåíüøà-
þòñÿ, íàêàïëèâàþòñÿ è ðàçâèâàþòñÿ äðóãèå ïî-
âðåæäåíèÿ, ÷òî íåìèíóåìî ïðèâîäèò ê ïîâû-
øåíèþ ðèñêà îòêàçîâ ýòèõ ñîîðóæåíèé.

Ñîãëàñíî äåéñòâóþùèì íîðìàòèâíûì äî-
êóìåíòàì ÐÂÑ íà ïðîòÿæåíèè âñåãî ñðîêà ñëóæ-
áû äîëæíû îòâå÷àòü ñëåäóþùèì íîðìàòèâíûì
òðåáîâàíèÿì ïðî÷íîñòè, óñòîé÷èâîñòè è ãåðìå-
òè÷íîñòè:

– óñëîâèþ ïðî÷íîñòè öèëèíäðè÷åñêîé
ñòåíêè

nirptR iiyc ,1,)(  ;  (1)

– óñëîâèþ óñòîé÷èâîñòè öèëèíäðè÷åñêîé
ñòåíêè

1
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)(
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2

1

1 
t

t

t

t

crcr 





;  (2)

– óñëîâèþ ïðî÷íîñòè óçëà ñîïðÿæåíèÿ
öèëèíäðè÷åñêîé ñòåíêè ñ äíèùåì

06)(2
1 MtR cy  ;  (3)

– óñëîâèþ ãåðìåòè÷íîñòè äíèùà
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0дн
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  ;  (4)

– óñëîâèþ ãåðìåòè÷íîñòè êðîâëè



Probabilistic models of the operating state of reservoir constructions

33ISSN 2521-6406, Kompûterne modelûvannâ: analiz, upravlinnâ, optimizaciâ, 2017, No. 1, pp. 31-36

 
2

0кр
кр t


  .  (5)

Â ïðèâåäåííûõ ôîðìóëàõ îáîçíà÷åíî:

n  – ÷èñëî ïîÿñîâ öèëèíäðè÷åñêîé ñòåíêè;

),1()( niti   – òåêóùàÿ òîëùèíà i -ãî ïîÿñà;
 tдн ,  tкр  – òåêóùàÿ òîëùèíà, ñîîòâåò-

ñòâåííî, äíèùà è êðîâëè;

r  – ðàäèóñ ñðåäèííîé ïîâåðõíîñòè ðåçåð-
âóàðà;

yR  – ðàñ÷åòíîå ñîïðîòèâëåíèå ñòàëè;

c  – êîýôôèöèåíò óñëîâèé ðàáîòû (äëÿ
íèæíåãî ïîÿñà c  = 0,6; äëÿ îñòàëüíûõ ïîÿñîâ
öèëèíäðè÷åñêîé ñòåíêè c = 0,9; äëÿ óòîðíîãî
óçëà c  = 1,2);

ip  – ãèäðîñòàòè÷åñêîå äàâëåíèå íà i -é
ïîÿñ;

)(1 t , )(2 t  – òåêóùèå çíà÷åíèÿ ìåðèäè-
îíàëüíûõ è êîëüöåâûõ íàïðÿæåíèé, âîçíèêàþ-
ùèõ â ñòåíêå îò, ñîîòâåòñòâåííî, ïðîäîëüíûõ è
ðàäèàëüíûõ âíåøíèõ íàãðóçîê;

)(1 tcr , )(2 tcr  – êðèòè÷åñêèå çíà÷åíèÿ
íàïðÿæåíèé ïðè ñæàòèè, ñîîòâåòñòâåííî, â îñå-
âîì è ðàäèàëüíîì íàïðàâëåíèè;

0M  – èçãèáàþùèé ìîìåíò â çîíå ñîïðÿ-
æåíèÿ ñòåíêè è äíèùà.

Çàìåòèì, ÷òî òåêóùàÿ òîëùèíà ëþáîãî êîí-
ñòðóêòèâíîãî ýëåìåíòà ðåçåðâóàðà  t  îïèñû-
âàåòñÿ ñîîòíîøåíèåì:

  )(0 tt   ,  (6)

ãäå 0  è )(t  – ñîîòâåòñòâåííî, ïðîåêòíîå çíà-
÷åíèå òîëùèíû è òåêóùàÿ âåëè÷èíà íåîáðàòè-
ìîãî êîððîçèîííîãî èçíîñà êîíñòðóêòèâíîãî
ýëåìåíòà.

Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

rptRtZ iiyci  )()(   – òåêóùèé çàïàñ

ïðî÷íîñòè i -ãî ïîÿñà öèëèíäðè÷åñêîé ñòåíêè;
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  – òåêóùèé çà-

ïàñ óñòîé÷èâîñòè öèëèíäðè÷åñêîé ñòåíêè;

0
2

1 6)()( MtRtZ cyyc    – òåêóùèé çàïàñ

ïðî÷íîñòè óçëà ñîïðÿæåíèÿ ñòåíêè ñ äíèùåì;

2
)()(

0кр
кркр ttZ


   – òåêóùèé çàïàñ ãåð-

ìåòè÷íîñòè êðîâëè;

2
)()( 0дн

дндн ttZ


   – òåêóùèé çàïàñ ãåð-

ìåòè÷íîñòè äíèùà.

Â ïðîöåññå ýêñïëóàòàöèè ðåçåðâóàðà ïîä
âëèÿíèåì êîððîçèîííîãî èçíîñà òîëùèíà åãî
êîíñòðóêòèâíûõ ýëåìåíòîâ óìåíüøàåòñÿ. Ñîîò-
âåòñòâåííî, óõóäøàåòñÿ òåõíè÷åñêîå ñîñòîÿíèå
ðåçåðâóàðà (óìåíüøàþòñÿ çàïàñû ïðî÷íîñòè,
óñòîé÷èâîñòè è ãåðìåòè÷íîñòè), ÷òî ìîæåò ïðè-
âåñòè ê íàñòóïëåíèþ íîðìàòèâíîãî îòêàçà (íà-
ðóøåíèþ õîòÿ áû îäíîãî èç íåðàâåíñòâ (1)–(5)).
Åñëè ñâîåâðåìåííî íå óñòðàíèòü òàêîé îòêàç
(âûïîëíèòü ðåìîíò), òî íàñòóïàåò îòêàç ôèçè-
÷åñêèé, êîòîðûé ñîïðÿæåí ñ îãðîìíûìè ýêî-
íîìè÷åñêèìè, ýêîëîãè÷åñêèìè è äðóãèìè ïî-
òåðÿìè. Ïîýòîìó ïðîãíîçèðîâàíèå íàñòóïëåíèÿ
íîðìàòèâíûõ îòêàçîâ ðåçåðâóàðîâ âñëåäñòâèå
äåãðàäàöèè èõ êîíñòðóêòèâíûõ ýëåìåíòîâ, îá-
íàðóæåíèå è óñòðàíåíèå ýêñïëóàòàöèîííûõ ïî-
âðåæäåíèé ðåçåðâóàðíûõ êîíñòðóêöèé – ýòî
âàæíåéøèå çàäà÷è òåõíè÷åñêîãî îáñëóæèâàíèÿ
íåôòÿíûõ ðåçåðâóàðîâ, íàõîäÿùèõñÿ â ýêñïëóà-
òàöèè.

Èìåþùèåñÿ äàííûå ìíîãî÷èñëåííûõ íà-
òóðíûõ îáñëåäîâàíèé [3] ïîêàçûâàþò, ÷òî êîð-
ðîçèîííûé èçíîñ êîíñòðóêòèâíûõ ýëåìåíòîâ
ÐÂÑ èìååò íîðìàëüíûé çàêîí ðàñïðåäåëåíèÿ
âåðîÿòíîñòåé. Ïîýòîìó âñå óêàçàííûå çàïàñû
äàëåå ðàññìàòðèâàþòñÿ êàê ñëó÷àéíûå ôóíêöèè
êîððîçèîííîãî èçíîñà, çàâèñÿùèå îò âðåìåíè
êàê îò ïàðàìåòðà, à â êàæäûé ôèêñèðîâàííûé
ìîìåíò âðåìåíè èõ çíà÷åíèÿ ñ÷èòàþòñÿ ðàñïðå-
äåëåííûìè ïî íîðìàëüíîìó çàêîíó.

Ââåäåì â ðàññìîòðåíèå ïîíÿòèÿ èíäåêñîâ
îáåñïå÷åííîñòè ïðî÷íîñòè, óñòîé÷èâîñòè è ãåð-
ìåòè÷íîñòè ðåçåðâóàðíûõ êîíñòðóêöèé. Èíäåê-
ñîì îáåñïå÷åííîñòè ïðî÷íîñòè i -ãî ïîÿñà öè-
ëèíäðè÷åñêîé ñòåíêè â òåêóùèé ìîìåíò âðåìå-
íè t  áóäåì íàçûâàòü ôóíêöèþ ñëåäóþùåãî âèäà:
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ãäå íàäñòðî÷íàÿ ÷åðòà è âîëíèñòàÿ ëèíèÿ îáî-
çíà÷àþò, ñîîòâåòñòâåííî, ìàòåìàòè÷åñêîå îæè-
äàíèå è ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå òîë-
ùèíû ïîÿñà.

Àíàëîãè÷íî îïðåäåëÿþòñÿ: èíäåêñ îáåñïå-
÷åííîñòè ïðî÷íîñòè óòîðíîãî óçëà â òåêóùèé
ìîìåíò âðåìåíè t :
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Èíäåêñ îáåñïå÷åííîñòè óñòîé÷èâîñòè öè-
ëèíäðè÷åñêîé ñòåíêè â òåêóùèé ìîìåíò âðåìå-

íè  t :
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c
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Èíäåêñû îáåñïå÷åííîñòè ãåðìåòè÷íîñòè
äíèùà è êðîâëè â òåêóùèé ìîìåíò âðåìåíè t :
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Çàìåòèì, ÷òî âñå ïðèâåäåííûå âûøå èí-
äåêñû ÿâëÿþòñÿ äåòåðìèíèðîâàííûìè ôóíêöè-
ÿìè âðåìåíè ýêñïëóàòàöèè ðåçåðâóàðà è âûðà-
æàþòñÿ ÷åðåç ìàòåìàòè÷åñêèå îæèäàíèÿ è ñðåä-
íåêâàäðàòè÷åñêèå îòêëîíåíèÿ òîëùèíû îñíîâ-
íûõ êîíñòðóêòèâíûõ ýëåìåíòîâ ðåçåðâóàðà. Èõ
çíà÷åíèÿ ìîãóò ïðîãíîçèðîâàòüñÿ âî âðåìåíè è
êîððåêòèðîâàòüñÿ ïî ôàêòè÷åñêèì çàìåðàì òîë-
ùèíû êîíñòðóêòèâíûõ ýëåìåíòîâ ïðè òåõíè÷åñ-
êèõ îáñëåäîâàíèÿõ ðåçåðâóàðà.

Ó÷èòûâàÿ òî, ÷òî êðèòåðèåì íîðìàòèâíîãî
îòêàçà ðåçåðâóàðà ÿâëÿåòñÿ èñ÷åðïàíèå õîòÿ áû
îäíîãî èç óêàçàííûõ âûøå çàïàñîâ ïðî÷íîñòè,
óñòîé÷èâîñòè èëè ãåðìåòè÷íîñòè, âåðîÿòíîñòè
ñîõðàíåíèÿ ýêñïëóàòàöèîííûõ êà÷åñòâ ðåçåðâó-
àðíûõ êîíñòðóêöèé â ïðîöåññå ýêñïëóàòàöèè
ìîæíî âûðàçèòü ÷åðåç ñîîòâåòñòâóþùèå èíäåê-
ñû îáåñïå÷åííîñòè ñëåäóþùèì îáðàçîì.

Âåðîÿòíîñòü ñîõðàíåíèÿ ïðî÷íîñòè i -ãî
ïîÿñà íà ïðîòÿæåíèè âðåìåíè t :
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Âåðîÿòíîñòü ñîõðàíåíèÿ óñòîé÷èâîñòè öè-
ëèíäðè÷åñêîé ñòåíêè íà ïðîòÿæåíèè âðåìåíè
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Âåðîÿòíîñòü ñîõðàíåíèÿ ïðî÷íîñòè óçëà

ñîïðÿæåíèÿ ñòåíêè ñ äíèùåì íà ïðîòÿæåíèè
âðåìåíè t :
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Âåðîÿòíîñòè ñîõðàíåíèÿ ãåðìåòè÷íîñòè
äíèùà è êðîâëè:
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Çäåñü )(  - ôóíêöèÿ íîðìèðîâàííîãî íîð-
ìàëüíîãî ðàñïðåäåëåíèÿ (ôóíêöèÿ Ëàïëàñà).

Çàìåòèì, ÷òî äëÿ òîãî, ÷òîáû ïî çàäàííîìó
çíà÷åíèþ èíäåêñà îáåñïå÷åííîñòè w  íàéòè ñî-
îòâåòñòâóþùóþ åìó âåðîÿòíîñòü P  (èëè íàîáî-
ðîò) ìîæíî âîñïîëüçîâàòüñÿ, íàïðèìåð, èçâåñò-
íîé â òåîðèè âåðîÿòíîñòåé òàáóëÿöèîííîé òàá-
ëèöåé ôóíêöèè íîðìèðîâàííîãî íîðìàëüíîãî
ðàñïðåäåëåíèÿ âåðîÿòíîñòåé. Ôðàãìåíò ýòîé
òàáëèöû ïðèâåäåí íèæå (ñì. òàáë.).

Ïðè îïðåäåëåíèè âåðîÿòíîñòè áåçîòêàçíîé
ðàáîòû âñåãî ðåçåðâóàðà áóäåì èñõîäèòü èç ñëå-
äóþùèõ ïîëîæåíèé:

1. Îòêàç ðåçåðâóàðà íàñòóïàåò ïðè ïåðåõî-
äå â íåðàáîòîñïîñîáíîå ñîñòîÿíèå õîòÿ áû îä-
íîãî èç åãî îñíîâíûõ êîíñòðóêòèâíûõ ýëåìåí-
òîâ.

2. Îòêàç êîíñòðóêòèâíûõ ýëåìåíòîâ ðåçåð-
âóàðà îáóñëàâëèâàåòñÿ èõ ôèçè÷åñêèì èçíîñîì,
à ïåðâûì â ïðîöåññå ýêñïëóàòàöèè îòêàçûâàåò
íàèáîëåå ïîâðåæäåííûé ýëåìåíò.

3. Ïîñêîëüêó îáùèì ìåõàíèçìîì ôèçè÷åñ-
êîãî èçíîñà ñòàëüíîãî ðåçåðâóàðà ÿâëÿåòñÿ êîð-
ðîçèÿ, òî îòêàçû åãî ìåòàëëîêîíñòðóêöèé ÿâëÿ-
þòñÿ ñîáûòèÿìè ñòàòèñòè÷åñêè çàâèñèìûìè.

Ó÷èòûâàÿ äàííûå ïîëîæåíèÿ (èõ ñïðàâåä-
ëèâîñòü äîñòàòî÷íî î÷åâèäíà) è ïðèíèìàÿ â êà-
÷åñòâå ìåðû ïîâðåæäåííîñòè ìåòàëëîêîíñòðóê-
öèé ðåçåðâóàðà íà òîì èëè èíîì ýòàïå ýêñïëóà-
òàöèè èíäåêñû îáåñïå÷åííîñòè ïðî÷íîñòè, óñ-
òîé÷èâîñòè è ãåðìåòè÷íîñòè, ìîæíî ñ÷èòàòü, ÷òî
ïåðâûì â ïðîöåññå ýêñïëóàòàöèè îòêàçûâàåò òîò
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êîíñòðóêòèâíûé ýëåìåíò, êîòîðûé ñîîòâåòñòâóåò
íàèìåíüøåìó èç óêàçàííûõ èíäåêñîâ.

Îäíàêî ÷åì ìåíüøå èíäåêñ, òåì áîëüøå
âåðîÿòíîñòü îòêàçà ñîîòâåòñòâóþùåãî êîíñòðóê-
òèâíîãî ýëåìåíòà. Ïîýòîìó âåðîÿòíîñòü áåçîò-
êàçíîé ðàáîòû ðåçåðâóàðà (êàê ñèñòåìû ïîñëå-
äîâàòåëüíî ñîåäèíåííûõ äíèùà, óçëà ñîïðÿæå-
íèÿ ñòåíêè ñ äíèùåì, öèëèíäðè÷åñêîé ñòåíêè
è êðîâëè) íà ïðîòÿæåíèè âðåìåíè t  ñ íà÷àëà
ýêñïëóàòàöèè ìîæåò áûòü íàéäåíà íà îñíîâå
ãèïîòåçû «ñëàáåéøåãî çâåíà» [2]. Ýòà âåðîÿò-
íîñòü îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

          tPtPtPtPtP крднусстр ,,,min ,  (17)

ãäå âåðîÿòíîñòü áåçîòêàçíîé ðàáîòû öèëèíäðè-
÷åñêîé ñòåíêè )(tPст  îïðåäåëÿþòñÿ ïî ôîðìóëå:

      
        ,,,,,min

),,1(min

21 cn

у
стiст

wwww

tPnitPtP







  
(18)

à âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû óçëà ñîïðÿ-
æåíèÿ, äíèùà è êðîâëè – ïî ôîðìóëàì (14)–
(16).

Ñ ó÷åòîì ìîäåëåé (7)–(18) íåñëîæíî íàé-
òè è ñðåäíåå âðåìÿ íàðàáîòêè äî íîðìàòèâíîãî
îòêàçà ðåçåðâóàðà:

 крднyccmp  ,,,min ,  (19)

ãäå ñðåäíèå íàðàáîòêè äî îòêàçà óçëà ñîïðÿæå-
íèÿ, äíèùà è êðîâëè (ñîîòâåòñòâåííî дн , yc ,

кр ) âû÷èñëÿþòñÿ ïóòåì ïðèðàâíèâàíèÿ íóëþ
ñîîòâåòñòâóþùåãî èíäåêñà îáåñïå÷åííîñòè è
ðåøåíèÿ ïîëó÷åííîãî óðàâíåíèÿ îòíîñèòåëüíî

t , à ñðåäíÿÿ íàðàáîòêà äî îòêàçà öèëèíäðè÷åñ-
êîé ñòåíêè íàõîäèòñÿ êàê ìèíèìàëüíîå âðåìÿ
ñðåäè íàðàáîòîê äî îòêàçà åå ïîÿñîâ.

Âûâîäû
Ïðåäëîæåííûå ìîäåëè (7)–(19) ïîçâîëÿþò

ïîëó÷èòü êîìïëåêñíóþ âåðîÿòíîñòíóþ îöåíêó
òåõíè÷åñêîãî ñîñòîÿíèÿ íåôòÿíûõ ðåçåðâóàðîâ.
Ïàðàìåòðû ýòèõ ìîäåëåé ìîãóò êîððåêòèðîâàòüñÿ
ïî äàííûì íàòóðíûõ îáñëåäîâàíèé, ÷òî ïîâû-
øàåò òî÷íîñòü ïðîãíîçà â êàæäîì îòäåëüíîì
ñëó÷àå. Êðîìå òîãî, äàííûå ìîäåëè ìîãóò èñ-
ïîëüçîâàòüñÿ êàê ïðîãíîçíûå ìîäåëè íà ñòàäèè
ïðîåêòèðîâàíèÿ ðåçåðâóàðîâ è êàê ìîäåëè óï-
ðàâëåíèÿ íàäåæíîñòüþ â ïðîöåññå ýêñïëóàòàöèè
ýòèõ ñîîðóæåíèé. Â èòîãå ðàññìîòðåííûå ìîäå-
ëè ìîãóò ñëóæèòü ìåòîäîëîãè÷åñêîé îñíîâîé ïðè
èññëåäîâàíèè ïðîáëåì íàäåæíîñòè è äîëãîâå÷-
íîñòè ðåçåðâóàðîâ, íàõîäÿùèõñÿ â ýêñïëóàòàöèè.
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Çíà÷åíèÿ ïàðàìåòðà w  â çàâèñèìîñòè îò âåëè÷èíû P

P 0,5000 0,8413 0,9332 0,9773 0,9934 0,9987 0,9997 0,9999 

w 0 1 1,5 2 2,5 3 3,5 4 
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²ÌÎÂ²ÐÍ²ÑÍ² ÌÎÄÅË² ÅÊÑÏËÓÀÒÀÖ²ÉÍÎÃÎ ÑÒÀÍÓ
ÐÅÇÅÐÂÓÀÐÍÈÕ ÊÎÍÑÒÐÓÊÖ²É

Íàñîíîâà Ñ.Ñ., Êóïð³íà Ë.Î., Íàóìåíêî Ò.Ñ.

Ó ðîáîò³ ðîçãëÿäàþòüñÿ ïèòàííÿ ³ìîâ³ðí³ñíîãî ìîäåëþ-
âàííÿ ïîêàçíèê³â íàä³éíîñò³ ñòàëåâèõ ðåçåðâóàð³â äëÿ çáåð³-
ãàííÿ íàôòîïðîäóêò³â. ßê ìåòîäîëîã³÷íà îñíîâà òàêîãî ìîäå-
ëþâàííÿ ïðèéíÿòà â³äîìà â òåîð³¿ íàä³éíîñò³ ñêëàäíèõ ñèñòåì
ã³ïîòåçà «ñëàáêî¿ ëàíêè». Íàôòîâèé ðåçåðâóàð ðîçãëÿäàºòüñÿ
ÿê ñêëàäíà ñèñòåìà, ùî ñêëàäàºòüñÿ ç 4-õ ïîñë³äîâíî ñïîëó÷å-
íèõ (ó ñåíñ³ íàä³éíîñò³) ï³äñèñòåì: äíèùà, ïîêð³âë³, öèë³íäðè÷-
íî¿ ñò³íêè ³ âóçëà ñïîëó÷åííÿ ñò³íêè ç äíèùåì. Çâàðí³ ç’ºäíàí-
íÿ ïðèéìàþòüñÿ ð³âíèìè çà ì³öí³ñòþ îñíîâíîìó ìåòàëó ðåçåð-
âóàðó. Ââàæàºòüñÿ, ùî ðåçåðâóàð âèêîíóº âëàñòèâ³ éîìó ôóíêö³¿
ïî ïðèéîìó, çáåð³ãàííþ ³ çëèâó íàôòîïðîäóêò³â â íîðìàëüíèõ
ðåæèìàõ ðîáîòè â³äïîâ³äíî äî ÷èííèõ íîðìàòèâíèõ äîêóìåíò³â
³ ç ïðîåêòíèì ð³âíåì çàëèâó, à ïîã³ðøåííÿ òåõí³÷íîãî ñòàíó
ðåçåðâóàðó â ïåð³îä åêñïëóàòàö³¿ â³äáóâàºòüñÿ ïîñòóïîâî ³ îáó-
ìîâëþºòüñÿ ô³çè÷íèì çíîñîì éîãî ìåòàëîêîíñòðóêö³é. Ñèòó-
àö³¿ òèïó êàòàñòðîô, ãðóáèõ ïîìèëîê ïðîåêòóâàííÿ, âèãîòîâ-
ëåííÿ ³ ìîíòàæó ³ ò.ï. íå ðîçãëÿäàþòüñÿ. Çàïðîïîíîâàí³ íîâ³
ìîäåë³ êîìïëåêñíî¿ îö³íêè òåõí³÷íîãî ñòàíó íàôòîâèõ ðåçåð-
âóàð³â, ÿê³ ìîæóòü âèêîðèñòîâóâàòèñÿ äëÿ óïðàâë³ííÿ íàä³-
éí³ñòþ öèõ ñïîðóä, ÿê íà ñòàä³¿ ¿õ ïðîåêòóâàííÿ, òàê ³ â ïðî-
öåñ³ åêñïëóàòàö³¿. Ïàðàìåòðè öèõ ìîäåëåé ìîæóòü êîðèãóâà-
òèñÿ çà ðåçóëüòàòàìè íàòóðíèõ îáñòåæåíü ðåçåðâóàð³â â ïåð³-
îä åêñïëóàòàö³¿, ùî ï³äâèùóº òî÷í³ñòü ïðîãíîçó ó êîæíîìó
îêðåìîìó âèïàäêó.

Êëþ÷îâ³ ñëîâà: íàôòîâ³ ðåçåðâóàðè, íàä³éí³ñòü,
òåõí³÷íèé ñòàí, ìàòåìàòè÷íå ìîäåëþâàííÿ, ã³ïîòåçà «ñëàáêî¿
ëàíêè».

PROBABILISTIC MODELS OF THE OPERATING STATE
OF RESERVOIR CONSTRUCTIONS

Nasonova S.S., Kuprina L.A., Naumenko T.S.

The questions of probabilistic design of reliability of steel
reservoirs indexes are in-process examined for storage of oil products.
As methodological basis of such design the known is accepted in the
theory of reliability of the difficult systems hypothesis of the «weakest
link». A petroleum reservoir is examined as a difficult system consisting
of 4 the consistently united (in sense of reliability) subsystems: bottom,
roof, cylindrical wall and knot of interface of wall with a bottom.
The weld fabricated connections are accepted by equal on durability
to the parent metal of reservoir. It is considered that a reservoir
executes peculiar to it functions on a reception, storage and weathering
of oil products in normal office hours in accordance with operating
normative documents and with the project level of bay, and worsening
of the technical state of reservoir in the period of exploitation takes
place gradually and stipulated by the physical wear of its metallic
constructions. Situations of type of catastrophes, flagrant errors of
planning, making and editing not examined. The new models of
complex estimation of the technical state of petroleum reservoirs are
offered that can be used for a management by reliability of these
building both on the stage of their planning and in the process of
exploitation. The parameters of these models can easily be corrected
on results the model inspections of reservoirs in the period of
exploitation that promotes exactness of prognosis in every special
case.

Keywords: petroleum reservoirs, reliability, technical state,
mathematical design, hypothesis of the «weakest link».
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ÑÊ²Í×ÅÍÍÎ-ÅËÅÌÅÍÒÍÅ ÌÎÄÅËÞÂÀÍÍß ÍÀÏÐÓÆÅÍÎ-ÄÅÔÎÐÌÎÂÀÍÎÃÎ
ÑÒÀÍÓ ÒÐÀÂÅÐÑÈ Ã²ÄÐÀÂË²×ÍÎÃÎ ÏÐÅÑÀ

ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî

Â äàí³é ðîáîò³ äîñë³äæåíî íàïðóæåíî-äåôîðìîâàíèé ñòàí òðàâåðñè öåíòðàëüíîãî

âèøòîâõóâà÷à ã³äðàâë³÷íîãî ïðåñó çà äîïîìîãîþ ñê³í÷åííî-åëåìåíòíîãî ìîäåëþ-

âàííÿ. Âñòàíîâëåíî, ùî â òðàâåðñ³ ïðè çóñèëë³ âèøòîâõóâàííÿ 1,52 ÌÍ íàéá³ëüø³

åêâ³âàëåíòí³ íàïðóæåííÿ, ÿê³ îá÷èñëþâàëèñÿ çà ôîðìóëîþ Ì³çåñà, ñïîñòåð³ãàþòü-

ñÿ â ì³ñöÿõ ïðèêëàäåííÿ íàâàíòàæåíü, îïîðíèõ ïîâåðõîíü, ð³çêî¿ çì³íè ãåîìåòð³¿.

Ïîêàçàíî, ùî åêâ³âàëåíòí³ íàïðóæåííÿ çá³ëüøóþòüñÿ ïî âèñîò³ íà âíóòð³øí³é ïî-

âåðõí³ öåíòðàëüíîãî öèë³íäðà ³ çìåíøóþòüñÿ – íà âíóòð³øí³õ ïîâåðõíÿõ á³÷íèõ

öèë³íäð³â. Âèÿâëåíî, ùî ìàêñèìàëüí³ ïåðåì³ùåííÿ òà äåôîðìàö³¿ ñïîñòåð³ãàþòüñÿ

ó âåðõí³é ÷àñòèí³ òðàâåðñè, à ì³í³ìàëüí³ – ó íèæí³é. Àíàë³ç åïþð íàïðóæåíü ³

äåôîðìàö³é ïîêàçàâ, ùî ³ñíóþ÷à ãåîìåòð³ÿ òðàâåðñè íå º îïòèìàëüíîþ – íàïðó-

æåííÿ òà äåôîðìàö³¿ â ¿¿ ð³çíèõ ÷àñòèíàõ ñóòòºâî â³äð³çíÿþòüñÿ. Íà ï³äñòàâ³ àíàë³çó

íàïðóæåíî-äåôîðìîâàíîãî ñòàíó áóëî çàïðîïîíîâàíî âàð³àíò çì³íè ãåîìåòð³¿ äåÿ-

êèõ ÷àñòèí òðàâåðñè, ÿêèé äîçâîëèâ ïðè íåçíà÷íîìó çá³ëüøåíí³ íàïðóæåíü çìåí-

øèòè ¿¿ âàãó. Îòðèìàí³ ðåçóëüòàòè ìîæóòü áóòè çàñòîñîâàí³ ïðè ïðîåêòóâàíí³ íîâèõ

òà óäîñêîíàëåíí³ ³ñíóþ÷èõ ã³äðàâë³÷íèõ ïðåñ³â.

Êëþ÷îâ³ ñëîâà: ã³äðàâë³÷íèé ïðåñ, òðàâåðñà, åïþðà, íàïðóæåííÿ, äåôîðìàö³ÿ, ïåðå-

ì³ùåííÿ.

Âñòóï

Îäíèìè ç îñíîâíèõ åëåìåíò³â ã³äðàâë³÷íèõ
ïðåñ³â º òðàâåðñè, ÿê³ ïðè âåëèêèõ ãàáàðèòàõ ³
ìàñ³ çàçíàþòü çíà÷íèõ ïèòîìèõ íàâàíòàæåíü. Â
ðîáîò³ [1] íàäàíî àíàë³ç ðóéíàö³¿ áàçîâèõ äåòà-
ëåé ïðåñ³â. Òîìó äëÿ çàáåçïå÷åííÿ íàä³éíî¿ é
òðèâàëî¿ åêñïëóàòàö³¿ ã³äðàâë³÷íèõ ïðåñ³â íåîá-
õ³äíî çàáåçïå÷èòè ¿õ ì³öí³ñòü òà æîðñòê³ñòü.

Îòæå ïðîáëåìà âèáîðó ðàö³îíàëüíî¿ ôîð-
ìè òðàâåðñè íà åòàï³ ïðîåêòóâàííÿ º äóæå âàæ-
ëèâîþ ³ ìàº íå ò³ëüêè òåõí³÷í³, àëå é åêîíîì³÷í³
àñïåêòè.

Àíàë³ç äîñë³äæåíü ³ ïóáë³êàö³é

Íà ñüîãîäí³ íàêîïè÷åíî ïåâíèé äîñâ³ä ïðî-
åêòóâàííÿ òðàâåðñ ã³äðàâë³÷íèõ ïðåñ³â, àëå ¿õ
ðîçðàõóíîê ó á³ëüøîñò³ âèïàäê³â âèêîíóºòüñÿ
íàáëèæåíî, ùî ïîÿñíþºòüñÿ ñêëàäí³ñòþ îïèñó
íàïðóæåíî-äåôîðìîâàíîãî ñòàíó ³ îáóìîâëåíî
êîíñòðóêòèâíèìè îñîáëèâîñòÿìè.

Àíàë³ç ë³òåðàòóðíèõ äàíèõ ïîêàçóº, ùî äëÿ
âèçíà÷åííÿ íàïðóæåíî-äåôîðìîâàíîãî ñòàíó
(ÍÄÑ) áàçîâèõ åëåìåíò³â ïðåñ³â çàñòîñîâóþòü àáî
ìåòîäè îïîðó ìàòåð³àë³â [2–3], àáî ìåòîä
ñê³í÷åííèõ åëåìåíò³â (ÌÑÅ) ò³ëüêè äëÿ íàïðó-

æåíîãî ñòàíó [4]. Íàïðèêëàä, çà ³ñíóþ÷èìè ìå-
òîäèêàìè ðîçðàõóíêó íà ì³öí³ñòü ïðîñòîðîâà
êîíñòðóêö³ÿ òðàâåðñè çàì³íþºòüñÿ äâîìà áàëêà-
ìè ç øèðîêî¿ òà âóçüêî¿ ñòîð³í, à çóñèëëÿ öèë³-
íäðà ïðèêëàäàºòüñÿ â öåíòðàõ òÿæ³ííÿ îïîðíèõ
ï³âê³ëåöü. Òàêà ìåòîäèêà íå â³äïîâ³äàº ïîòðå-
áàì ñó÷àñíîãî ìàøèíîáóäóâàííÿ, îñê³ëüêè íå
âðàõîâóº îñîáëèâîñò³ ãåîìåòð³¿ êîíñòðóêö³¿ òðà-
âåðñè, ÿêà º äîñèòü ñêëàäíîþ, ³ íå äàº äîñòàò-
íüî ïîâíîãî óÿâëåííÿ ïðî íàïðóæåíî-äåôîðìî-
âàíèé ñòàí ³, ÿê íàñë³äîê, íå äîçâîëÿº çðîáèòè
âèñíîâêè ç ðàö³îíàëüíîãî ïðîåêòóâàííÿ.

Çîâñ³ì â³äñóòí³ ðîáîòè ç ñèñòåìíîãî äîñë³-
äæåííÿ äåôîðìîâàíîãî ñòàíó òðàâåðñ.

Ìåòà ðîáîòè

Ìåòà ðîáîòè – ñê³í÷åííî-åëåìåíòíå ìîäå-
ëþâàííÿ íàïðóæåíî-äåôîðìîâàíîãî ñòàíó òà
îá´ðóíòóâàííÿ âèáîðó ìîæëèâî¿ ãåîìåòð³¿ íèæ-
íüî¿ òðàâåðñè ã³äðàâë³÷íîãî ïðåñà çóñèëëÿì 20-
 ÌÍ.

Âèêëàä îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ

Îñê³ëüêè òðàâåðñà ÿâëÿº ñîáîþ ò³ëî ñêëàä-
íî¿ ãåîìåòð³¿, òî àíàë³òè÷í³ ìåòîäè ðîçðàõóíêó
ïðàêòè÷íî íåìîæëèâ³. Ëèøå ïðè çàñòîñóâàíí³
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÷èñåëüíèõ ìåòîä³â, ÿê³ ðåàë³çóþòüñÿ íà ÅÎÌ,
ìîæíà îòðèìàòè íàä³éí³ ðåçóëüòàòè. Äëÿ ðîçâ’ÿ-
çóâàííÿ çàäà÷³ çàñòîñîâóâàâñÿ âàð³àö³éíèé ïðèí-
öèï ì³í³ìóìó ïîòåíö³àëüíî¿ åíåðã³¿, ÿêèé äîç-
âîëÿº ñôîðìóëþâàòè çàäà÷ó ïðî íàïðóæåíî-äå-
ôîðìîâàíèé ñòàí ïðóæíîãî ò³ëà ÿê çàäà÷ó
ì³í³ì³çàö³¿ êâàäðàòè÷íîãî ôóíêö³îíàëó [5]. Ðîç-
â’ÿçóâàííÿ çàäà÷³ ì³í³ì³çàö³¿ â³äáóâàëîñÿ íà
ñê³í÷åííîì³ðíîìó ïðîñòîð³ øëÿõîì ïåðåõîäó â³ä
êîíòèíóàëüíîãî ñåðåäîâèùà äî äèñêðåòíîãî. Ïðè
ïîáóäîâ³ äèñêðåòíî¿ ìîäåë³ çàñòîñîâóâàëàñü
ë³í³éíà àïðîêñèìàö³ÿ ïåðåì³ùåíü íà òðèêóòíè-
êàõ.

Â ÿêîñò³ ³íñòðóìåíòó ÷èñåëüíèõ äîñë³äæåíü
âèêîðèñòîâóâàëè áàçîâó êîíô³ãóðàö³þ SolidWorks
Premium, ÿêà äîçâîëèëà âèêîíàòè äåòàëüíèé
àíàë³ç ÍÄÑ òðàâåðñè ç óðàõóâàííÿì îñîáëèâîñ-
òåé ³ ðåæèì³â åêñïëóàòàö³¿. Íà ï³äñòàâ³ ðîáî÷èõ
êðåñëåíü äëÿ ðîçðàõóíêó áóëà ñòâîðåíà ãåîìåò-
ðè÷íà ìîäåëü, çàäàâàëèñÿ ô³çèêî-ìåõàí³÷í³ âëà-
ñòèâîñò³ ìàòåð³àëó, ãðàíè÷í³ óìîâè. Îñê³ëüêè
òðàâåðñà òà ïðèêëàäåíå íàâàíòàæåííÿ ñèìåò-
ðè÷í³, òî äîñë³äæåííÿ ïðîâîäèëîñÿ äëÿ ïîëîâè-
íè äåòàë³. Âåëè÷èíè íàâàíòàæåíü âèçíà÷àëèñÿ
â³äïîâ³äíî äî óìîâ ðîáîòè òðàâåðñè. Ãàáàðèòí³
ðîçì³ðè òðàâåðñè ñêëàäàëè 1440800650 ìì. Â
ÿêîñò³ ìàòåð³àëó áóëà âèáðàíà ñòàëü 35Ë ç ìîäó-
ëåì ïðóæíîñò³ ПаE

11
102  , êîåô³ö³ºíòîì Ïó-

àññîíà 32,0 , ìåæåþ òåêó÷îñò³
МПат 248 , ìåæåþ ì³öíîñò³ .5,482 МПамц 

Ãðàíè÷í³ óìîâè çàäàâàëè òàêèì ÷èíîì, ùîá âèê-
ëþ÷èòè ïåðåì³ùåííÿ òðàâåðñè ÿê àáñîëþòíî
æîðñòêîãî ò³ëà. Â ðåçóëüòàò³ äèñêðåòèçàö³¿ îòðè-
ìàëè 9869 åëåìåíò³â òà 16736 âóçë³â.

Ó ðåçóëüòàò³ ñòàòè÷íîãî ðîçðàõóíêó òðàâåðñè
îòðèìàí³ òàê³ ïàðàìåòðè íàïðóæåíî-äåôîðìî-
âàíîãî ñòàíó:

zyx  ,,  – íîðìàëüí³ íàïðóæåííÿ â íà-
ïðÿìàõ â³äïîâ³äíèõ îñåé;

yzxzxy  ,,  – äîòè÷í³ íàïðóæåííÿ ó â³äïî-
â³äíèõ êîîðäèíàòíèõ ïëîùèíàõ;

321 ,,   – ãîëîâí³ íàïðóæåííÿ;

екв  – åêâ³âàëåíòí³ íàïðóæåííÿ, ÿê³ îá÷èñ-
ëåí³ çà ôîðìóëîþ Ì³çåñà;

zyx UUU ,,  – ïåðåì³ùåííÿ â íàïðÿìàõ
â³äïîâ³äíèõ îñåé;

n  – êîåô³ö³ºíò çàïàñó ì³öíîñò³.
Îòðèìàí³ â ðåçóëüòàò³ ðîçðàõóíêó ïîëÿ íà-

ïðóæåíü, ïåðåì³ùåíü ³ äåôîðìàö³é ³ñíóþ÷î¿ òðà-
âåðñè ïîêàçàëè, ùî çíà÷åííÿ äîñë³äæåíèõ õà-
ðàêòåðèñòèê â ð³çíèõ ÷àñòèíàõ òðàâåðñè ñóòòºâî
â³äð³çíÿþòüñÿ. Ïðè öüîìó ìàêñèìàëüí³ íàïðó-
æåííÿ, ÿê³ îá÷èñëåí³ çà ôîðìóëîþ Ì³çåñà, ñïî-
ñòåð³ãàþòüñÿ â ì³ñöÿõ ïðèêëàäåííÿ íàâàíòàæåíü

é îïîðíèõ ïîâåðõîíü òà ì³ñöÿõ ð³çêî¿ çì³íè ãåî-
ìåòð³¿.

Àíàë³ç ïîë³â äåôîðìàö³é ³ ïåðåì³ùåíü ³ñíó-
þ÷î¿ òðàâåðñè ïîêàçàâ, ùî ìàêñèìàëüí³ äåôîð-
ìàö³¿ ³ ïåðåì³ùåííÿ ñïîñòåð³ãàþòüñÿ â âåðõí³é
÷àñòèí³ òðàâåðñè (â ê³ëüöåâ³é ÷àñòèí³ öåíòðàëü-
íîãî öèë³íäðà), à ì³í³ìàëüí³ – â äâîõ öèë³íä-
ðè÷íèõ ÷àñòèíàõ òðàâåðñè òà ¿¿ íèæí³é ÷àñòèí³
(â îñíîâ³ òðàâåðñè). Òàê äåôîðìàö³ÿ ó âåðõí³é
÷àñòèí³ öåíòðàëüíîãî öèë³íäðà ñêëàäàëà ïðè-
áëèçíî 0,7–0,9 ìì, òî ó íèæí³é ÷àñòèí³ òîãî
ñàìîãî öèë³íäðà – íà ïîðÿäîê ìåíøå. Öå
ñâ³ä÷èòü ïðî òå, ùî êîíñòðóêö³ÿ òðàâåðñè íå º
îïòèìàëüíîþ.

Â ðîáîò³ ïðîïîíóºòüñÿ íîâà, á³ëüø ðàö³î-
íàëüíà, ãåîìåòð³ÿ òðàâåðñè.

Àíàë³ç åïþð íàïðóæåíü ðåêîìåíäîâàíî¿
òðàâåðñè ïîêàçàâ, ùî ìàêñèìàëüí³ íàïðóæåííÿ
ñïîñòåð³ãàþòüñÿ â ì³ñöÿõ ç’ºäíàííÿ âåëèêîãî òà
ìàëèõ öèë³íäð³â ³ íå ïåðåâèùóþòü 130 ÌÏà. Â
çîí³ êîíòàêòó íàïðóæåííÿ íå ïåðåâèùóþòü 90–
100 ÌÏà. Ðåøòà íàïðóæåíü çíà÷íî íèæ÷å. Ïðè
öüîìó ìàêñèìàëüí³ ïåðåì³ùåííÿ ñóòòºâî íå
çì³íþþòüñÿ.

Çà ðåçóëüòàòàìè äîñë³äæåííÿ (ðèñ. 1) âñòà-
íîâëåíî:

  – íîðìàëüí³ òà äîòè÷í³ íàïðóæåííÿ ñóò-
òºâî çì³íþþòüñÿ ïî âèñîò³ òðàâåðñè (íàïðèê-
ëàä, ïðè ммz 100  íàïðóæåííÿ МПаx 21 ,
à ïðè ммz 400  МПаx 40 );

  – âåëè÷èíè íàïðóæåíü x , z  çíà÷íî
á³ëüø³ âåëè÷èí íàïðóæåíü y , à âåëè÷èíè xy

çíà÷íî á³ëüø³ âåëè÷èí íàïðóæåíü xz , yz .

Ðèñ. 1. Ãðàô³ê çàëåæíîñò³ íîðìàëüíèõ ³ äîòè÷íèõ íàïðó-

æåíü â³ä êîîðäèíàòè z : 1 – íîðìàëüíå íàïðóæåííÿ x ;

2 – íîðìàëüíå íàïðóæåííÿ  z ; 3 – íîðìàëüíå íàïðóæåí-

íÿ y ;  4 – äîòè÷íå íàïðóæåííÿ xy

Ñë³ä çàóâàæèòè, ùî åêâ³âàëåíòí³ íàïðóæåí-
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íÿ екв  íà âíóòð³øí³õ ïîâåðõíÿõ öåíòðàëüíîãî
òà á³÷íèõ öèë³íäð³â òàêîæ ñóòòºâî çì³íþþòüñÿ
ïî âèñîò³, àëå õàðàêòåðè çì³íè íàïðóæåíü ð³çí³.
Íà âíóòð³øí³é ïîâåðõí³ öåíòðàëüíîãî öèë³íäðà
åêâ³âàëåíòí³ íàïðóæåííÿ çá³ëüøóþòüñÿ ïî âè-
ñîò³, à íà âíóòð³øí³é ïîâåðõí³ á³÷íîãî öèë³íäðà
– çìåíøóþòüñÿ (ðèñ. 2,à).

Ñë³ä çâåðíóòè óâàãó íà òå, ùî åêâ³âàëåíòí³
íàïðóæåííÿ ó âåðõí³é ÷àñòèí³ òðàâåðñè (íà âåð-
õíüîìó ïîÿñ³) çìåíøóþòüñÿ, à íà íèæí³é ÷àñ-
òèí³ (ó íèæíüîìó ïîÿñ³) çá³ëüøóþòüñÿ, à ïðè

ммz 40  ñïîñòåð³ãàºòüñÿ òåíäåíö³ÿ çðîñòàííÿ
åêâ³âàëåíòíèõ íàïðóæåíü.

Çíà÷åííÿ îá÷èñëåíèõ ãîëîâíèõ íàïðóæåíü

321 ,,   íå ïåðåâèùóþòü çíà÷åííÿ ãðàíèö³
òåêó÷îñò³ т .

Ñóìàðí³ ïåðåì³ùåííÿ URES  çá³ëüøóþòü-

ñÿ â îáîõ âèïàäêàõ. Ïðè öüîìó ìàêñèìàëüí³ ïå-
ðåì³ùåííÿ ñïîñòåð³ãàþòüñÿ ó âåðõíüîìó ïîÿñ³
òðàâåðñè (ó ì³ñö³ ïðèêëàäåííÿ íàâàíòàæåííÿ),
à íàéíèæ÷³ ïåðåì³ùåííÿ – ó íèæíüîìó ïîÿñ³
(ðèñ. 2,á).

Õàðàêòåð ðîçïîä³ëó êîåô³ö³ºíò³â çàïàñó
ì³öíîñò³ (ðèñ. 3) ïîêàçàâ, ùî ì³í³ìàëüí³ êîåô³-
ö³ºíòè çàïàñó ì³öíîñò³ â ìîäåðí³çîâàí³é òðàâåðñ³
ñïîñòåð³ãàþòüñÿ â íèæí³õ ÷àñòèíàõ ìàëèõ
öèë³íäð³â (1,7–5,21). Âçàãàë³ ó âåðõí³é ÷àñòèí³
òðàâåðñè êîåô³ö³ºíòè çàïàñó ì³öíîñò³ çíà÷íî
á³ëüø³, í³æ ó íèæí³é ÷àñòèí³. «Íåëîã³÷íî» âè-
ñîê³ êîåô³ö³ºíòè çàïàñó ì³öíîñò³ ñïîñòåð³ãàþòüñÿ
ó íåâåëè÷ê³é îáëàñò³ öåíòðàëüíîãî öèë³íäðà (ïðè

ммz 40 ).
Îòðèìàí³ ðåçóëüòàòè äîñë³äæåííÿ ïîêàçà-

ëè, ùî ì³öí³ñòü ³ æîðñòê³ñòü íîâî¿ òðàâåðñè çà-
áåçïå÷åí³.

Çì³íà ãåîìåòð³¿ äîçâîëèëà çìåíøèòè ìàñó
òðàâåðñè ìàéæå íà 14 %.

Âèñíîâêè

Íàïðóæåíî-äåôîðìîâàíèé ñòàí òðàâåðñè
ã³äðàâë³÷íîãî ïðåñà, ÿêèé îòðèìàíî çà äîïîìî-
ãîþ ê³íöåâî-åëåìåíòíîãî ìîäåëþâàííÿ, õàðàê-
òåðèçóºòüñÿ çàãàëüíîþ ³ ì³ñöåâîþ íåð³âíîì³ð-
í³ñòþ íàïðóæåíü ³ äåôîðìàö³é. Çàãàëüíà íå-
ð³âíîì³ðí³ñòü íàïðóæåíîãî ñòàíó â îñíîâíîìó
âèçíà÷àºòüñÿ íåð³âíîì³ðíèì ðîçïîä³ëîì íàâàí-

Ðèñ. 2. Ãðàô³êè çàëåæíîñò³ åêâ³âàëåíòíèõ íàïðóæåíü òà

ïåðåì³ùåíü â³ä êîîðäèíàòè z  äëÿ âíóòð³øí³õ öèë³íäðè÷-

íèõ ÷àñòèí òðàâåðñè: à – çàëåæí³ñòü åêâ³âàëåíòíèõ

íàïðóæåíü екв  â³ä êîîðäèíàòè z :  1 – âíóòð³øíÿ

ïîâåðõíÿ öåíòðàëüíîãî öèë³íäðà, 2 – âíóòð³øíÿ ïîâåðõíÿ

á³÷íîãî öèë³íäðà; á – çàëåæí³ñòü ïåðåì³ùåíü URES  â³ä

êîîðäèíàòè z : 3 – ïîâåðõíÿ öåíòðàëüíîãî öèë³íäðà, 4 –

 ïîâåðõíÿ á³÷íîãî öèë³íäðà

Ðèñ. 3. Ïðîñòîðîâ³ åïþðè êîåô³ö³ºíò³â çàïàñó ì³öíîñò³

òðàâåðñ: à – ³ñíóþ÷à òðàâåðñà; á – ìîäåðí³çîâàíà òðàâåðñà
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òàæåíü. Íàéá³ëüø³ íàïðóæåííÿ ñïîñòåð³ãàþòü-
ñÿ â ì³ñöÿõ ïðèêëàäåííÿ íàâàíòàæåííÿ òà îïîð.
Ì³ñöåâà íåð³âíîì³ðí³ñòü íàïðóæåíîãî ñòàíó âèç-
íà÷àºòüñÿ êîíöåíòðàö³ºþ íàïðóæåíü, ÿêà îáó-
ìîâëåíà ãåîìåòðè÷íèìè òà ñèëîâèìè ôàêòîðà-
ìè.

Çà ðåçóëüòàòàìè äîñë³äæåíü íàïðóæåíî-äå-
ôîðìîâàíîãî ñòàíó òðàâåðñè âñòàíîâëåíî çîíè,
â ÿêèõ ñïîñòåð³ãàþòüñÿ ìàêñèìàëüí³ íîðìàëüí³
é äîòè÷í³ íàïðóæåííÿ òà äåôîðìàö³¿. Àíàë³ç
ïîë³â íàïðóæåíü ³ äåôîðìàö³é ïîêàçàâ, ùî ³ñíó-
þ÷à ãåîìåòð³ÿ òðàâåðñè íå º îïòèìàëüíîþ – íà-
ïðóæåííÿ ³ äåôîðìàö³¿ â ¿¿ ð³çíèõ ÷àñòèíàõ ñóò-
òºâî â³äð³çíÿþòüñÿ.

Âñòàíîâëåíî, ùî âåëè÷èíè íàïðóæåíü x ,

z  çíà÷íî á³ëüø³ íàïðóæåíü y , à xy  çíà÷íî
á³ëüø³ íàïðóæåíü xz , yz . Çàïðîïîíîâàíî
ï³äõ³ä, çà ÿêèì ìîæíà çì³íèòè ãåîìåòð³þ òðà-
âåðñè ïðè íåçíà÷í³é çì³í³ íàïðóæåíü ³ äåôîð-
ìàö³é ³, ÿê íàñë³äîê, çìåíøèòè âàãó ñòàíèíè.
Îòðèìàí³ ðåçóëüòàòè ìàþòü ïðàêòè÷íå çàñòîñó-
âàííÿ ïðè ïðîåêòóâàíí³ íîâèõ, óäîñêîíàëåíí³
³ñíóþ÷èõ ã³äðàâë³÷íèõ ïðåñ³â ³ º îñíîâîþ äëÿ
ïîäàëüøèõ äîñë³äæåíü.
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ÊÎÍÅ×ÍÎ-ÝËÅÌÅÍÒÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ
ÍÀÏÐßÆÅÍÍÎ-ÄÅÔÎÐÌÈÐÎÂÀÍÍÎÃÎ ÑÎÑÒÎßÍÈß
ÒÐÀÂÅÐÑÛ ÃÈÄÐÀÂËÈ×ÅÑÊÎÃÎ ÏÐÅÑÑÀ

Íåì÷èíîâ Ñ.È.

Â äàííîé ðàáîòå èññëåäîâàíî íàïðÿæåííî-äåôîðìèðî-
âàííîå ñîñòîÿíèå òðàâåðñû öåíòðàëüíîãî âûòàëêèâàòåëÿ ãèä-
ðàâëè÷åñêîãî ïðåññà ìåòîäîì êîíå÷íî-ýëåìåíòíîãî ìîäåëèðî-
âàíèÿ. Óñòàíîâëåíî, ÷òî â òðàâåðñå ïðè óñèëèè âûòàëêèâàíèÿ
1,52 ÌÍ íàèáîëüøèå ýêâèâàëåíòíûå íàïðÿæåíèÿ, âû÷èñëåí-
íûå ïî ôîðìóëå Ìèçåñà, íàáëþäàþòñÿ â ìåñòàõ ïðèëîæåíèÿ
íàãðóçîê, îïîðíûõ ïîâåðõíîñòåé, ðåçêîãî èçìåíåíèÿ ãåîìåòðèè.
Ïîêàçàíî, ÷òî ýêâèâàëåíòíûå íàïðÿæåíèÿ óâåëè÷èâàþòñÿ ïî
âûñîòå íà âíóòðåííåé ïîâåðõíîñòè öåíòðàëüíîãî öèëèíäðà è
óìåíüøàþòñÿ – íà âíóòðåííèõ ïîâåðõíîñòÿõ áîêîâûõ öèëèíä-
ðîâ. Âûÿâëåíî, ÷òî ìàêñèìàëüíûå ïåðåìåùåíèÿ è äåôîðìàöèè
íàáëþäàþòñÿ â âåðõíåé ÷àñòè òðàâåðñû, à ìèíèìàëüíûå – â
íèæíåé. Àíàëèç ýïþð íàïðÿæåíèé è äåôîðìàöèé òðàâåðñû ïî-
êàçàë, ÷òî ñóùåñòâóþùàÿ ãåîìåòðèÿ òðàâåðñû íå ÿâëÿåòñÿ
îïòèìàëüíîé – íàïðÿæåíèÿ è äåôîðìàöèè â åå ðàçíûõ ÷àñòÿõ
ñóùåñòâåííî îòëè÷àþòñÿ. Íà îñíîâàíèè àíàëèçà íàïðÿæåííî-
äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïðåäëîæåí âàðèàíò èçìåíåíèÿ
ãåîìåòðèè íåêîòîðûõ ÷àñòåé òðàâåðñû, êîòîðûé ïîçâîëèë ïðè
íåçíà÷èòåëüíîì óâåëè÷åíèè íàïðÿæåíèé óìåíüøèòü åå âåñ. Ïî-
ëó÷åííûå ðåçóëüòàòû ìîãóò èñïîëüçîâàòüñÿ ïðè ïðîåêòèðîâà-
íèè íîâûõ è óñîâåðøåíñòâîâàíèè ñóùåñòâóþùèõ ãèäðàâëè÷åñ-
êèõ ïðåññîâ.

Êëþ÷åâûå ñëîâà: ãèäðàâëè÷åñêèé ïðåññ, òðàâåðñà,
ýïþðà, íàïðÿæåíèå, äåôîðìàöèÿ, ïåðåìåùåíèå.

FINITE ELEMENT MODELLING OF STRESS-STRAIN
STATE OF THE TRAVERSE OF THE HYDRAULIC PRESS

Nemchinov S.I.

In the present article the stress-strain state of the traverse of
the central ejector of the hydraulic press has been investigated by
using finite element modeling. It is established that in the traverse
with the force of pushing out 1,52 MN, the largest equivalent stresses,
calculated according to the Mises formula, are observed in the places
of application of loads, bearing surfaces, sharp changes in geometry.
It is shown that equivalent stresses increase in height on the inner
surface of the central cylinder and decrease on the inner surfaces of
the side cylinders. It is found that the maximum displacements and
deformations are observed in the upper part of the traverse, and the
minimum – in the lower part. The analysis of the diagrams of the
investigated stresses and strains showed that the existent geometry of
traverse is not optimal – the stresses and strains in its different parts
differ significantly. Based on the analysis of the stress-strain state, a
variant of changing the geometry of some parts of the traverse was
proposed, which, with an insignificant increase in stress, reduced its
weight. The obtained results can be used for improvement of existing
and development of new hydraulic presses.

Keywords: hydraulic press, traverse, diagram, stress, strain,
displacement.
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a ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð
á ÃÂÓÇ «Íàöèîíàëüíûé ãîðíûé óíèâåðñèòåò», ã. Äíåïð

Ñáîðêà ÿâëÿåòñÿ çàêëþ÷èòåëüíûì ýòàïîì èçãîòîâëåíèÿ ìàøèí, àêêóìóëèðóþùèì

íàêîïëåííûå íà ïðåäøåñòâóþùèõ ýòàïàõ íåñîâåðøåíñòâà. Äëÿ ñîñòàâíîé îáîëî÷-

êè ìíîãîñòóïåí÷àòûõ ðàêåò êîíòåéíåðíîãî áàçèðîâàíèÿ ñóùåñòâóþùèé óðîâåíü

îòêëîíåíèé îòñåêîâ ÷àñòî ïðèâîäèò ê âûáðàêîâêå èçäåëèÿ èç-çà ïðåâûøåíèÿ ãàáà-

ðèòíûõ ðàçìåðîâ è ïðåäåëüíûõ çíà÷åíèé ñáîðî÷íûõ óñèëèé. Ñîâìåùåíèå êîíñò-

ðóêöèè ïî ëèíåéíûì áàçàì íà ïðîèçâîäñòâå îòëàæåíî, à ïî óãëîâûì âûçûâàåò

çàòðóäíåíèÿ è òðåáóåò äîïîëíèòåëüíûõ çàòðàò. Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ

ÿâëÿåòñÿ ñîçäàíèå ìàòåìàòè÷åñêîé ìîäåëè ñáîðêè ñîñòàâíîé îáîëî÷êè, ó÷èòûâàþ-

ùåé íà÷àëüíûå îòêëîíåíèÿ îòñåêîâ. Çàäà÷åé èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà

ìåòîäèêè èìèòàöèîííîãî ìîäåëèðîâàíèÿ è èäåíòèôèêàöèè ïàðàìåòðîâ ìàòåìàòè-

÷åñêîé ìîäåëè çàâèñèìîñòè ãàáàðèòíûõ ðàçìåðîâ è ðàçâîðîòà èçäåëèÿ îò ïàðàìåò-

ðîâ íà÷àëüíîãî îòêëîíåíèÿ îòñåêîâ. Íà îñíîâå àíàëèçà êîíñòðóêöèè ìåòîäàìè

àíàëèòè÷åñêîé ãåîìåòðèè è ðåãðåññèîííîãî àíàëèçà ñîçäàíà íîâàÿ ìåòîäèêà êîì-

ïüþòåðíîãî ìîäåëèðîâàíèÿ ñîñòàâíûõ îáîëî÷åê ñ îòêëîíåíèÿìè. Äëÿ íàáîðà íå-

ñîâåðøåíñòâ, âûÿâëåííîãî ïî ðåçóëüòàòàì èññëåäîâàíèÿ ðåàëüíîãî òåõíîëîãè÷åñ-

êîãî ïðîöåññà, ïðîâåäåí èìèòàöèîííûé ýêñïåðèìåíò. Îñóùåñòâëåí ðîçûãðûø ñëó-

÷àéíîé ìàòðèöû ýêñïåðèìåíòà ïðè íîðìàëüíîì ðàñïðåäåëåíèè ïàðàìåòðîâ â ðå-

àëüíûõ äèàïàçîíàõ èõ èçìåíåíèÿ. Ðåçóëüòàòîì èññëåäîâàíèÿ ÿâëÿåòñÿ ìåòîäèêà

èìèòàöèîííîãî ýêñïåðèìåíòà, à òàêæå ïîëó÷åííàÿ íà åå îñíîâå ðåãðåññèîííàÿ

ìîäåëü ñáîðêè äëÿ 8 ôàêòîðîâ. Ìîäåëü õîðîøî ñîãëàñóåòñÿ ñ ôèçè÷åñêèìè ïðåä-

ñòàâëåíèÿìè î òåõíîëîãè÷åñêîì ïðîöåññå è ïîçâîëÿåò ïðîâîäèòü îïòèìèçàöèþ

òåõíîëîãè÷åñêîãî ïðîöåññà. Îíà áûëà èñïîëüçîâàíà â àâòîìàòèçèðîâàííîé ñèñòå-

ìå óïðàâëåíèÿ òåõíîëîãè÷åñêèì ïðîöåññîì ñáîðêè ðàêåò êîíòåéíåðíîãî áàçèðîâà-

íèÿ.

Êëþ÷åâûå ñëîâà: ìíîãîôàêòîðíàÿ ìîäåëü, ìíîãîñòóïåí÷àòàÿ ðàêåòà, ñáîðêà, àâòî-

ìàòèçèðîâàííàÿ ñèñòåìà óïðàâëåíèÿ.

Ïîñòàíîâêà ïðîáëåìû
Ñáîðî÷íûå îïåðàöèè ÿâëÿþòñÿ çàêëþ÷è-

òåëüíûì ýòàïîì èçãîòîâëåíèÿ ìàøèí, ãäå ïðî-
ÿâëÿþòñÿ âñå íàêîïëåííûå òåõíîëîãè÷åñêèå íå-
ñîâåðøåíñòâà [1]. Îñîáûé èíòåðåñ ïðåäñòàâëÿ-
åò ïðîöåññ ñáîðêè ñîñòàâíûõ îáîëî÷åê è âòÿãè-
âàíèÿ èõ â êîíòåéíåð (âòÿãèâàíèå âàëà âî âòóë-
êó) ïîä äåéñòâèåì îñåâîé äâèæóùåé ñèëû, ñî-
îòâåòñòâóþùèé, íàïðèìåð, ãîðèçîíòàëüíîé
ñáîðêå ìíîãîñòóïåí÷àòûõ òâåðäîòîïëèâíûõ ðà-
êåò êîíòåéíåðíîãî áàçèðîâàíèÿ. Îïûò ñáîðêè
ïîêàçûâàåò, ÷òî ñîâìåùåíèå ïî ëèíåéíûì áà-
çàì (ïî äëèíå) íå âûçûâàåò çàòðóäíåíèé, à ñî-
âìåùåíèå ïî óãëîâûì áàçàì (ïî óãëó ðàçâîðîòà

âàëà îòíîñèòåëüíî âòóëêè) îêàçûâàåòñÿ çàòðóä-
íèòåëüíûì è òðåáóåò ñóùåñòâåííûõ äîïîëíè-
òåëüíûõ çàòðàò. Ðåøåíèå ïðîáëåìû âîçìîæíî
ïóòåì ìîäåëèðîâàíèÿ ñ ó÷åòîì òåõíîëîãè÷åñêèõ
îòêëîíåíèé íà îñíîâå ïðåäëîæåííîãî â [2] ìå-
òîäà.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Àíàëèç ïîñëåäíèõ ðàáîò, â êîòîðûõ ïðèâî-

äÿòñÿ ðåêîìåíäàöèè ïî âûáîðó ïàðàìåòðîâ ñáîð-
êè ðàêåòíûõ êîíñòðóêöèé [1,3–4], ïîêàçûâàåò,
÷òî êîíñòðóêòîðû âèäÿò ïðîáëåìó â òî÷íîé ñòû-
êîâêå îòñåêîâ. Ïðè ýòîì ïîãðåøíîñòè ôîðìû
îòñåêîâ, çà èñêëþ÷åíèåì âåñîâûõ äåôîðìàöèé,
íå ó÷èòûâàþòñÿ [1]. Îòñóòñòâóþò îöåíêè òî÷íî-
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ñòè ñáîðêè îáîëî÷åê, ÷òî ïîäòâåðæäàåò íåîáõî-
äèìîñòü íàñòîÿùåãî èññëåäîâàíèÿ.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Ñáîðêà ðàêåòû âêëþ÷àåò ìîíòàæíûå ðàáî-

òû â îòñåêàõ, îðèåíòèðîâàíèå èõ ìåæäó ñîáîé,
ñòûêîâêó, ñîåäèíåíèå âñåõ ôóíêöèîíàëüíûõ
öåïåé, ìîíòàæ èçäåëèÿ â êîíòåéíåðå. Äëÿ ïåðå-
ìåùåíèÿ àãðåãàòîâ èñïîëüçóþò òåëåæêè-ïîäñòàâ-
êè, ñèñòåìó ðåëüñîâûõ ïóòåé, ïîäúåìíî-òðàíñ-
ïîðòíûå ñðåäñòâà. Òðè ñòåïåíè ñâîáîäû ïåðå-
ìåùåíèÿ èçäåëèÿ íà òåëåæêå èñïîëüçóþòñÿ ïðè
ñòûêîâêå ñòóïåíåé. Òî÷íàÿ ñòûêîâêà ñòóïåíåé
çàêëþ÷àåòñÿ â ðàçìåùåíèè èõ íà òåëåæêàõ, ñòû-
êîâêå ïîâåðõíîñòåé, óñòàíîâêå òåõíîëîãè÷åñêèõ
áîëòîâ è âòÿãèâàíèè èçäåëèÿ â êîíòåéíåð. Óãîë
ïîâîðîòà èçäåëèÿ ïðè âòÿãèâàíèè â êîíòåéíåð
îïðåäåëÿåòñÿ ïðèâåäåííûì ýêñöåíòðèñèòåòîì
îñåâîé äâèæóùåé ñèëû (ÏÝÄÑ) îòíîñèòåëüíî
îñè âòóëêè. Öåëåñîîáðàçíî îïðåäåëèòü åãî êàê
êðèòåðèé êà÷åñòâà ñîáèðàåìîñòè ñèñòåìû «âàë –
 âòóëêà» è ôóíêöèþ îòêëèêà äëÿ ìíîãîôàêòîð-
íîãî àíàëèçà, çàâèñÿùóþ îò òåõíîëîãè÷åñêèõ
íåñîâåðøåíñòâ. Îäíèì èç íàèáîëåå ñóùåñòâåí-
íûõ ôàêòîðîâ ÿâëÿåòñÿ íåïåðïåíäèêóëÿðíîñòü
òîðöåâûõ ïîâåðõíîñòåé ãëàâíîé îñè èçäåëèÿ.
Äðóãèì ñóùåñòâåííûì ôàêòîðîì ÿâëÿåòñÿ ïî-
ãðåøíîñòü ïðèëîæåíèÿ äâèæóùåé ñèëû. Íåîá-
õîäèìî îöåíèòü íàêîïëåííûé óðîâåíü íåñîâåð-
øåíñòâ, èõ ðàñïîëîæåíèå è ôîðìó. Öåëü ðàáî-
òû ñîñòîèò â ñîçäàíèè ìàòåìàòè÷åñêèõ ìîäåëåé
ñáîðêè ìíîãîñòóïåí÷àòîé ðàêåòû êîíòåéíåðíî-
ãî òèïà, ó÷èòûâàþùèõ íà÷àëüíûå îòêëîíåíèÿ
îòñåêîâ.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Íàèáîëåå ñóùåñòâåííûì îòêëîíåíèåì ÿâ-
ëÿåòñÿ íåïåðïåíäèêóëÿðíîñòü òîðöåâûõ ïîâåð-
õíîñòåé ãëàâíîé îñè, ïðîõîäÿùåé ÷åðåç öåíòðû
òÿæåñòè òîðöîâ èçäåëèÿ. Ýòî ïðèâîäèò ê èñêðèâ-
ëåíèþ êîíñòðóêöèè, ñîñòîÿùåé èç íåêîòîðîãî
÷èñëà öèëèíäðè÷åñêèõ îáå÷àåê. Îòêëîíåíèå
îïðåäåëÿåòñÿ ìàêñèìàëüíûì óãëîì   ìåæäó
òîðöåâîé ïëîñêîñòüþ è ïëîñêîñòüþ, ïåðïåíäè-
êóëÿðíîé îñè öèëèíäðà, è óãëîì  , îïðåäåëÿ-
þùèì îðèåíòàöèþ íåïåðïåíäèêóëÿðíîñòè â
ïðÿìîóãîëüíîé ñèñòåìå êîîðäèíàò, ñâÿçàííîé ñ
òîðöåâîé ïîâåðõíîñòüþ.

Ñáîðêà êîíñòðóêöèè ïðîèçâîäèòñÿ ñ ïîìî-
ùüþ òÿíóùåé ñèëû, íàïðàâëåííîé ñ íåêîòîðûì
îòêëîíåíèåì îòíîñèòåëüíî îñåé âàëà è âòóëêè.
Ýòî îòêëîíåíèå ÿâëÿåòñÿ äðóãèì ñóùåñòâåííûì
ôàêòîðîì, âëèÿþùèì íà ðåçóëüòàòû òåõíîëîãè-
÷åñêîãî ïðîöåññà.

Ïóñòü çàäàíû ñëåäóþùèå ñèñòåìû êîîðäè-

íàò (ðèñ. 1):
–  1 1 1 1O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàííàÿ

ñ ñèñòåìîé êîîðäèíàò âòÿãèâàþùåé ñèëû. Íà-
÷àëî ñèñòåìû êîîðäèíàò ðàñïîëîæåíî â öåíòðå
êàíàâêè áàðàáàíà òÿíóùåé ëåáåäêè. Îñè 1 1O X è

1 1OY  ïåðïåíäèêóëÿðíû îñè 1 1O Z , îñü 1 1O Z  íà-
ïðàâëåíà âäîëü êàíàâêè áàðàáàíà ëåá¸äêè;

–  2 2 2 2O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-
íàÿ ñî âòóëêîé. Íà÷àëî ñèñòåìû êîîðäèíàò ðàñ-
ïîëîæåíî â öåíòðå ëåâîãî òîðöà âòóëêè. Îñü

2 2O Z  íàïðàâëåíà ïî ïðîäîëüíîé îñè âòóëêè. Îñè

2 2O X , 2 2O Y  åé ïåðïåíäèêóëÿðíû;
–  3 3 3 3O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-

íàÿ ñ êîíòðîëüíîé ñòîéêîé. Íà÷àëî ñèñòåìû
êîîðäèíàò ðàñïîëîæåíî â öåíòðå êîíòðîëüíîé
ñòîéêè. Îñü 3 3O Z  íàïðàâëåíà ïî îñè òðóáû. Îñè

3 3O X , 3 3O Y  åé ïåðïåíäèêóëÿðíû;
–  4 4 4 4O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-

íàÿ ñ ãëàâíîé ïðîäîëüíîé îñüþ âàëà. Íà÷àëî
ñèñòåìû êîîðäèíàò ðàñïîëîæåíî â öåíòðå ëåâî-
ãî òîðöà âàëà. Îñü 4 4O Z  íàïðàâëåíà ïî ïðîäîëü-
íîé îñè âàëà. Îñü 4 4O X  íàïðàâëåíà â ñòîðîíó
ìàêñèìóìà îòêëîíåíèÿ ëåâîãî òîðöà âàëà. Îñü

4 4O Y  åé ïåðïåíäèêóëÿðíà.

Ðèñ. 1. Ñèñòåìà êîîðäèíàò âòÿãèâàþùåé ñèëû, âòóëêè,

ñòîéêè, âàëà

Âàë ñîñòîèò èç ÷àñòåé , 1,iL i n . Ââåäåì
ïðÿìîóãîëüíóþ ñèñòåìó êîîðäèíàò i i i iO X Y Z ,
æåñòêî ñâÿçàííóþ ñ ýëåìåíòîì iL . Îñü i iO Z
íàïðàâëåíà ïî ïðîäîëüíîé îñè ýëåìåíòà iL ;

–  5 5 5 5O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-
íàÿ ñ ëåâûì òîðöîì 1L . Íà÷àëî ñèñòåìû êîîð-
äèíàò ðàñïîëîæåíî â öåíòðå ëåâîãî òîðöà 1L .
Îñü 5 5O Z  íàïðàâëåíà ïî ïðîäîëüíîé îñè 1L .
Îñè 5 5O X , 5 5O Y  ëåæàò â ïëîñêîñòè, åé ïåðïåí-
äèêóëÿðíîé;

– 6 6 6 6O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-
íàÿ ñ ëåâûì òîðöîì 2L . Íà÷àëî ñèñòåìû êîîð-
äèíàò ðàñïîëîæåíî â öåíòðå ëåâîãî òîðöà 2L .
Îñü 6 6O Z  íàïðàâëåíà ïî ïðîäîëüíîé îñè 2L .
Îñè 6 6O X , 6 6O Y  ëåæàò â ïëîñêîñòè, åé ïåðïåí-
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äèêóëÿðíîé;
–  7 7 7 7O X Y Z  – ñèñòåìà êîîðäèíàò, ñâÿçàí-

íàÿ ñ ëåâûì òîðöîì 2L . Íà÷àëî ñèñòåìû êîîð-
äèíàò ðàñïîëîæåíî â öåíòðå ëåâîãî òîðöà 2L .
Îñü 7 7O Z  íàïðàâëåíà ïî ïðîäîëüíîé îñè 3L .
Îñè 7 7O X , 7 7O Y  ëåæàò â ïëîñêîñòè, åé ïåðïåí-
äèêóëÿðíîé.

Ïîñëå ñòûêîâêè âàë îáðàçóåò åäèíîå öåëîå
(ðèñ. 2).

Ñèñòåìû êîîðäèíàò 1 1 1 1

6 6 6 6
L L L L

O X Y Z  è
2 2 2 2

6 6 6 6
L L L L

O X Y Z  ñîâïàäàþò, îáðàçóÿ åäèíóþ ñèñ-
òåìó 6 6 6 6O X Y Z (âåðõíèìè èíäåêñàìè îáîçíà÷å-
íà ïðèíàäëåæíîñòü ñèñòåì ÷àñòÿì âàëà). Äëÿ
íàõîæäåíèÿ ïàðàìåòðîâ ïîëîæåíèÿ ãëàâíîé îñè
è óãëîâ íåïåðïåíäèêóëÿðíîñòè ïðàâîãî òîðöà
íåîáõîäèìî ïðèâåñòè êîîðäèíàòû òî÷åê 7O  è

A , çàäàííûõ â ñèñòåìå 6 6 6 6O X Y Z , ê ñèñòåìå

5 5 5 5O X Y Z .
Äàëåå, íåîáõîäèìî ïåðåéòè îò ñâÿçàííîé ñ

òîðöîì 1L  ñèñòåìû êîîðäèíàò 5 5 5 5O X Y Z  ê ñèñ-
òåìå êîîðäèíàò 4 4 4 4O X Y Z , ñâÿçàííîé ñ ãëàâíîé
îñüþ âàëà. Íåîáõîäèìî îïðåäåëèòü óãëû íåïåð-
ïåíäèêóëÿðíîñòè êðàéíåãî ïðàâîãî òîðöà âàëà
îòíîñèòåëüíî ãëàâíîé îñè â ñâÿçàííîé ñ íåþ
ñèñòåìå êîîðäèíàò (ðèñ. 3).

Ðèñ. 3. Ñèñòåìà êîîðäèíàò ãëàâíîé îñè âàëà

Â ðåçóëüòàòå èçëîæåííûõ îïåðàöèé äâå ÷à-
ñòè âàëà ïðåäñòàâëÿþò ñîáîé åäèíîå öåëîå – âàë
ñî ñâîåé ãëàâíîé îñüþ è íåïåðïåíäèêóëÿð-
íîñòüþ êðàéíåãî ïðàâîãî òîðöà. Ïîýòîìó ìîæ-
íî ïîâòîðèòü äàííûå ïðåîáðàçîâàíèÿ, ïðèñîå-
äèíÿÿ ïîñëåäîâàòåëüíî òðåòèé, ÷åòâåðòûé, ³-é
ýëåìåíòû âàëà. Çàòåì íåîáõîäèìî ïåðåéòè îò ñè-
ñòåìû êîîðäèíàò, ñâÿçàííîé ñ ãëàâíîé îñüþ
âàëà, ê ñèñòåìå êîîðäèíàò, ñâÿçàííîé ñ êîíò-
ðîëüíîé ñòîéêîé, à òàêæå íåîáõîäèìî ïåðåéòè
îò ñèñòåì êîîðäèíàò, ñâÿçàííûõ ñ èñòî÷íèêîì
òÿíóùåé ñèëû è âòóëêîé, ê ñèñòåìå êîîðäèíàò,
ñâÿçàííîé ñ êîíòðîëüíîé ñòîéêîé (ðèñ. 1).

Äëÿ íàõîæäåíèÿ óãëîâ íåïåðïåíäèêóëÿðíî-
ñòè ïðàâîãî òîðöà â ñèñòåìå êîîðäèíàò, ñâÿçàí-
íîé ñ ãëàâíîé ïðîäîëüíîé îñüþ âàëà, íåîáõî-
äèìî íàéòè êîîðäèíàòû îðòîâ ñèñòåìû

4 4 4 4O X Y Z  â ñèñòåìå 5 5 5 5O X Y Z . Äëÿ ýòîãî íåîá-
õîäèìî íàéòè ñîîòâåòñòâóþùóþ ìàòðèöó âðà-
ùåíèÿ [5].

Äëÿ ðåøåíèÿ äàííîé çàäà÷è èñïîëüçóþòñÿ
ìàòðè÷íûå ìàòåìàòè÷åñêèå ïðåîáðàçîâàíèÿ ïðî-
ñòðàíñòâà.

Îðòîãîíàëüíîå ëèíåéíîå ïðåîáðàçîâàíèå
âèäà 'x A x   äëÿ ìàòðèöû, îïèñûâàþùåé ñîá-

ñòâåííîå (âîêðóã îñè) âðàùåíèå 
3

, 1ij i j
A a


  â

òðåõìåðíîì åâêëèäîâîì ïðîñòðàíñòâå, ÿâëÿåòñÿ
ïåðåìåùåíèåì, èíâàðèàíòíûì ïî îòíîøåíèþ
ê âåëè÷èíå è âçàèìíîìó ðàñïîëîæåíèþ âåêòî-
ðîâ. Îïåðàöèÿ âðàùåíèÿ èçìåíÿåò ïîëîæåíèå
ðàäèóñ-âåêòîðà x  êàæäîé òî÷êè åâêëèäîâîãî
ïðîñòðàíñòâà íà óãîë ïîâîðîòà   âîêðóã íàïðàâ-
ëåííîé îñè âðàùåíèÿ, òî÷êè êîòîðîé èíâà-
ðèàíòíû. Óãîë ïîâîðîòà   è íàïðàâëÿþùèå êî-
ñèíóñû  3

1i i
c


 îñè âðàùåíèÿ îïðåäåëÿþòñÿ ôîð-

ìóëàìè:

 11 22 33cos 0,5 1a a a     ;

 0,5 sini kj jkc a a   ;

 i j k kurl    (1)

Ðèñ. 2. Ñõåìà ñòûêîâêè ñòóïåíåé è îáîëî÷åê ñ íåñîâåðøåíñòâàìè
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òàê ÷òî 0   ñîîòâåòñòâóåò âðàùåíèþ ïðàâîãî
âèíòà, ââîðà÷èâàåìîãî â íàïðàâëåíèè ïîëîæè-
òåëüíîé îñè âðàùåíèÿ. Ëèáî çíàê óãëà  , ëèáî
ïîëîæèòåëüíîå íàïðàâëåíèå îñè âðàùåíèÿ ìî-
ãóò âûáèðàòüñÿ ïðîèçâîëüíî. Íàïðàâëåíèå ïî-
ëîæèòåëüíîé îñè âðàùåíèÿ – ýòî íàïðàâëåíèå

ñîáñòâåííîãî âåêòîðà 
3

1 i ii
c e

  äëÿ ïðîèçâîëü-

íîãî îðòîíîðìèðîâàííîãî áàçèñà  3

1i i
e


, ñîîò-

âåòñòâóþùåãî ñîáñòâåííîìó çíà÷åíèþ +1 îïå-
ðàòîðà ïðèâåäåíèÿ ìàòðèöû A  ê äèàãîíàëüíî-
ìó âèäó. Ñîîòâåòñòâóþùàÿ çíà÷åíèÿì   è  3

1i i
c


âðàùåíèþ ìàòðèöà ïðåîáðàçîâàíèÿ A  èìååò
âèä:

 

3 2

3 1

2 1

2

1 1 2 1 2

2

1 2 2 2 3

2

1 3 3 2 1

1 0 0 0

cos 0 1 0 sin 0

0 0 1 0

1 cos ,

c c

A c c

c c

c c c c c

c c c c c

c c c c c

 





   



  (2)

ò. å. âåêòîðû x , 'x  è 
3

1 i ii
c e

  ÿâëÿþòñÿ ïðàâîé
ñèñòåìîé.

Ïóñòü ñèñòåìà êîîðäèíàò i i i iO X Y Z  ñîâïà-
äàåò ñ îñüþ i -é ÷àñòè âàëà, òîãäà ïóòåì âðàùå-
íèÿ ïëîñêîñòè XOY  íà óãîë   âîêðóã ïîëîæè-
òåëüíîãî íàïðàâëåíèÿ îñè OZ  ñèñòåìà çàéìåò
ïîëîæåíèå ïðîìåæóòî÷íîé ñèñòåìû êîîðäèíàò

i i i iO X Y Z     è îñü i iO X   ðàñïîëîæèòñÿ â ïëîñêî-
ñòè, ïðîâåäåííîé ÷åðåç îñü êîîðäèíàò è ìàêñè-
ìóì íåïåðïåíäèêóëÿðíîñòè òîðöà.

Ðàññìîòðèì ÷àñòíûé ñëó÷àé ñ ó÷åòîì íå-
ïåðïåíäèêóëÿðíîñòè òîëüêî ïðàâûõ òîðöîâ ÷à-
ñòåé âàëà.

Ñîîòíîøåíèÿ, ñâÿçûâàþùèå êîîðäèíàòû
íåêîòîðîé òî÷êè K  â ñèñòåìå êîîðäèíàò

i i i iO X Y Z     è i i i iO X Y Z , èìåþò âèä:

i i i iO K M O K   ;

( , , )Ti iO K x y z ;

( , , )Ti iO K x y z     .

Ïîâîðîò íà óãîë   âåêòîðîâ â äàííîì áà-
çèñå îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ìàòðèöû ïåðå-
õîäà M  :

cos sin 0

sin cos 0

0 0 1

M 

 
    .  (3)

Äëÿ òîãî ÷òîáû ñèñòåìà êîîðäèíàò ðàçìåñ-
òèëàñü â ïëîñêîñòè òîðöà ñ ó÷åòîì íåïåðïåíäè-
êóëÿðíîñòè, íåîáõîäèìî ïëîñêîñòü ïðîìåæóòî÷-
íîé ñèñòåìû i i i iO X Y Z     ïîâåðíóòü âîêðóã ïîëî-
æèòåëüíîãî íàïðàâëåíèÿ îñè i iOY   íà óãîë  .
Ïðè ýòîì îñü Z  èçìåíÿåò íàïðàâëåíèå â ïðî-
ñòðàíñòâå â çàâèñèìîñòè îò íåïåðïåíäèêóëÿð-
íîñòè òîðöà òàê, ÷òî i i i iO K M O K     , ãäå

( , , )Ti iO K x y z     , ( , , )Ti iO K x y z     . Àíàëîãè÷-
íî ïðåäûäóùåìó ïîâîðîòó:

cos 0 sin

0 1 0

sin 0 1

M 

 


  .  (4)

Ìàòðèöà ïåðåõîäà

i i i i i i i iO K M O K M M O K A O K                 

èìååò âèä:

cos cos cos sin sin

sin cos 0

sin cos sin sin cos

A  

    
 

    
    .  (5)

Ðàñ÷åò êîîðäèíàò öåíòðà ïðàâîãî òîðöà

 1 1 1X Y Z  â íîâîé ñèñòåìå ïðîèçâîäèòñÿ èç ñèñ-
òåìû:

1

1

1

cos cos cos sin sin ,

sin cos ,

sin cos sin sin cos

    

 

    

   
   
   

x x y z

y x y

z x y z

.  (6)

Ïåðåéäåì ê âû÷èñëåíèþ óãëîâ íåïåðïåí-
äèêóëÿðíîñòè îòíîñèòåëüíî ãëàâíîé îñè ñîáðàí-
íîãî âàëà.

Íàïðàâëåíèå âåêòîðà ãëàâíîé îñè âàëà èç-
âåñòíî: êîîðäèíàòàìè åãî êîíå÷íîé òî÷êè ÿâ-
ëÿþòñÿ, ïîëó÷åííûå ðàíåå, êîîðäèíàòû ïðàâî-
ãî òîðöà âàëà â íîâîé ñèñòåìå  1 1 1, ,X Y Z .

Ïåðåõîä îò ñòàðîé ñèñòåìû êîîðäèíàò ê
íîâîé îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ïðåîáðàçîâà-
íèé òèïà âðàùåíèÿ. Ïðè ýòîì, â ñîîòâåòñòâèè ñ
ðèñ. 4, óãîë ïîâîðîòà ïðîñòðàíñòâà îïðåäåëÿåò-
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ñÿ êàê óãîë ìåæäó äâóìÿ ñîâìåùàåìûìè ïîñëå
ïðåîáðàçîâàíèÿ âåêòîðàìè K  è 4Z  â ñîîòâåò-

ñòâèè ñ ôîðìóëîé 2 2 2cos z x y z    .

Ðèñ. 4. Ñõåìà óãëîâ ïîâîðîòà ñå÷åíèÿ

Íàïðàâëåíèå îñè âðàùåíèÿ îïðåäåëÿåòñÿ
èç óñëîâèÿ å¸ ïåðïåíäèêóëÿðíîñòè ê ïëîñêîñòè,
â êîòîðîé ëåæàò îáà âåêòîðà. Îñü âðàùåíèÿ íà-
õîäèì êàê âåêòîðíîå ïðîèçâåäåíèå âåêòîðîâ K
è 4Z  êàê:

         0,0,1 , , 0x y z i y j x k i y j x          .

Òàêèì îáðàçîì, íîâîå ïîëîæåíèå îñè âðà-
ùåíèÿ îïðåäåëÿåòñÿ ñëåäóþùèìè ïàðàìåòðàìè
[5]: 1c y  , 2c x , 3 0c  .

Ìàòðèöà âðàùåíèÿ èìååò âèä:
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2

1 0 0 0 0

cos 0 1 0 sin 0 0

0 0 1 0
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      1 cos 0 .

0 0 0
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yx x

 



  



    
(7)

Òîãäà êîîðäèíàòû ïîâåðíóòûõ áàçèñíûõ
âåêòîðîâ  , ,    â èñõîäíîé ñèñòåìå áóäóò
èìåòü âèä , ,A i A j A k        , à íîâûå óãëû
íåïåðïåíäèêóëÿðíîñòè   (óãîë ìåæäó ïåðïåí-
äèêóëÿðîì ê ãëàâíîé îñè è ïëîñêîñòüþ êðàéíå-
ãî ïðàâîãî òîðöà) è   (óãîë ìåæäó âåêòîðîì 4Z
ãëàâíîé îñè è âåêòîðîì K  ïëîñêîñòè êðàéíåãî
ïðàâîãî òîðöà) îïðåäåëÿþòñÿ èç óñëîâèÿ

2cos sin 1 cos      (ðèñ. 3).

Çíàÿ êîîðäèíàòû âåêòîðîâ 4Z  è K  è, èñ-
ïîëüçóÿ ôîðìóëó âåêòîðíîãî ïðîèçâåäåíèÿ, íà-

õîäèì óãîë ìåæäó íèìè èç óðàâíåíèÿ:
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Äëÿ íàõîæäåíèÿ íîâîãî óãëà ðàçâîðîòà íå-
ïåðïåíäèêóëÿðíîñòè â ïîëó÷åííîì áàçèñå ñòðî-
èòñÿ âåêòîð Ð (ðèñ. 5).

Ðàññìîòðèì 2n xP P k  , ãäå  2 2 2, ,i j k  –
 îðòû íîâîé ïîâåðíóòîé ñèñòåìû êîîðäèíàò.
Óãîë ìåæäó nP  è îðòîì 2i  îïðåäåëÿþòñÿ èç ñî-
îòíîøåíèÿ:

2 2cos n nP i P i   .  (9)

Èç ðèñ. 5 âèäíî, ÷òî íîâûé óãîë ðàçâîðîòà
íåïåðïåíäèêóëÿðíîñòè 2n    . Ýòî ñëå-
äóåò èç òîãî, ÷òî ïðîåêöèÿ âåêòîðà Ð íà ïëîñ-
êîñòü 4 4X OY  ëåæèò òàêæå â ïëîñêîñòè 4POZ  è,
ñëåäîâàòåëüíî, îðòîãîíàëüíà âåêòîðó nP .

Ðèñ. 5. Ñõåìà îñåé ñå÷åíèÿ

Ðàññìîòðåííûé âûøå ÷àñòíûé ñëó÷àé ìî-
æåò áûòü îáîáùåí äëÿ ïðîèçâîëüíîé íåïåðïåí-
äèêóëÿðíîñòè òîðöîâ. Ðàññìîòðèì ñòûêîâêó äâóõ
÷àñòåé, êàæäàÿ èç êîòîðûõ èìååò íåïåðïåíäè-
êóëÿðíîñòü ïî ñòûêóåìûì òîðöàì (ðèñ. 6).

Åñëè ðàçáèòü èõ íåêîòîðûì îáðàçîì òàê,
÷òîáû ïðàâàÿ ÷àñòü íå èìåëà íåïåðïåíäèêóëÿð-
íîñòè ïî òîðöó, è èõ ãëàâíûå îñè ñîõðàíèëè
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ñâîå ïîëîæåíèå, òî ïîëó÷èì ðàññìîòðåííûé
÷àñòíûé ñëó÷àé.

Òàêèì îáðàçîì, íåîáõîäèìî íàéòè óãëû
íåïåðïåíäèêóëÿðíîñòè ëåâîé îáå÷àéêè. Èñõî-
äÿ èç îáùåãî âûðàæåíèÿ äëÿ êîìïîíåíò åäè-
íè÷íîé âíåøíåé íîðìàëè ê òîðöó â ñëó÷àå íå-
ïåðïåíäèêóëÿðíîñòè, ïîëó÷èì:

 2 2 2 2 2sin sin , sin cos , cosn n n n n      .  (10)

Ïðèâåäåííûé àëãîðèòì ïîçâîëÿåò îïðåäå-
ëèòü âåëè÷èíó âûáðàííîãî êðèòåðèÿ êà÷åñòâà.

Äëÿ ïðèâåäåííîãî â òàáëèöå íàáîðà íåñî-
âåðøåíñòâ áûë ðåàëèçîâàí èìèòàöèîííûé ýêñ-
ïåðèìåíò. Ðîçûãðûø ñëó÷àéíîé ìàòðèöû ýêñ-
ïåðèìåíòà ïðè íîðìàëüíîì ðàñïðåäåëåíèè ïà-
ðàìåòðîâ â óêàçàííûõ äèàïàçîíàõ çàäàâàëèñü ïî
ìåòîäèêå, îïèñàííîé â [2]. Êàæäûé èç ôàêòî-
ðîâ âàðüèðîâàëñÿ â 60 ñòðîêàõ èìèòèðîâàííîãî
ýêñïåðèìåíòà. Ðàñ÷åò çíà÷åíèÿ ÏÝÄÑ ïðîèçâî-
äèëñÿ àíàëèòè÷åñêè ñ ó÷åòîì îòêëîíåíèé ñòó-
ïåíåé. Äèñïåðñèÿ âîñïðîèçâîäèìîñòè ðàññ÷è-
òûâàëàñü ïî ìåòîäèêå îáúåäèíåíèÿ ëèíåéíî çà-
âèñèìûõ ñòðîê ïðè âûáîðî÷íîì êîýôôèöèåíòå
ïàðíîé êîððåëÿöèè 0,7r  .

Ïîëó÷åíà àäåêâàòíàÿ ñòàíäàðòèçîâàííàÿ
ìîäåëü  таблэксп 2,97 3,0F F   äëÿ 8 ôàêòîðîâ
âèäà:

.32,061,050,034,0

51,057,045,038,0
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  (11)

Âûâîäû
Ïîñòðîåííàÿ ïî èìèòàöèîííûì äàííûì

ðåãðåññèîííàÿ ìîäåëü îòðàæàåò ðåàëüíûé òåõ-
íîëîãè÷åñêèé ïðîöåññ è õîðîøî ñîãëàñóåòñÿ ñ
ôèçè÷åñêèìè ïðåäñòàâëåíèÿìè î ïðîöåññå ôîð-
ìèðîâàíèÿ ÏÝÄÑ. Ìîäåëü ïîçâîëÿåò ïðîâîäèòü
îïòèìèçàöèþ òåõíîëîãè÷åñêîãî ïðîöåññà â çà-
âèñèìîñòè îò ðàññìàòðèâàåìûõ íåñîâåðøåíñòâ,
è áûëà èñïîëüçîâàíà â ÀÑÓ ÒÏ ñáîðêè ñîñòàâ-
íûõ îáîëî÷åê äëÿ ðàêåò êîíòåéíåðíîãî áàçèðî-
âàíèÿ.
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центра 

масс вала 

Смещение 

опор вала 

Эксцентри-

ситет оси 

Перекос 

оси 

Смещение 

осевой 

силы 

Эксцентриситет 

осевой силы Наимено-

вание 

по х по y по х по y вала втулки вала втулки 

Отклонение 

поверхности 

втулки 
по х по y по х по y 

Код x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 

Единицы 

измерения 
мм мм мм мм мм мм рад рад мм мм мм мм мм 

Диапазон 4 3 3 2,35 1 1 510–4 510–4 14 1,5 1,3 7,5  7 
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ÌÀÒÅÌÀÒÈ×ÍÅ ÌÎÄÅËÞÂÀÍÍß ÇÁ²ÐÊÈ
ÑÊËÀÄÅÍÎ¯ ÎÁÎËÎÍÊÈ

Îëåâñüêèé Â.²., Îëåâñüêà Þ.Á., Øàïêà ².Â.

Çá³ðêà º çàêëþ÷íèì åòàïîì âèãîòîâëåííÿ ìàøèí, ùî
àêóìóëþº íàêîïè÷åí³ íà ïîïåðåäí³õ åòàïàõ íåäîñêîíàëîñò³. Äëÿ
ñêëàäåíî¿ îáîëîíêè áàãàòîñòóïåíåâèõ ðàêåò êîíòåéíåðíîãî
áàçóâàííÿ ³ñíóþ÷èé ð³âåíü â³äõèëåíü â³äñ³ê³â ÷àñòî ïðèçâîäèòü
äî âèáðàêóâàííÿ âèðîáó ÷åðåç ïåðåâèùåííÿ ãàáàðèòíèõ ðîçì³ð³â
³ ãðàíè÷íèõ çíà÷åíü ñêëàäàëüíèõ çóñèëü. Ïîºäíàííÿ êîíñòðóêö³¿
ïî ë³í³éíèì áàçàì íà âèðîáíèöòâ³ íàëàãîäæåíî, à çà êóòîâèìè
âèêëèêàº òðóäíîù³ ³ âèìàãàº äîäàòêîâèõ âèòðàò. Ìåòîþ äà-
íîãî äîñë³äæåííÿ º ñòâîðåííÿ ìàòåìàòè÷íî¿ ìîäåë³ çá³ðêè ñêëà-
äåíî¿ îáîëîíêè, ÿêà âðàõîâóº ïî÷àòêîâ³ â³äõèëåííÿ â³äñ³ê³â.
Çàâäàííÿì äîñë³äæåííÿ º ðîçðîáêà ìåòîäèêè ³ì³òàö³éíîãî ìî-
äåëþâàííÿ òà ³äåíòèô³êàö³¿ ïàðàìåòð³â ìàòåìàòè÷íî¿ ìîäåë³
çàëåæíîñò³ ãàáàðèòíèõ ðîçì³ð³â ³ ðîçâîðîòó âèðîáó â³ä ïàðà-
ìåòð³â ïî÷àòêîâîãî â³äõèëåííÿ â³äñ³ê³â. Íà îñíîâ³ àíàë³çó êîí-
ñòðóêö³¿ ìåòîäàìè àíàë³òè÷íî¿ ãåîìåòð³¿ ³ ðåãðåñ³éíîãî àíàë³-
çó ñòâîðåíà íîâà ìåòîäèêà êîìï’þòåðíîãî ìîäåëþâàííÿ ñêëà-
äåíèõ îáîëîíîê ç â³äõèëåííÿìè. Äëÿ íàáîðó íåäîñêîíàëîñòåé,
âèÿâëåíîãî çà ðåçóëüòàòàìè äîñë³äæåííÿ ðåàëüíîãî òåõíîëîã³-
÷íîãî ïðîöåñó, ïðîâåäåíî ³ì³òàö³éíèé åêñïåðèìåíò. Çä³éñíåíî
ðîç³ãðàø âèïàäêîâî¿ ìàòðèö³ åêñïåðèìåíòó ïðè íîðìàëüíîìó
ðîçïîä³ë³ ïàðàìåòð³â â ðåàëüíèõ ä³àïàçîíàõ ¿õ çì³íè. Ðåçóëüòà-
òîì äîñë³äæåííÿ º ìåòîäèêà ³ì³òàö³éíîãî åêñïåðèìåíòó, à
òàêîæ îòðèìàíà íà ¿¿ îñíîâ³ ðåãðåñ³éíà ìîäåëü çá³ðêè äëÿ 8
ôàêòîð³â. Ìîäåëü äîáðå óçãîäæóºòüñÿ ç ô³çè÷íèìè óÿâëåííÿìè
ïðî òåõíîëîã³÷íèé ïðîöåñ ³ äîçâîëÿº ïðîâîäèòè îïòèì³çàö³þ
òåõíîëîã³÷íîãî ïðîöåñó. Âîíà áóëà âèêîðèñòàíà â àâòîìàòè-
çîâàí³é ñèñòåì³ óïðàâë³ííÿ òåõíîëîã³÷íèì ïðîöåñîì ñêëàäàííÿ
ðàêåò êîíòåéíåðíîãî áàçóâàííÿ.

Êëþ÷îâ³ ñëîâà: áàãàòîôàêòîðíà ìîäåëü, áàãàòîñòóïåíåâà
ðàêåòà, çá³ðêà, àâòîìàòèçîâàíà ñèñòåìà óïðàâë³ííÿ.

MATHEMATICAL MODELING OF COMPOSITE SHELL
ASSEMBLY

Olevskyi V.I., Olevska Yu.B., Shapka I.V.

Assembly is the final stage of manufacturing machines,
accumulating imperfections of the previous stages. For the composite
shell of multistage container-based missiles, the existing level of
deviation of the compartments often results in the culling of the
product due to exceeding the overall dimensions and the limiting
values of the assembly efforts. The alignment of the structure on
linear bases in the production is fine-tuned, but on the angular
bases causes difficulties and requires additional costs. The purpose
of this study is to create a mathematical model for assembling a
composite shell that takes into account the initial deviations of the
compartments. The task of the study is to develop a methodology for
simulation and identification of parameters of a mathematical model
for the dependence of the overall dimensions and the turn of the
product on the parameters of the initial deviation of the compartments.
Based on the analysis of the design using analytical geometry and
regression analysis, a new method for computer simulation of composite
shells with deviations was created. For a set of imperfections, revealed
by the results of the real technological process, an imitation experiment
was carried out. A random experiment matrix was drawn during the
normal distribution of parameters in real ranges of their variation.
The result of the study is the technique of the simulation experiment,
as well as the regression model of the assembly obtained according
to it, which is based on 8 factors. The model is in good agreement
with the physical concepts of the technological process and allows
optimizing the technological process. It was used in an automated
control system for the technological process of building container-
based missiles.

Keywords: multifactor model, multistage rocket, assem-
bly, automated control system.
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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÊÎËÅÁÀÍÈÉ ÑÒÅÐÆÍß ÎÏÐÀÂÊÈ ÑÒÀÍÀ ÕÎËÎÄÍÎÉ
ÏÈËÜÃÅÐÍÎÉ ÏÐÎÊÀÒÊÈ ÒÐÓÁ

Íàöèîíàëüíàÿ ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ Óêðàèíû, ã. Äíåïð

Ðàññìîòðåíà çàäà÷à î ïàðàìåòðè÷åñêèõ êîëåáàíèÿõ äëÿ âûáðàííîé ìîäåëè ñèñòå-

ìû «òðóáà – îïðàâêà – ñòåðæåíü» ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà õîëîäíîé

ïèëüãåðíîé ïðîêàòêè òðóá (ÕÏÒ). Ðàçðàáîòàíà ðàñ÷åòíàÿ ñõåìà è ñîñòàâëåíî äèô-

ôåðåíöèàëüíîå óðàâíåíèå äâèæåíèÿ èçîáðàæàþùåé òî÷êè ñòåðæíÿ îïðàâêè ñòàíà

ÕÏÒ. Ïðîâåäåíî êîìïëåêñíîå èññëåäîâàíèå äèíàìèêè ñòåðæíÿ ìåõàíèçìà óäåð-

æàíèÿ îïðàâêè ñòàíà ÕÏÒ. Ïàðàìåòðè÷åñêèå ïðîöåññû ìåõàíèçìà óäåðæàíèÿ îï-

ðàâêè ñòàíà ïðåäñòàâëåíû ñèñòåìîé äèôôåðåíöèàëüíûõ óðàâíåíèé, â âèäå óðàâíå-

íèé Ìàòüå-Õèëëà. Óñòàíîâëåíû îáëàñòè äèíàìè÷åñêîé óñòîé÷èâîñòè ìåõàíèçìà

óäåðæàíèÿ îïðàâêè è ïîñòðîåíà êàðòà ïàðàìåòðè÷åñêîé óñòîé÷èâîñòè ìåõàíè÷åñ-

êîé ñèñòåìû. Ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìè÷åñêèõ ïðîöåññîâ äîñòîâåðíî îïèñû-

âàåò ïàðàìåòðè÷åñêèå ÿâëåíèÿ â ìåõàíèçìå è îïðåäåëÿåò àìïëèòóäíî-÷àñòîòíûå

õàðàêòåðèñòèêè ñòåðæíåâîé ñèñòåìû çà âðåìÿ ðåàëèçàöèè âñåãî òåõíîëîãè÷åñêîãî

ïðîöåññà ïèëüãåðíîé ïðîêàòêè òðóáû íà ñòàíå ÕÏÒ.  Ðåçóëüòàòû ìîäåëèðîâàíèÿ

äèíàìè÷åñêèõ ïðîöåññîâ óêàçûâàþò íà íåîáõîäèìîñòü ñíèæåíèÿ êîëåáàíèé ñòåð-

æíÿ îïðàâêè ñòàíà ÕÏÒ äî äîïóñòèìîãî óðîâíÿ âèáðîàêòèâíîñòè ñèñòåìû. Ìàòå-

ìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññîâ ïèëüãåðíîé ïðîêàòêè òðóáû-çàãîòîâêè ïî-

çâîëÿåò, íà ýòàïå ïðîåêòèðîâàíèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ, ïðîãíîçèðîâàòü

ïîêàçàòåëè ðàçíîñòåííîñòè ãîòîâûõ òðóá è íàçíà÷àòü ðàöèîíàëüíûå ðåæèìû ýêñï-

ëóàòàöèè ñòàíà ÕÏÒ. Ïðèìåíåíèå ìîäåðíèçèðîâàííûõ öåíòðîâàòåëåé íà óïðóãîì

îñíîâàíèè, óñòàíîâëåííûõ ñî ñòîðîíû ìåõàíèçìîâ ïîäà÷è è ïîâîðîòà òðóáû-çàãî-

òîâêè â î÷àã äåôîðìàöèè ñòàíà ÕÏÒ, ïðèâîäèò ê ñòàáèëèçàöèè äèíàìè÷åñêèõ ïðî-

öåññîâ è ïîâûøåíèþ êà÷åñòâà ãîòîâûõ òðóá. Äîñòèãíóòî çàìåòíîå ñíèæåíèå ïðî-

äîëüíîé è ïîïåðå÷íîé ðàçíîñòåííîñòè òðóá ïóòåì îáåñïå÷åíèÿ óñòîé÷èâîñòè îï-

ðàâêè â î÷àãå äåôîðìàöèè. Óâåëè÷åíèå ñòîéêîñòè ýëåìåíòîâ ìåõàíèçìà óäåðæà-

íèÿ ñòåðæíÿ îïðàâêè îáåñïå÷èâàåòñÿ â ðåçóëüòàòå ñòàáèëèçàöèè óðîâíÿ âèáðîàê-

òèâíîñòè ñèñòåìû.

Êëþ÷åâûå ñëîâà: ñòàí, õîëîäíàÿ ïðîêàòêà, îïðàâêà, ñòåðæåíü, æåñòêîñòü, ïîâîðîò,

ïîäà÷à, òðóáà, ñèëà ïðîêàòêè, êîëåáàíèÿ, äèíàìèêà, ìàòåìàòè÷åñêàÿ ìîäåëü, äèô-

ôåðåíöèàëüíîå óðàâíåíèå, óñòîé÷èâîñòü.

Ïîñòàíîâêà ïðîáëåìû
Òåõíîëîãè÷åñêèå ïðîöåññû íà ñòàíàõ õî-

ëîäíîé ïðîêàòêè òðóá (ÕÏÒ) ïðåäóñìàòðèâàþò
ïåðèîäè÷åñêóþ ïðîêàòêó òðóáû-çàãîòîâêè â êà-
ëèáðàõ âàëêîâ ïîäâèæíîé ðàáî÷åé è íà îïðàâ-
êå, êîòîðàÿ óäåðæèâàåòñÿ íà îñè ïðîêàòêè ïî-
ñðåäñòâîì ñòåðæíåâîé ñèñòåìû, ñòàöèîíàðíûõ
öåíòðîâàòåëåé è óïîðíî-ðåãóëèðîâî÷íîãî êëè-
íîâîãî ìåõàíèçìà â î÷àãå äåôîðìàöèè [1].

Ôèðìà SMS-Meer (Ãåðìàíèÿ), íà÷èíàÿ ñ
êîíöà ñåìèäåñÿòûõ ãîäîâ, à ÎÀÎ «ÝÇÒÌ» è
ÀÊÕ «ÂÍÈÈÌÅÒÌÀØ» ñ êîíöà äåâÿíîñòûõ

ãîäîâ ñòàëè âûïóñêàòü âûñîêîñêîðîñòíûå ñîâðå-
ìåííûå ñòàíû ðàçëè÷íûõ òèïîðàçìåðîâ ñ òîð-
öåâîé çàãðóçêîé òðóáû-çàãîòîâêè.

Ñòàíû ÕÏÒ ïîñëåäíèõ ìîäåëåé ñíàáæåíû
ìåõàíèçìàìè, êîòîðûå, ïî òðåáîâàíèþ òåõíî-
ëîãè÷åñêîãî ïðîöåññà, ìîãóò îñóùåñòâëÿòü äâîé-
íóþ ïîäà÷ó è äâîéíîé ïîâîðîò. Íåêîòîðûå âû-
ñîêîñêîðîñòíûå ñòàíû, íàïðèìåð, ñòàí KPW 18
HMRK ôèðìû SMS-Meer, èìåþò âîçìîæíîñòü
ñîâåðøàòü òàê íàçûâàåìóþ íåïðåðûâíóþ ïîäà-
÷ó òðóáû-çàãîòîâêè è íåïðåðûâíûé ïîâîðîò òðó-
áû ñî ñòåðæíåì îïðàâêè. Óêàçàííàÿ íåïðåðûâ-
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íîñòü ìåõàíè÷åñêîé ñèñòåìû ñòàíà â äàííîì
ñëó÷àå íîñèò ÷èñòî óñëîâíûé õàðàêòåð. Ïîñêîëü-
êó ðàáî÷èé êîíóñ âñåãäà çàæàò âàëêàìè âî âðå-
ìÿ ïðîêàòêè, òî ïðàêòè÷åñêè ïîâåðíóòü è ïîäà-
âàòü òðóáó-çàãîòîâêó âïåðåä íåâîçìîæíî. Ñ äðó-
ãîé ñòîðîíû, ïðè âûñîêîé áûñòðîõîäíîñòè ñòà-
íà, íàïðèìåð, ïðè ÷àñòîòå äâèæåíèÿ ðàáî÷åé
êëåòè ðàâíîé 350 ìèí–1, âðåìÿ îòêðûòèÿ çåâà
ïîäà÷è èëè çåâà ïîâîðîòà êàëèáðà ñîñòàâëÿåò
òûñÿ÷íûå äîëè ñåêóíäû.

Ïðè âêëþ÷åíèè ïðèâîäîâ ìåõàíèçìîâ ïî-
äà÷è è ïîâîðîòà íà ïîñòîÿííîå âðàùåíèå âñå
ýëåìåíòû êèíåìàòè÷åñêîé öåïè îò äâèãàòåëÿ äî
ðàáî÷åãî êîíóñà â ðàáî÷èõ ôàçàõ äâèæåíèÿ âàë-
êîâ èñïûòûâàþò îïðåäåëåííóþ óïðóãóþ äåôîð-
ìàöèþ, à ïðè ïåðåõîäå âàëêîâ â ôàçû õîëîñòîãî
õîäà ýòó óïðóãóþ äåôîðìàöèþ ðåàëèçóþò â âèäå
íåæåëàòåëüíîé ïîäà÷è è ïîâîðîòà ðàáî÷åãî êî-
íóñà, îñâîáîæäåííîãî êàëèáðàìè.

Âûñîêî÷àñòîòíîå ÷åðåäîâàíèå ðàáî÷èõ è
õîëîñòûõ ôàç ðàçâîðîòà âàëêîâ è êàëèáðà â êîì-
ïëåêñå çðèòåëüíî ñîçäàþò âèäèìîñòü íåïðåðûâ-
íîñòè ïîäà÷è è ïîâîðîòà.

Ñ ìîìåíòà ðàçðàáîòêè òåõíîëîãèè ïèëüãåð-
íîé ïðîêàòêè òðóá è ñîçäàíèÿ ïåðâûõ ñòàíîâ
ÕÏÒ èçâåñòíû äâà ñïîñîáà çàãðóçêè î÷åðåäíîé
òðóáû-çàãîòîâêè â ñòàí ïî ëèíèè ïðîêàòêè – áî-
êîâîé è òîðöåâîé. Íåêîòîðûå ïåðâûå îáðàçöû
çàðóáåæíûõ ñòàíîâ èìåëè òîðöåâóþ çàãðóçêó,
îäíàêî â ñèëó íåêîòîðûõ ïðè÷èí ïðåâàëèðîâà-
ëà áîêîâàÿ, êàê êîíñòðóêòèâíî áîëåå ïðîñòàÿ.
Êðîìå òîãî, ïîâûøåíèå òðåáîâàíèé ê êà÷åñòâó
ïîâåðõíîñòè òðóá, îñîáåííî âíóòðåííåé, ñòèìó-
ëèðîâàëî áîêîâóþ çàãðóçêó, ïîñêîëüêó ïðè êàæ-
äîé çàãðóçêå î÷åðåäíîé çàãîòîâêè èìåëàñü âîç-
ìîæíîñòü îñìîòðà îïðàâêè ñ öåëüþ êîíòðîëÿ
íàëèïàíèÿ ìåòàëëà èëè ïîÿâëåíèÿ òðåùèí, ÷òî
â ïåðèîä ÷àñòûõ âàðèàöèé ðåæèìàìè îáæàòèé
(êàëèáðîâêàìè) è èñïîëüçîâàíèÿ òåõíîëîãè÷åñ-
êèõ ñìàçîê, ÿâëÿåòñÿ áîëåå ïðèåìëåìûì.

Íåäîñòàòêè áîêîâîé çàãðóçêè òðóáû-çàãî-
òîâêè, êðîìå ïîòåðè ïðîèçâîäèòåëüíîãî âðåìå-
íè (äëÿ ïåðåçàðÿäêè íóæíî îñòàíîâèòü ïðîêàò-
êó, èçâëå÷ü è ñíîâà ÷åðåç ïîëîñòü î÷åðåäíîé
çàãîòîâêè âåðíóòü îïðàâêó â ðàáî÷èé êîíóñ),
îòðèöàòåëüíî âëèÿþò íà êà÷åñòâî ïðîêàòûâàå-
ìûõ òðóá, îñîáåííî íà òî÷íîñòü ðàçìåðîâ (ïî
äëèíå âñåé òðóáû). Äåëî â òîì, ÷òî äëÿ èçâëå÷å-
íèÿ îïðàâêè èç êîíóñà åãî íåîáõîäèìî îáêà-
òàòü, ò.å. ïðîèçâåñòè íåñêîëüêî äâîéíûõ õîäîâ
êëåòè ïðè âûêëþ÷åííîé ïîäà÷å. Â ðåçóëüòàòå
îáêàòêè òîëùèíà ñòåíêè ðàáî÷åãî êîíóñà, ïî
ñðàâíåíèþ ñ îñòàëüíîé ÷àñòüþ òðóáû, ïîäâåð-
ãàåòñÿ óòîí÷åíèþ.

Êðîìå òîãî, ïîâûøåííûå òðåáîâàíèÿ ê òî÷-

íîñòè ðàçìåðîâ òðóá ñòàëè ñîèçìåðèìûìè ñ èç-
ìåíåíèåì ðàçìåðîâ èíñòðóìåíòîâ ïîä äåéñòâè-
åì èõ òåïëîâîãî ðàñøèðåíèÿ. Â ñâÿçè ñ ýòèì
îñòàíîâêè ñòàíà íà ïåðåçàðÿäêó ñòàëè íåæåëà-
òåëüíûìè, ïîñêîëüêó ïðèâîäèëè ê ìåñòíîìó
óòîí÷åíèþ ñòåíêè çà ñ÷åò îáêàòêè è ìåñòíîìó
èçìåíåíèþ ðàçìåðîâ òðóá çà ñ÷åò èçìåíåíèÿ
ðàçìåðîâ òåõíîëîãè÷åñêèõ èíñòðóìåíòîâ, âûç-
âàííûõ íåæåëàòåëüíûì îõëàæäåíèåì âî âðåìÿ
îñòàíîâêè.

Íàçâàííûå íåäîñòàòêè è íàëè÷èå ñîâðåìåí-
íîé ýëåìåíòíîé áàçû ïîáóäèëè èçãîòîâèòåëåé
âåðíóòüñÿ íà íîâîì êà÷åñòâåííîì óðîâíå ê ìî-
äåðíèçàöèè ñóùåñòâóþùèõ, ðàçðàáîòêå è èçãî-
òîâëåíèþ íîâûõ ñîâðåìåííûõ ñòàíîâ ÕÏÒ ñ
ñèñòåìîé òîðöåâîé çàãðóçêè òðóáû-çàãîòîâêè.

Íà ñõåìå (ðèñ. 1,à) ïîêàçàí ïåðâûé âàðè-
àíò (ýòàï) òîðöåâîé çàãðóçêè òðóáû-çàãîòîâêè,
ðåàëèçîâàííûé, íàïðèìåð, íà ñòàíå KPW25VMR
ôèðìû SMS-Meer. Çàãðóçêà òðóáû-çàãîòîâêè 1
íà÷èíàåòñÿ ïîñëå îòêðûòèÿ çàäíåãî ïàòðîíà
ñòåðæíÿ îïðàâêè 7 ïóòåì íàäåâàíèÿ åå íà ñòåð-
æåíü 4 è ïåðåìåùåíèÿ äî ïåðåäíåãî 5 çàêðûòî-
ãî ïàòðîíà ñòåðæíÿ. Äàëåå, çàêðûâàåòñÿ ïàòðîí
ñòåðæíÿ è îòêðûâàåòñÿ ïåðåäíèé ïàòðîí ñòåðæ-
íÿ (áåç îñòàíîâêè ïðîêàòêè). Ïàòðîí ïîâîðîòà
è ïîäà÷è çàãîòîâêè 5, íàõîäÿùèéñÿ â ïåðåäíåì
ïîëîæåíèè ñâîåãî õîäà, îñâîáîæäàåò ìåñòî î÷å-
ðåäíîé çàãîòîâêå, êîòîðàÿ òðàéáàïïàðàòîì èëè
òîëêàòåëåì ïîäàåòñÿ çà ïàòðîí ñòåðæíÿ 7. Ïàò-
ðîí ïîâîðîòà è ïîäà÷è òðóáû-çàãîòîâêè 5 èí-
äèâèäóàëüíûì ñåðâîïðèâîäîì óñêîðåííî âîçâðà-
ùàåòñÿ íàçàä. Â ýòî âðåìÿ ïðîöåññ ïðîêàòêè
îñòàíàâëèâàåòñÿ, ïîñêîëüêó èç-çà îòâîäà ïàòðî-
íà ïîâîðîòà è ïîäà÷è çàãîòîâêè 5 ïðåêðàòèëàñü
ïîäà÷à. Ïðè ýòîì ìîæåò áûòü îñòàíîâëåí ãëàâ-
íûé ïðèâîä.

Äàëåå, ïðîïóñòèâ çàãîòîâêó ÷åðåç ñåáÿ (ïðè
îòêðûòûõ êóëà÷êàõ), ïàòðîí ïîâîðîòà è ïîäà÷è
çàãîòîâêè 5 îñòàíàâëèâàåòñÿ ó çàäíåãî êîíöà
çàãîòîâêè, ïðîèñõîäèò ðåâåðñ åãî äâèæåíèÿ, îí
çàõâàòûâàåò çàãîòîâêó ñâîèìè êóëà÷êàìè è ïðî-
äâèãàåò åå äî óïîðà â òîðåö íåäîêàòàííîé ïðå-
äûäóùåé çàãîòîâêè. Ïîñëå ýòîãî âêëþ÷àåòñÿ
ïîäà÷à è ãëàâíûé ïðèâîä, åñëè îí áûë îòêëþ-
÷åí, è ïðîäîëæàåòñÿ ïðîöåññ ïðîêàòêè.

Ðàññìàòðèâàåìûé âàðèàíò ïðåäóñìàòðèâà-
åò îñòàíîâêó ïðîöåññà ïèëüãåðíîé ïðîêàòêè íà
âðåìÿ îòâîäà ïàòðîíà çàãîòîâêè èç ïåðåäíåãî â
çàäíåå ïîëîæåíèå íà äëèíó î÷åðåäíîé òðóáû-
çàãîòîâêè. Ïðè îòêëþ÷åíèè ãëàâíîãî ïðèâîäà
îáêàòêà ðàáî÷åãî êîíóñà íå ïðîèñõîäèò, ñòàáèëü-
íîñòü òåïëîâîãî ðåæèìà ìåòàëëà è èíñòðóìåíòà
íàðóøàåòñÿ çà ñ÷åò ïàóçû â ïðîöåññå ïðîêàòêè.

Âòîðîé âàðèàíò ðåàëèçàöèè ïðîöåññà õî-
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ëîäíîé ïèëüãåðíîé ïðîêàòêè (ðèñ. 1,á) îòëè÷à-
åòñÿ òåì, ÷òî ìåõàíèçì ïîäà÷è è ïîâîðîòà ñî-
ñòîèò èç äâóõ ïàòðîíîâ ïîäà÷è è ïîâîðîòà çàãî-
òîâêè, êàæäûé èç êîòîðûõ çàõâàòûâàåò çàãîòîâ-
êó íå çà çàäíèé êîíåö, à çà íàðóæíóþ ïîâåðõ-
íîñòü. Ïàòðîíû ïîâîðîòà è ïîäà÷è ðàáîòàþò
êàæäûé â ñâîåé çîíå îòâåòñòâåííîñòè (ïî äëèíå
òðóáû-çàãîòîâêè).

Ïåðâûé ïàòðîí ïîäà÷è è ïîâîðîòà 5, ïðîé-
äÿ ñâîé ðàáî÷èé ó÷àñòîê, óñòóïàåò ïðîöåññ ïî-
äà÷è è ïîâîðîòà òðóáû-çàãîòîâêè âòîðîìó ïàò-
ðîíó ïîäà÷è è ïîâîðîòà, à çà âðåìÿ åãî ðàáîòû
çàíèìàåò èñõîäíîå ïîëîæåíèå äëÿ î÷åðåäíîãî
ïåðåõâàòà òðóáû-çàãîòîâêè. Ïðîöåññ ïðîêàòêè
ïðè ýòîì íå ïðåðûâàåòñÿ. Î÷åðåäíàÿ çàãîòîâêà
ïîäàåòñÿ òðàéáàïïàðàòîì ñ ïîäïîðîì â òîðåö
ïðîêàòûâàåìîé çàãîòîâêè äî òåõ ïîð, ïîêà îíà
íå áóäåò çàõâà÷åíà ìåõàíèçìîì ïîäà÷è è ïîâî-
ðîòà, ðàáîòàþùåãî áåçîñòàíîâî÷íî, ÷åì è äîñ-
òèãàåòñÿ íåïðåðûâíîñòü ïðîöåññà ïðîêàòêè.

Òàêàÿ ðàáîòà äâóõ ïàòðîíîâ ïîäà÷è è ïî-
âîðîòà ñîçäàåò óñëîâèÿ äëÿ íåïðåðûâíîñòè ïðî-
öåññà ïðîêàòêè, ÷òî óñòðàíÿåò îòìå÷åííûå âûøå
íåäîñòàòêè áîêîâîé è òîðöåâîé çàãðóçêè ïî ïåð-
âîìó âàðèàíòó. Íåïðåðûâíûé ïðîöåññ ïðîêàò-
êè ðåàëèçîâàí, íàïðèìåð, íà ñòàíå ïîñëåäíåé
ìîäåëè ôèðìû SMS-Meer. Ïîõîæåå ðåøåíèå
ðåàëèçîâàíî íà îòå÷åñòâåííûõ ñòàíàõ ÕÏÒ, ïîñ-
ëåäíèõ ìîäåëåé (íàïðèìåð, ñòàí ÕÏÒ 6-20 ÀÊÕ
«ÂÍÈÈÌÅÒÌÀØ»).

Îïûò ýêñïëóàòàöèè âûñîêîñêîðîñòíûõ ñòà-
íîâ ÕÏÒ êàê îòå÷åñòâåííûõ, òàê è çàðóáåæíûõ

ïðîèçâîäèòåëåé ïîêàçûâàþò, ÷òî äàëüíåéøàÿ
èíòåíñèôèêàöèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ
ïèëüãåðíîé ïðîêàòêè òðóá è ïîâûøåíèå êà÷å-
ñòâà îáðàáàòûâàåìîãî íà ñòàíàõ ïðîäóêòà ïðå-
èìóùåñòâåííî îáóñëîâëåíû îñîáåííîñòÿìè äè-
íàìèêè ìåõàíèçìîâ ñòàíîâ (â ÷àñòíîñòè ìåõà-
íèçìà óäåðæàíèÿ îïðàâêè íà îñè ïðîêàòêè òðó-
áû).

Íà óñòîé÷èâûå óñëîâèÿ ôîðìèðîâàíèÿ ïðî-
öåññà ïèëüãåðíîé ïðîêàòêè òðóáû îòðèöàòåëü-
íî âëèÿþò êàê âèáðîàêòèâíîñòü îáîðóäîâàíèÿ
ñî ñòîðîíû ìåõàíèçìîâ ïåðèîäè÷åñêîãî ïîâî-
ðîòà è ïîäà÷è òðóáû-çàãîòîâêè â ñòàí ÕÏÒ, òàê
è â ÷àñòíîñòè êîëåáàíèÿ ñèñòåìû «òðóáà » çàãî-
òîâêà – îïðàâêà – ñòåðæåíü».

Âèáðîàêòèâíîñòü ñèñòåì ìåõàíèçìà óäåð-
æàíèÿ ñòåðæíÿ îïðàâêè âî ìíîãîì îïðåäåëÿåò
óñëîâèÿ ôîðìèðîâàíèÿ ãåîìåòðèè ãîòîâûõ òðóá
è ïðèâîäèò ê ñóùåñòâåííîìó ñíèæåíèþ ñòîé-
êîñòè áàçîâîãî îáîðóäîâàíèÿ ëèíèè ñòàíà ÕÏÒ
[2]. Íà îïðàâêó è ñòåðæåíü, ñ íåêîòîðîé öèê-
ëè÷íîñòüþ çàãðóçêè òðóáû-çàãîòîâêè â î÷àã äå-
ôîðìàöèè ñòàíà, äåéñòâóþò îïðåäåëåííûå ñòà-
òè÷åñêèå è áîëüøèå äèíàìè÷åñêèå íàãðóçêè. Ýòî
â ðÿäå ñëó÷àåâ ïðèâîäèò ê íåîæèäàííîé ïîòåðå
óñòîé÷èâîñòè ñòåðæíÿ îïðàâêè â ïðåäåëàõ óï-
ðóãîñòè ìåõàíè÷åñêîé ñèñòåìû. Ñîãëàñíî óñëî-
âèÿì, èçëîæåííûì â ðàáîòå [3], óõîä îïðàâêè
îò ðàñ÷åòíîãî ïîëîæåíèÿ îáóñëîâëèâàåò ïðîÿâ-
ëåíèå íåêîíòðîëèðóåìîé ðàçíîñòåííîñòè ãîòî-
âûõ òðóá.

Ðèñ. 1. Ñòàí õîëîäíîé ïèëüãåðíîé ïðîêàòêè òðóá ñ îñåâîé çàãðóçêîé òðóáíûõ çàãîòîâîê è ðàñ÷åòíàÿ ñõåìà ìåõàíèçìà

óäåðæàíèÿ îïðàâêè ñòàíà ÕÏÒ á): 1 – òðóáíàÿ çàãîòîâêà (ãèëüçà); 2 – âàëêè ðàáî÷èå; 3 – îïðàâêà; 4 – ñòåðæåíü îïðàâêè;

5 –ïàòðîíû ïîäà÷è òðóáû; 6 –ïàòðîíû ïîâîðîòà òðóáû; 7 – ïàòðîíû óäåðæàíèÿ ñòåðæíÿ îïðàâêè
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Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Îáåñïå÷åíèå äèíàìè÷åñêîé óñòîé÷èâîñòè

ñòåðæíÿ îïðàâêè â î÷àãå äåôîðìàöèè òðåáóåò
èñêëþ÷åíèÿ îïðåäåëåííûõ óñëîâèé è ðåæèìîâ
ïèëüãåðíîé ïðîêàòêè òðóá, îáóñëîâëèâàþùèõ
âîçíèêíîâåíèå ðàçëè÷íîãî ðîäà íåæåëàòåëüíûõ
ïàðàìåòðè÷åñêèõ êîëåáàòåëüíûõ ÿâëåíèé â ðàñ-
ñìàòðèâàåìîé ìåõàíè÷åñêîé ñèñòåìå.

Èññëåäîâàíèþ ìåõàíèçìîâ ïîâîðîòà è ïî-
äà÷è ñòàíà ÕÏÒ ïîñâÿùåíû ðÿä òåîðåòè÷åñêèõ
è ýêñïåðèìåíòàëüíûõ ðàáîò [3–4], ãäå äàåòñÿ
îïðåäåëåííûé àíàëèç ñèë, äåéñòâóþùèõ íà ñòåð-
æåíü îïðàâêè, óêàçàíû âîçìîæíûå óñëîâèÿ óõîäà
îïðàâêè îò ðàñ÷åòíîãî ïîëîæåíèÿ ðàáî÷åãî êî-
íóñà è ïðèâåäåíû óñëîâèÿ âîçíèêíîâåíèÿ çîí
íåóñòîé÷èâîãî ôóíêöèîíèðîâàíèÿ ìåõàíèçìà
óäåðæàíèÿ îïðàâêè.

Ïîñêîëüêó äàííûå ðàáîòû îõâàòûâàþò
ëèøü èññëåäîâàíèÿ ðàçëè÷íûõ ìîäåëåé î÷àãà
äåôîðìàöèè, ìåõàíè÷åñêèõ ñèñòåì ðàáî÷åé êëå-
òè, ïîâîðîòíî-ïîäàþùåãî êîìïëåêñà è íå êàñà-
þòñÿ âîïðîñîâ äèíàìèêè ìåõàíèçìà óäåðæàíèÿ
îïðàâêè, òî êîìïëåêñíîå èññëåäîâàíèå ïàðàìåò-
ðè÷åñêîé óñòîé÷èâîñòè ñòåðæíÿ ïðåäñòàâëÿåòñÿ
àêòóàëüíûì.

Â äàííîé ðàáîòå ðàññìîòðåíû ðåçóëüòàòû
èññëåäîâàíèÿ ïàðàìåòðè÷åñêîé óñòîé÷èâîñòè
ñòåðæíÿ ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà
ÕÏÒ ñ ó÷åòîì íåñòàöèîíàðíîãî âîçäåéñòâèÿ ñî
ñòîðîíû î÷àãà äåôîðìàöèè è ïðîêàòûâàåìîé
òðóáû, ÷òî îòëè÷àåò åå îò èçâåñòíûõ ðåøåíèé [5–
6].

Ðàñ÷åòíàÿ ñõåìà ðàññìàòðèâàåìîé äèíàìè-
÷åñêîé ñèñòåìû âûáðàíà ñ ó÷åòîì òåõíîëîãè-
÷åñêèõ îñîáåííîñòåé ïèëüãåðíîé ïðîêàòêè, ÷òî
îòðàæàåò âîçäåéñòâèå óñèëèÿ ïðîêàòêè, èíåðò-
íûå õàðàêòåðèñòèêè ñèñòåìû è ðàñïðåäåëåííóþ
íàãðóçêó òðóáû-çàãîòîâêè, ïåðåìåùàþùåéñÿ
âäîëü ñòåðæíÿ ñî ñêîðîñòüþ ïîäà÷è â î÷àã äå-
ôîðìàöèè V  (ðèñ. 1,á).

Ïðèâåäåííàÿ ðàñ÷åòíàÿ ñõåìà äîñòàòî÷íî
áëèçêà ê ðåàëüíîìó òåõíîëîãè÷åñêîìó ïðîöåññó
ïðîêàòêè íà ñòàíå ÕÏÒ ñ îñåâîé çàãðóçêîé òðó-
áû-çàãîòîâêè â ëèíèþ ñòàíà è î÷åâèäíî ãëóáæå
îòîáðàæàåò äèíàìè÷åñêèå ÿâëåíèÿ âî âñåõ ñèñ-
òåìàõ ìåõàíèçìà óäåðæàíèÿ ñòåðæíÿ îïðàâêè [4].

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Ðàññìàòðèâàåìûå ïîïåðå÷íûå êîëåáàíèÿ
ñòåðæíÿ ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà
ÕÏÒ, ñëåäóÿ ïðèíÿòîé ðàñ÷åòíîé ñõåìå (ðèñ. 1)
ñîãëàñíî [6], îïèñûâàþòñÿ äèôôåðåíöèàëüíûì
óðàâíåíèåì:
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(1)

ãäå  txy ,  – äèíàìè÷åñêèé ïðîãèá ñòðåæíÿ ìå-
õàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà ÕÏÒ; zEI  –
 èçãèáíàÿ æåñòêîñòü ñòåðæíÿ îïðàâêè;  txq ,  –
 èíòåíñèâíîñòü íàãðóæåíèÿ ñòåðæíÿ ïðîêàòû-
âàåìîé òðóáîé-çàãîòîâêîé; 0m  – ïîãîííàÿ ìàññà
ñòåðæíÿ îïðàâêè;   – ñêîðîñòü ïîäà÷è òóáû â î÷àã
äåôîðìàöèè ñòàíà ïî öèêëó ïðîêàòêè òðóáû.

Äèôôåðåíöèàëüíîå óðàâíåíèå ïîïåðå÷íûõ
êîëåáàíèé (1) äëÿ ðàññìàòðèâàåìîé äèíàìè÷åñ-
êîé ìîäåëè ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñî-
ñòàâëåíî ñ ó÷åòîì èíåðöèè ñòåðæíÿ îïðàâêè,
èçìåíÿþùåãîñÿ îñåâîãî ñîñòàâëÿþùåãî ñèëû
ïðîêàòêè è èíòåíñèâíîñòè âîçäåéñòâèÿ ïðîêà-
òûâàåìîé òðóáû.

Ïðè íåêîòîðûõ äîïóùåíèÿõ ïðèíèìàåì âî
âíèìàíèå òî, ÷òî ÷àñòîòà èçìåíåíèÿ ñèëû ïðî-
êàòêè ñ íåêîòîðûìè äîïóùåíèÿìè ñîâïàäàåò ñ
÷àñòîòîé èçìåíåíèÿ ðàçíîñòåííîñòè òðóáû-çà-
ãîòîâêè. Ñëåäîâàòåëüíî, åñòü äîñòàòî÷íîå îñíî-
âàíèå ïðåäïîëàãàòü, ÷òî â ïåðâîì ïðèáëèæåíèè
ìîæíî ïðèíÿòü óñëîâèÿ, îïèñàííûå â ðàáîòå [3–
4]. Ìíîãî÷èñëåííûå ýêñïåðèìåíòàëüíûå èññëå-
äîâàíèÿ ýíåðãîñèëîâûõ ïàðàìåòðîâ ñòàíà ÕÏÒ
32 ïîêàçûâàþò, ÷òî îñåâàÿ ñîñòàâëÿþùàÿ ñèëû
ïðîêàòêè, äåéñòâóþùàÿ íà ñòåðæíåâóþ ñèñòåìó
íîñèò ïðåèìóùåñòâåííî ïåðèîäè÷åñêèé õàðàê-
òåð è ñîîòâåòñòâóåò ïðèíÿòîìó ãàðìîíè÷åñêîìó
çàêîíó:

),cos()( 10 tNNtN    (2)

ãäå 0N  – ñòàòè÷åñêàÿ ñîñòàâëÿþùàÿ ñèëû ïðî-
êàòêè ãèëüçû íà ñòàíå; 1N  è   – ñîîòâåòñòâåí-
íî äèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ ñèëû ïèëüãåð-
íîé ïðîêàòêè ãèëüçû è ÷àñòîòà åå èçìåíåíèÿ.

Òîãäà äèôôåðåíöèàëüíîå óðàâíåíèå ïîïå-
ðå÷íûõ êîëåáàíèé ñòåðæíÿ îïðàâêè (1) ñ ó÷å-
òîì (2) ïåðåïèøåòñÿ â âèäå:
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Ðåøåíèå äèôôåðåíöèàëüíîãî óðàâíåíèÿ
äâèæåíèÿ ñòåðæíÿ ìåõàíèçìà óäåðæàíèÿ îïðàâ-
êè ñòàíà çàïèøåì â âèäå ðàçëîæåíèÿ â ðÿä Ôóðüå
ïî ôóíäàìåíòàëüíûì ôóíêöèÿì çàäà÷è ñ ó÷å-
òîì ñèíóñîèäàëüíîé ôîðìû ïîïåðå÷íûõ êîëå-
áàíèé ñèñòåìû:
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sintft,xy
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,  (4)

ãäå  tfk  – èñêîìàÿ ôóíêöèÿ âðåìåíè, ïîäëå-
æàùàÿ îïðåäåëåíèþ â õîäå ðåøåíèÿ çàäà÷è;
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 – ôóíäàìåíòàëüíàÿ ñèíóñîèäàëüíàÿ

ôóíêöèÿ ïîïåðå÷íûõ êîëåáàíèé øàðíèðíî çàê-
ðåïëåííîãî ïî êîíöàì ñòåðæíÿ îïðàâêè;   –
 ïðèâåäåííàÿ äëèíà ñòåðæíÿ îïðàâêè ñòàíà.

Äëÿ ðåøåíèÿ äèôôåðåíöèàëüíîãî óðàâíå-
íèÿ âûíóæäåííûõ êîëåáàíèé ìåõàíè÷åñêîé ñè-
ñòåìû (3) ðàñïðåäåëåííóþ íàãðóçêó  txq , , âîç-
äåéñòâóþùóþ â ïðîöåññå ïèëüãåðíîé ïðîêàòêè
ñî ñòîðîíû òðóáû-çàãîòîâêè íà ñòåðæåíü, àíà-
ëîãè÷íî ðàñêëàäûâàåì òîæå â ðÿä Ôóðüå. Îòìå-
òèì, ÷òî ôóíäàìåíòàëüíûå ôóíêöèè äëÿ ñòåðæ-
íÿ îïðàâêè â íàèáîëåå ðàñïðîñòðàíåííîé â ëè-
òåðàòóðå [5–6] ôîðìå èìåþò âèä:
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(5)

ãäå ïðèíÿòî âî âíèìàíèå óñëîâèå, ÷òî èíòåí-
ñèâíîñòü ðàñïðåäåëåííîé íàãðóçêè ïðîêàòûâà-
åìîé òðóáû-çàãîòîâêè îïðåäåëåííî åñòü íå÷åò-
íàÿ ôóíêöèÿ    .,, txqtxq 

Ïîñëå ðàçëîæåíèÿ ðàñïðåäåëåííîé íàãðóç-
êè (5) â ðÿä è âûïîëíåíèÿ ïðîöåäóðû èíòåãðè-
ðîâàíèÿ îêîí÷àòåëüíî íàõîäèì:
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2 0 .  (6)

Ïðèìåíèâ àëãîðèòì ðåøåíèÿ çàäà÷è, ñî-
ãëàñíî ïðîöåäóðå Áóáíîâà-Ãàëåðêèíà [6], ó÷è-
òûâàÿ ñâîéñòâî îðòîãîíàëüíîñòè ôîðì ñîáñòâåí-
íûõ êîëåáàíèé ñòåðæíÿ, ïîäñòàâëÿåì (6) â ïðà-
âóþ ÷àñòü äèôôåðåíöèàëüíîãî óðàâíåíèÿ (3).
Îïóñòèâ ñîîòâåòñòâóþùèå çíàêè ñóììû, îêîí-
÷àòåëüíî èíòåãðèðóÿ ïîëó÷åííîå, ïîñëå ïðåîá-
ðàçîâàíèé äèôôåðåíöèàëüíîå óðàâíåíèå äâèæå-
íèÿ ñòåðæíÿ îïðàâêè ñòàíà ïðåäñòàâèì â âèäå:
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(7)

Äëÿ óäîáñòâà àíàëèçà ïàðàìåòðè÷åñêèõ ÿâ-
ëåíèé è èññëåäîâàíèÿ äèíàìè÷åñêèõ ïðîöåññîâ
â ðàññìàòðèâàåìîé ìåõàíè÷åñêîé ñèñòåìå ñòàíà
ÕÏÒ, äèôôåðåíöèàëüíûå óðàâíåíèÿ ïîïåðå÷-
íûõ êîëåáàíèé ñòåðæíÿ îïðàâêè (9) äàëåå ïðåä-
ñòàâèì â ôîðìå êëàññè÷åñêèõ çàäà÷ äèíàìè÷åñ-
êîé óñòîé÷èâîñòè äåôîðìèðóåìûõ ñèñòåì.

Îáîçíà÷àÿ ÷àñòîòó êîëåáàíèé ñòåðæíÿ îï-
ðàâêè â âèäå k , ââåäÿ äðóãèå îáùåïðèíÿòûå â
ëèòåðàòóðå ïàðàìåòðû:
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â óðàâíåíèå (7), ñîãëàñíî [6], ñîîòâåòñòâåííî
ïîëó÷àåì:
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(9)

ãäå kN  – ýéëåðîâà êðèòè÷åñêàÿ ñèëà; k  – ÷à-
ñòîòà ñâîáîäíûõ ïîïåðå÷íûõ êîëåáàíèé ñòåðæ-
íÿ îïðàâêè.

Ïîñëå ïîäñòàíîâîê ïàðàìåòðîâ ïðèíÿòîé
äèíàìè÷åñêîé ìîäåëè ñèñòåìû è óïðîùåíèé
äèôôåðåíöèàëüíûõ óðàâíåíèé (9) ïîëó÷àåì
óðàâíåíèÿ â âèäå êëàññè÷åñêèõ óðàâíåíèé Ìàòüå-
Õèëëà. Äàííûå óðàâíåíèÿ óäîâëåòâîðÿþò íà÷àëü-
íûì óñëîâèÿì çàäà÷è â ïîñòàíîâêå Êîøè, ãðà-
íè÷íûì óñëîâèÿì ïîñòàâëåííîé çàäà÷è è îáîá-
ùåííîé ìàòåìàòè÷åñêîé ìîäåëè ñèñòåìû:
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ãäå k  – ÷àñòîòà ñâîáîäíûõ êîëåáàíèé ñòåðæ-
íÿ îïðàâêè, íàãðóæåííîãî ñòàòè÷åñêîé ñîñòàâ-
ëÿþùåé óñèëèÿ ïðîêàòêè 0P  òðóáû-çàãîòîâêè

íà ñòàíå ÕÏÒ;  0
1

2 NN

N

k
k 
  – êîýôôèöèåíò

äèíàìè÷åñêîãî âîçáóæäåíèÿ ñòåðæíÿ îïðàâêè
ñòàíà ÕÏÒ.

Êîýôôèöèåíò äèíàìè÷åñêîãî âîçáóæäåíèÿ

k
  è ÷àñòîòà ñâîáîäíûõ êîëåáàíèé ñòåðæíÿ
îïðàâêè k  îïðåäåëÿþòñÿ èç óñëîâèÿ âçàèì-
íîãî èçìåíåíèÿ, êàê òåõíîëîãè÷åñêèõ ïàðàìåò-
ðîâ î÷àãà äåôîðìàöèè ïðè ïèëüãåðíîé ïðîêàò-
êå, òàê è ïàðàìåòðîâ ñòåðæíÿ îïðàâêè ñòàíà
ÕÏÒ.

Äèôôåðåíöèàëüíîå óðàâíåíèå (10) ñîñòàâ-
ëåíî è ïðåäñòàâëåíî â âèäå èçâåñòíûõ ïàðàìåò-
ðè÷åñêèõ óðàâíåíèé Ìàòüå-Õèëëà. Ïîëó÷åííàÿ
ìàòåìàòè÷åñêàÿ ìîäåëü ñ äîñòàòî÷íî âûñîêîé
ñòåïåíüþ òî÷íîñòè è êîððåêòíî îïèñûâàåò äè-
íàìèêó ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà
ÕÏÒ. ×èñëåííîå ðåøåíèå äèôôåðåíöèàëüíîãî
óðàâíåíèÿ (10) ðåàëèçîâàíî ìåòîäîì Ðóíãå-Êóòòà
ñ ïðèìåíåíèåì ïðîãðàììíîãî ïðîäóêòà Matcad,
÷òî ïîçâîëÿåò îöåíèòü äèíàìè÷åñêèå ïåðåìåùå-
íèÿ èçîáðàæàþùåé òî÷êè ñòåðæíÿ îïðàâêè äëÿ
îäíîé èç íàèáîëåå ðàñïðîñòðàíåííûõ ãàðìîíè-
÷åñêèõ ôîðì êîëåáàíèé ìåõàíèçìà óäåðæàíèÿ
îïðàâêè.

Êðèâûå, ïðèâåäåííûå íà ðèñ. 2 è ðèñ. 3,
íàèáîëåå ïîëíî îïèñûâàþò äèíàìè÷åñêèå ïðî-
öåññû, ïðîèñõîäÿùèå â ñèñòåìå ìåõàíèçìà óäåð-
æàíèÿ îïðàâêè ñòàíà ÕÏÒ ðàçíûõ òèïîðàçìå-
ðîâ áåç ó÷åòà (1) è ñ ó÷åòîì (2) îïûòà èñïîëüçî-
âàíèÿ ãðóïïû ðîëèêîâûõ öåíòðîâàòåëåé.

Ðèñ. 2. Ïàðàìåòðè÷åñêèå êîëåáàíèÿ ñòåðæíÿ îïðàâêè

âûñîêîñêîðîñòíîãî ñòàíà KPW 25VMR áåç öåíòðîâàòåëåé

1) è ñ öåíòîâàòåëÿìè 2) (òðóáà çàãîòîâêà äèàìåòðîì

191,2, ñòàëü12Õ18Í10Ò)

Êàðòà óñòîé÷èâîñòè ñòåðæíÿ îïðàâêè ñòà-
íà ÕÏÒ ïðè ïîïåðå÷íûõ êîëåáàíèÿõ ìåõàíè-
÷åñêîé ñèñòåìû, ñîãëàñíî [6–7] è óðàâíåíèþ
(10), ïðåäñòàâëåíà íà ðèñ. 4 â âèäå êëàññè÷åñêîé
ïàðàìåòðè÷åñêîé äèàãðàììû Àéíñà-Ñòðåòòà.

Ðèñ. 3. Ïàðàìåòðè÷åñêèå êîëåáàíèÿ ñòåðæíÿ îïðàâêè

îòå÷åñòâåííîãî ñòàíà ÕÏÒ 15-45  áåç öåíòðîâàòåëåé 1)

è ñ ðîëèêîâûìè öåíòîâàòåëÿìè 2) (çàãîòîâêà äèàìåòðîì

25õ1,6,òèòàí Gr2)

Ðèñ. 4. Äèàãðàììà ïàðàìåòðè÷åñêîé óñòîé÷èâîñòè

Àéíñà-Ñòðåòòà äëÿ îáîáùåííîé äèíàìè÷åñêîé ìîäåëè

ñòåðæíÿ îïðàâêè ñòàíà ÕÏÒ: 1 – çîíû äèíàìè÷åñêîé

óñòîé÷èâîñòè ñòåðæíÿ îïðàâêè; 2 – çîíû äèíàìè÷åñêîé

íåóñòîé÷èâîñòè ñèñòåìû

Ìàòåìàòè÷åñêàÿ ìîäåëü ñèñòåìû ñ âûñî-
êîé ñòåïåíüþ äîñòîâåðíîñòè îïèñûâàåò âèáðî-
àêòèâíîñòü ñèñòåìû è ñóùåñòâåííî óòî÷íÿåò
ïîâåäåíèå ñòåðæíÿ îïðàâêè ñòàíîâ ÕÏÒ.

Äèàãðàììà óñòîé÷èâîñòè ôóíêöèîíèðîâà-
íèÿ ñòåðæíÿ îïðàâêè äëÿ ðàññìàòðèâàåìîé îáîá-
ùåííîé äèíàìè÷åñêîé ìîäåëè êîëåáàíèé ñèñ-
òåìû ïîçâîëÿåò ïðîàíàëèçèðîâàòü ðåàëüíûå îá-
ëàñòè ïàðàìåòðè÷åñêîé óñòîé÷èâîñòè ñòåðæíÿ
îïðàâêè ñòàíà ÕÏÒ è îöåíèòü ïîâåäåíèå ñàìîé
îïðàâêè â î÷àãå äåôîðìàöèè è ìîæåò áûòü èñ-
ïîëüçîâàíî ïðè íàçíà÷åíèè ðåæèìîâ ïðîêàòêè
òðóáû-çàãîòîâêè.

Âûáîð ðàöèîíàëüíûõ ðåæèìîâ ïèëüãåðíîé
ïðîêàòêè òðóáû-çàãîòîâêè íà ñòàíå ÕÏÒ ñëåäó-
åò îñóùåñòâèòü ñ ïîìîùüþ êàðòû óñòîé÷èâîñòè
(çàøòðèõîâàííûå îáëàñòè). Î÷åâèäíî, ÷òî ó÷åò
èíòåíñèâíîñòè âîçäåéñòâèÿ ïðîêàòûâàåìîé òðó-
áû-çàãîòîâêè, ïîäàâàåìîé ñî ñêîðîñòüþ V  â î÷àã
äåôîðìàöèè, ÿâëÿåòñÿ îïðåäåëÿþùèì ïàðàìåò-
ðîì â ðàìêàõ âûáðàííîé äèíàìè÷åñêîé ìîäåëè
ñòåðæíåâîé ñèñòåìû ìåõàíèçìà óäåðæàíèÿ îï-
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ðàâêè ñòàíà ÕÏÒ.
Âîçìîæíîñòü ìîäåëèðîâàíèÿ ðåæèìîâ

ïèëüãåðíîé ïðîêàòêè ãèëüç íà ýòàïå ïðîåêòè-
ðîâàíèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ ñóùåñòâåí-
íî îòëè÷àåò ïîëó÷åííûå ðåçóëüòàòû îò ðåçóëü-
òàòîâ ðàíåå èçâåñòíûõ ðàáîò â îáëàñòè èññëåäî-
âàíèÿ äèíàìè÷åñêîé óñòîé÷èâîñòè è âèáðîàê-
òèâíîñòè ñòåðæíåâîé ñèñòåìû ìåõàíèçìà óäåð-
æàíèÿ îïðàâêè ñòàíîâ ÕÏÒ.

Ñëåäóåò îòìåòèòü, ÷òî èçìåíåíèå êîíñòðóê-
öèè êðåïëåíèÿ ñòåðæíÿ îïðàâêè â êàðåòêå óïîð-
íî-ðåãóëèðîâî÷íîãî ìåõàíèçìà ïîñðåäñòâîì
êëèíîâîãî ìåõàíèçìà ïðèâîäèò ê íåêîòîðîé ñòà-
áèëèçàöèè óðîâíÿ âèáðîàêòèâíîñòè ñòåðæíÿ è
ñèñòåì óäåðæàíèÿ îïðàâêè ñòàíà ÕÏÒ.

Äëÿ îáåñïå÷åíèÿ äèíàìè÷åñêîé óñòîé÷è-
âîñòè ìåõàíè÷åñêîé ñèñòåìû ðåêîìåíäóåì íà
âûñîêîñêîðîñòíîì ñòàíå ÕÏÒ èñïîëüçîâàòü öåí-
òðîâàòåëè (ëþíåòû) ñòåðæíåâîé ñèñòåìû ìåõà-
íèçìà óäåðæàíèÿ îïðàâêè êîíñòðóêöèè ÎÎÎ
«ÍÏÔ «Âîñòîê Ïëþñ» ðåãóëèðóåìîé æåñòêîñòè
â êîëè÷åñòâå íå ìåíåå ñåìè øòóê. Öåíòðèðó-
þùèå ñóïïîðòà îñíàùåíû ÷åòûðüìÿ óäëèíåí-
íûìè ðîëèêàìè (ðàáî÷àÿ äëèíà îäíîãî ðîëèêà
íà îäíîì ñóïïîðòå äîëæíà áûòü íå ìåíåå 100–
120 ìì), ðàñïîëîæåííûìè â øàõìàòíîì ïîðÿä-
êå ïî âåðòèêàëè è ðû÷àæíûì ìåõàíèçìîì ïðî-
ïîðöèîíàëüíîãî ñáëèæåíèÿ ðîëèêîâ ïî îñè ïðî-
êàòêè. Óñèëèÿ ïðèæàòèÿ ðîëèêîâ ê ñòåðæíþ èëè
òðóáå-çàãîòîâêå îáåñïå÷èâàþòñÿ äàâëåíèåì â
ãèäðîöèëèíäðå ïðèâîäà ðû÷àãîâ.

Âûâîäû
Ïðîâåäåíî èññëåäîâàíèå äèíàìèêè ñòåðæ-

íÿ ìåõàíèçìà óäåðæàíèÿ îïðàâêè ñòàíà ÕÏÒ.
Ìàòåìàòè÷åñêàÿ ìîäåëü çàäà÷è ïðåäñòàâëåíà
äèôôåðåíöèàëüíûìè óðàâíåíèÿìè âûíóæäåí-
íûõ êîëåáàíèé ñèñòåìû «òðóáà – îïðàâêà –
 ñòåðæåíü» â âèäå óðàâíåíèé ïàðàìåòðè÷åñêîé
óñòîé÷èâîñòè Ìàòüå-Õèëëà.

Ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìè÷åñêèõ ïðî-
öåññîâ äîñòîâåðíî îïèñûâàåò ïàðàìåòðè÷åñêèå
ÿâëåíèÿ â ìåõàíèçìå è îïðåäåëÿåò àìïëèòóäíî-
÷àñòîòíûå õàðàêòåðèñòèêè ñòåðæíåâîé ñèñòåìû
çà âðåìÿ ðåàëèçàöèè âñåãî òåõíîëîãè÷åñêîãî
ïðîöåññà ïèëüãåðíîé ïðîêàòêè òðóáû íà ñòàíå
ÕÏÒ. Ðåçóëüòàòû ìîäåëèðîâàíèÿ äèíàìè÷åñêèõ
ïðîöåññîâ óêàçûâàþò íà íåîáõîäèìîñòü ñíèæå-
íèÿ âèáðîàêòèâíîñòè ñèñòåì ñòåðæíÿ îïðàâêè
ñòàíà ÕÏÒ äî äîïóñòèìîãî óðîâíÿ êîëåáàíèé â
î÷àãå äåôîðìàöèè.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññîâ
ïèëüãåðíîé ïðîêàòêè òðóáû-çàãîòîâêè ïîçâîëÿ-
åò, íà ýòàïå ïðîåêòèðîâàíèÿ òåõíîëîãè÷åñêèõ
ïðîöåññîâ, ïðîãíîçèðîâàòü ïîêàçàòåëè ðàçíî-

ñòåííîñòè ãîòîâûõ òðóá è íàçíà÷àòü ðàöèîíàëü-
íûå ðåæèìû ýêñïëóàòàöèè ñòàíà ÕÏÒ.

Ïðèìåíåíèå ìîäåðíèçèðîâàííûõ öåíòðî-
âàòåëåé íà óïðóãîì îñíîâàíèè, óñòàíîâëåííûõ
ñî ñòîðîíû ìåõàíèçìîâ ïîäà÷è è ïîâîðîòà òðó-
áû-çàãîòîâêè â î÷àã äåôîðìàöèè ñòàíà ÕÏÒ,
ïðèâîäèò ê ñòàáèëèçàöèè äèíàìè÷åñêèõ ïðîöåñ-
ñîâ è ïîâûøåíèþ êà÷åñòâà ãîòîâûõ òðóá. Äîñ-
òèãíóòî çàìåòíîå ñíèæåíèå ïðîäîëüíîé è ïî-
ïåðå÷íîé ðàçíîñòåííîñòè òðóá ïóòåì îáåñïå÷å-
íèÿ óñòîé÷èâîñòè îïðàâêè â î÷àãå äåôîðìàöèè.

Óâåëè÷åíèå ñòîéêîñòè ýëåìåíòîâ ìåõàíèç-
ìà ñòåðæíÿ ñèñòåìû óäåðæàíèÿ îïðàâêè îáåñ-
ïå÷èâàåòñÿ â ðåçóëüòàòå ñòàáèëèçàöèè óðîâíÿ
âèáðîàêòèâíîñòè ñèñòåìû.
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ÌÎÄÅËÞÂÀÍÍß ÊÎËÈÂÀÍÜ ÑÒÅÐÆÍß
ÎÏÐÀÂËÅÍÍß ÑÒÀÍÓ ÕÎËÎÄÍÎ¯ Ï²ËÜÃÅÐÍÎ¯
ÏÐÎÊÀÒÊÈ ÒÐÓÁ

Ðàõìàíîâ Ñ.Ð.

Ðîçãëÿíóòî çàäà÷ó ïðî ïàðàìåòðè÷í³ êîëèâàííÿ äëÿ îá-
ðàíî¿ ìîäåë³ ñèñòåìè «òðóáà – îïðàâëåííÿ – ñòåðæåíü» ìåõà-
í³çìó óòðèìàííÿ îïðàâêè ñòàíó õîëîäíî¿ ï³ëüãåðíî¿ ïðîêàòêè
òðóá (ÕÏÒ). Ðîçðîáëåíî ðîçðàõóíêîâó ñõåìó ³ ñêëàäåíî äèôå-
ðåíö³àëüíå ð³âíÿííÿ ðóõó ÿêà â³äîáðàæàº òî÷êè ñòåðæíÿ îï-
ðàâëåííÿ ñòàíó ÕÏÒ. Ïðîâåäåíî êîìïëåêñíå äîñë³äæåííÿ äè-
íàì³êè ñòåðæíÿ ìåõàí³çìó óòðèìàííÿ îïðàâêè ñòàíó ÕÏÒ.
Ïàðàìåòðè÷í³ ïðîöåñè ìåõàí³çìó óòðèìàííÿ îïðàâêè ñòàíó
ïðåäñòàâëåí³ ñèñòåìîþ äèôåðåíö³àëüíèõ ð³âíÿíü, ó âèãëÿä³
ð³âíÿíü Ìàòüº-Õ³ëëà. Âñòàíîâëåíî îáëàñò³ äèíàì³÷íî¿ ñò³éêîñò³
ìåõàí³çìó óòðèìàííÿ îïðàâêè ³ ïîáóäîâàíà êàðòà ïàðàìåò-
ðè÷íî¿ ñò³éêîñò³ ìåõàí³÷íî¿ ñèñòåìè. Ìàòåìàòè÷íà ìîäåëü
äèíàì³÷íèõ ïðîöåñ³â äîñòîâ³ðíî îïèñóº ïàðàìåòðè÷í³ ÿâèùà â
ìåõàí³çì³ ³ âèçíà÷àº àìïë³òóäíî-÷àñòîòí³ õàðàêòåðèñòèêè
ñòåðæíåâî¿ ñèñòåìè çà ÷àñ ðåàë³çàö³¿ âñüîãî òåõíîëîã³÷íîãî ïðî-
öåñó ï³ëüãåðíî¿ ïðîêàòêè òðóáè íà ñòàí³ ÕÏÒ. Ðåçóëüòàòè
ìîäåëþâàííÿ äèíàì³÷íèõ ïðîöåñ³â âêàçóþòü íà íåîáõ³äí³ñòü çíè-
æåííÿ êîëèâàíü ñòåðæíÿ îïðàâëåííÿ ñòàíó ÕÏÒ äî äîïóñòè-
ìîãî ð³âíÿ â³áðîàêòèâíîñò³ ñèñòåìè. Ìàòåìàòè÷íå ìîäåëþ-
âàííÿ ïðîöåñ³â ï³ëüãåðíî¿ ïðîêàòêè òðóáè-çàãîòîâêè äîçâîëÿº,
íà åòàï³ ïðîåêòóâàííÿ òåõíîëîã³÷íèõ ïðîöåñ³â, ïðîãíîçóâàòè
ïîêàçíèêè ð³çíîñò³ííîñò³ ãîòîâèõ òðóá ³ ïðèçíà÷àòè ðàö³î-
íàëüí³ ðåæèìè åêñïëóàòàö³¿ ñòàíà ÕÏÒ. Çàñòîñóâàííÿ ìîäåð-
í³çîâàíèõ öåíòðîâà÷èâ íà ïðóæí³é îñíîâ³, âñòàíîâëåíèõ ç áîêó
ìåõàí³çì³â ïîäà÷³ ³ ïîâîðîòó òðóáè-çàãîòîâêè â îñåðåäîê äå-
ôîðìàö³¿ ñòàíó ÕÏÒ, ïðèçâîäèòü äî ñòàá³ë³çàö³¿ äèíàì³÷íèõ
ïðîöåñ³â ³ ï³äâèùåííÿ ÿêîñò³ ãîòîâèõ òðóá. Äîñÿãíóòî ïîì³òíå
çíèæåííÿ ïîçäîâæíüî¿ ³ ïîïåðå÷íî¿ ð³çíîñò³ííîñò³ òðóá øëÿ-
õîì çàáåçïå÷åííÿ ñò³éêîñò³ îïðàâëåííÿ â îñåðåäêó äåôîðìàö³¿.
Çá³ëüøåííÿ ñò³éêîñò³ åëåìåíò³â ìåõàí³çìó óòðèìàííÿ ñòåðæ-
íÿ îïðàâëåííÿ çàáåçïå÷óºòüñÿ â ðåçóëüòàò³ ñòàá³ë³çàö³¿ ð³âíÿ
â³áðîàêòèâíîñò³ ñèñòåìè.

Êëþ÷îâ³ ñëîâà: ñòàí, õîëîäíà ïðîêàòêà, îïðàâëåííÿ,
ñòåðæåíü, æîðñòê³ñòü, ïîâîðîò, ïîäà÷à, òðóáà, ñèëà ïðîêàòêè,
êîëèâàííÿ, äèíàì³êà, ìàòåìàòè÷íà ìîäåëü, äèôåðåíö³àëüíå
ð³âíÿííÿ, ñò³éê³ñòü.

MODELING OF VIBRATIONS OF MANDREL BAR IN
COLD PILGER MILL

Rakhmanov S.R.

The problem of parametric oscillations for the selected model
of the «tube-mandrel-rod» system of the mechanism for retaining
the mandrel of the cold pipe-rolling mill (HPT) is considered. A
design scheme has been developed and a differential equation of
motion of the representative point of the mandrel bar of the mandrel
of the HPT mill has been compiled. A complex study of the dynamics
of the rod of the mechanism for retaining the mandrel of the HPT
mill is carried out. Parametric processes of the holding mechanism
of the mandrel mill are represented by a system of differential
equations, in the form of Mathieu Hill equations. The regions of
dynamic stability of the retaining mechanism of the mandrel are
established and a map of the parametric stability of the mechanical
system is constructed. The mathematical model of dynamic processes
reliably describes parametric phenomena in the mechanism and
determines the amplitude-frequency characteristics of the rod system
during the time of realization of the entire technological process of
pellet rolling of the pipe at the HPT mill. The results of simulation of
dynamic processes indicate the need to reduce the oscillations of the
mandrel bar of the CPT mill to the permissible level of the system’s
vibroactivity. Mathematical modeling of the process of pellet rolling
of the pipe-billet allows, at the design stage of technological processes,
to predict the indices of the difference in finished pipes and to assign
rational operating conditions for the HPT mill. The use of modernized
aligners on an elastic base, installed from the side of the mechanisms
of feeding and turning of the billet pipe into the center of deformation
of the HPT mill, leads to the stabilization of the dynamic processes
and the improvement of the quality of the finished pipes. A significant
decrease in the longitudinal and transverse differences in the pipes
was achieved by ensuring the stability of the mandrel in the
deformation zone. The increase in the durability of the elements of
the mechanism of retention of the mandrel bar is ensured as a result
of stabilization of the vibroactivity level of the system.

Keywords: camp, cold rolling, mandrel, core, rigidity, turn,
giving, pipe, force of rolling, fluctuation, loudspeaker, mathe-
matical model, differential equation, stability.
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Ðîáîòà ïðèñâÿ÷åíà ÷èñåëüíîìó ìîäåëþâàííþ ñòàíó ïðóæíî-ïëàñòè÷íèõ öèë³íä-
ðè÷íèõ ò³ë ï³ä ä³ºþ âèñîêîòåìïåðàòóðíèõ íàâàíòàæåíü. Ðîçðîáëåíî ³òåðàö³éíèé
ìåòîä ïîêîìïîíåíòíîãî ðîçùåïëåííÿ äëÿ ðîçâ’ÿçàííÿ ñèñòåì äèôåðåíö³àëüíèõ
ð³âíÿíü, ùî îïèñóþòü ïðîöåñè òåïëîïðîâ³äíîñò³ ³ äåôîðìóâàííÿ â íåë³í³éíèõ ñêëà-
äåíèõ öèë³íäðè÷íèõ ò³ëàõ äëÿ ÷èñåëüíîãî ìîäåëþâàííÿ ¿õ ïðóæíî-ïëàñòè÷íî¿ ïî-
âåä³íêè ï³ä âïëèâîì òåìïåðàòóðíîãî ³ ñèëîâîãî íàâàíòàæåííÿ. Ïðè öüîìó âèêîðè-
ñòàíî àïðîêñèìàö³éíèé àïàðàò íàïðóæåíèõ ñïëàéí³â ³ êóá³÷íèõ Â-ñïëàéí³â, ÿêèé
äîçâîëÿº âðàõîâóâàòè ñêëàäí³ çàëåæíîñò³ âëàñòèâîñòåé ìàòåð³àëó â³ä òåðìîìåõàí³÷-
íèõ ïðîöåñ³â. Àâòîðàìè áóëî äîñë³äæåíî òåìïåðàòóðíå ïîëå öèë³íäðè÷íîãî ò³ëà,
ÿêå çíàõîäèòüñÿ ó âåðòèêàëüíîìó ïîëîæåíí³ ³ ï³ä êóòîì, à òàêîæ âñ³ íåîáõ³äí³
åëåìåíòè òåíçîð³â íàïðóãè ³ äåôîðìàö³¿. Íàâåäåí³ ðåçóëüòàòè ìàþòü á³ëüø âèñîêèé
ïîðÿäîê òî÷íîñò³ â ïîð³âíÿíí³ ç àíàëîã³÷íèìè ðåçóëüòàòàìè, îòðèìàíèìè çà äîïî-
ìîãîþ ð³çíèöåâîãî ìåòîäó. Îòðèìàí³ ðåçóëüòàòè äîçâîëÿþòü ïðîãíîçóâàòè äîâ-
ãîâ³÷í³ñòü ³ íàä³éí³ñòü îá’ºêò³â, ùî ïðàöþþòü â óìîâàõ øîêîâèõ íåñòàö³îíàðíèõ
òåìïåðàòóðíèõ íàâàíòàæåíü. Çàïðîïîíîâàíî åôåêòèâíèé ÷èñåëüíèé ìåòîä äëÿ ðîç-
â’ÿçàííÿ òðèâèì³ðíèõ íåñòàö³îíàðíèõ çàäà÷ òåðìîìåõàí³êè, çàñíîâàíèé íà çâå-
äåíí³ çàäà÷³ äî ñèñòåìè òðüîõ ïîñë³äîâíî ðîçâ’ÿçóâàíèõ äâîâèì³ðíèõ çàäà÷, êîëè
íåâ³äîì³ âåëè÷èíè ïðåäñòàâëåí³ ó âèãëÿä³ äâîâèì³ðíèõ ïîë³íîì³àëüíèõ ³ íàïðóæå-
íèõ ñïëàéí³â. Ïîáóäîâàí³ ³òåðàö³éí³ ôîðìóëè äëÿ âèçíà÷åííÿ òåìïåðàòóðè, øâèä-
êîñòåé çì³ùåíü, êîìïîíåíò³â òåíçîð³â íàïðóãè ³ äåôîðìàö³¿, äîçâîëÿþòü îòðèìóâà-
òè òðåò³é ïîðÿäîê ìåòîäó àïðîêñèìàö³¿ çà ÷àñîì ³ òðåò³é òà ÷åòâåðòèé ïîðÿäîê çà
êîîðäèíàòàìè.

Êëþ÷îâ³ ñëîâà: òåðìîìåõàí³÷í³ ïðîöåñè, òåìïåðàòóðíå ïîëå, ìåòîä ïîêîìïîíåíò-
íîãî ðîçùåïëåííÿ, ñïëàéíè, ìàòåìàòè÷íå ìîäåëþâàííÿ, ³òåðàö³éí³ ìåòîäè.

Ïîñòàíîâêà ïðîáëåìè
Äåòàë³ òà åëåìåíòè ìåòàëóðã³éíèõ êîíñò-

ðóêö³é â ïðîöåñ³ ñòâîðåííÿ òà åêñïëóàòàö³¿ ïå-
ðåáóâàþòü ï³ä ñóêóïíîþ ä³ºþ ñêëàäíîãî íåñòàö³-
îíàðíîãî ñèëîâîãî ³ òåìïåðàòóðíîãî íàâàíòàæåí-
íÿ. Íåð³âíîì³ðíå âèñîêîòåìïåðàòóðíå íàâàíòà-
æåííÿ ò³ë ó ïîºäíàíí³ ç ñèëîâèìè ÷èííèêàìè
ïðèçâîäèòü äî ñêëàäíèõ ïðîöåñ³â äåôîðìóâàí-
íÿ. Äëÿ ìîäåëþâàííÿ ïîâåä³íêè åëåìåíò³â ìå-
òàëóðã³éíèõ êîíñòðóêö³é, ÿê³ ïåðåáóâàþòü ï³ä
ä³ºþ âèñîêîòåìïåðàòóðíèõ íàâàíòàæåíü, ïî-
òð³áíî âèçíà÷àòè íåñòàö³îíàðíèé òåðìîìåõàí³-
÷íèé ñòàí ò³ëà íå ëèøå íà ïðóæí³é ñòàä³¿ äå-
ôîðìóâàííÿ, à é çà ìåæåþ ïðóæíîñò³ ç óðàõó-
âàííÿì òåðìîìåõàí³÷íèõ ïàðàìåòð³â ìàòåð³àëó,
ÿê³ çàëåæàòü â³ä òåìïåðàòóðè.

Íàÿâí³ ÷èñåëüí³ ìåòîäè ðîçâ’ÿçàííÿ òàêèõ

íåñòàö³îíàðíèõ çàäà÷ ïðèçâîäÿòü, ÿê ïðàâèëî,
äî âåëèêèõ îá÷èñëþâàëüíèõ òðóäíîù³â, ïîâ’ÿ-
çàíèõ ç âèð³øåííÿì âåëèêèõ ñèñòåì àëãåáðà¿÷-
íèõ ð³âíÿíü, ùî íå çàâæäè áóâàþòü åôåêòèâí³.
Ö³ îáñòàâèíè ñóòòºâî óñêëàäíþþòü ìîäåëþâàí-
íÿ ïðóæíî-ïëàñòè÷íèõ öèë³íäðè÷íèõ ò³ë ï³ä ä³ºþ
âèñîêîòåìïåðàòóðíîãî òà ñèëîâîãî íàâàíòàæåí-
íÿ.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é
Ïðîáëåìà ìàòåìàòè÷íîãî ìîäåëþâàííÿ òåð-

ìîìåõàí³÷íèõ ïðîöåñ³â â ïðóæíî-ïëàñòè÷íèõ
öèë³íäðè÷íèõ ò³ëàõ ïðè ñêëàäíèõ íàâàíòàæåí-
íÿõ º íå íîâîþ òà êîìïëåêñíîþ. Òîìó, òàê³é
ïðîáëåìàòèö³ ïðèñâÿ÷åíî áàãàòî ðîá³ò, çîêðåìà:
ñó÷àñí³ óÿâëåííÿ ïðî çàêîíîì³ðíîñò³ âçàºìî-
âïëèâó íåñòàö³îíàðíèõ ïðîöåñ³â ð³çíî¿ ô³çè÷-
íî¿ ïðèðîäè ìîæíà çíàéòè â ðîáîòàõ ß.É. Áó-
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ðàê, Ð.Ì. Êóøí³ð, Â.Ã. Êàðíàóõîâà òà ³í.; êîíê-
ðåòíèì ìîäåëÿì âèçíà÷åííÿ, äîñë³äæåííÿ òà îï-
òèì³çàö³¿ ìåõàí³÷íî¿ ïîâåä³íêè ò³ë ïðè êîìïëåê-
ñíèõ çîâí³øí³õ íàâàíòàæåííÿõ ïðèñâÿ÷åí³ ðî-
áîòè Â.Ã. Áàæåíîâà, À.Ð. Ãà÷êåâè÷à, Ä.Â. Ãð³-
ë³öüêîãî, Â.Ñ. Ïîïîâè÷à, Ð.Ñ. Ìóñ³ÿ òà ³í.; åôåê-
òèâí³ ÷èñåëüí³ ³ ÷èñåëüíî-àíàë³òè÷í³ ìåòîäè
âèð³øåííÿ íåñòàö³îíàðíèõ çàäà÷ ìåõàí³êè çàï-
ðîïîíîâàí³ â ðîáîòàõ Â.Ô. Ìåéøà, Î.Î. Ñòðåëü-
í³êîâî¿, ß.Ì. Ãðèãîðåíêà, Â.². Êóçüìåíêà òà ³í.

Ôîðìóëþâàííÿ ìåòè äîñë³äæåííÿ
Íåçâàæàþ÷è íà âèùåâèêëàäåíå, ç íàøî¿

òî÷êè çîðó, â íàóêîâ³é ë³òåðàòóð³ íå ïðèä³ëÿëîñü
äîñòàòíüî¿ óâàãè ìàòåìàòè÷íèì ìîäåëÿì ³ ìåòî-
äàì, ÿê³ ñïðèÿþòü ï³äâèùåííþ òî÷íîñò³ âèçíà-
÷åííÿ ³ äîñë³äæåííÿ íåñòàö³îíàðíîãî òåðìîìå-
õàí³÷íîãî ñòàíó öèë³íäðè÷íèõ ò³ë ïðè âèñîêî-
òåìïåðàòóðíîìó òà ñèëîâîìó íàâàíòàæåíí³, êîëè
òåðìîìåõàí³÷í³ ïàðàìåòðè ìàòåð³àëó çàëåæàòü â³ä
òåìïåðàòóðè. Ìåòîþ ðîáîòè º ðîçðîáêà ÷èñåëü-
íîãî ìåòîäó íà áàç³ àïàðàòà ñïëàéí-ôóíêö³é äëÿ
ìîäåëþâàííÿ ïðóæíî-ïëàñòè÷íîãî ñòàíó öèë³í-
äðè÷íîãî ò³ëà ï³ä ä³ºþ âèñîêîòåìïåðàòóðíèõ
íàâàíòàæåíü.

Âèêëàä îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Òåìïåðàòóðíå ïîëå äëÿ ³çîòðîïíîãî ò³ëà ó

âèïàäêó âðàõóâàííÿ òåïëà, ùî âèä³ëÿºòüñÿ â
ïðîöåñ³ éîãî äåôîðìóâàííÿ ï³ä ä³ºþ òåìïåðà-
òóðíîãî òà ñèëîâîãî íàâàíòàæåííÿ, âèçíà÷àºòü-
ñÿ øëÿõîì ðîçâ’ÿçàííÿ íåñòàö³îíàðíîãî ð³âíÿííÿ
òåïëîïðîâ³äíîñò³ ïðè ïåâíèõ ïî÷àòêîâèõ ³ ãðà-
íè÷íèõ óìîâàõ [1,3,5]:
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äå W  – ôóíêö³ÿ ðîçñ³þâàííÿ àáî ïèòîìà ïî-

òóæí³ñòü âíóòð³øí³õ äæåðåë òåïëîòè; 
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 ³çîõîðíà òåìïåðàòóðîïðîâ³äí³ñòü, ÿêà äëÿ òåð-
ìî÷óòëèâèõ ìàòåð³àë³â çàëåæèòü â³ä òåìïåðàòó-
ðè ³ ïîòðåáóº îêðåìîãî ìàòåìàòè÷íîãî ìîäåëþ-
âàííÿ; Hi – ïàðàìåòðè Ëÿìå (i= 1, 2, 3);  · – òî÷-
êîþ ïîçíà÷åí³ ïîõ³äí³ çà ÷àñîì; i  îðòîãî-
íàëüí³ êðèâîë³í³éí³ êîîðäèíàòè:
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Òóò ijS , ijЭ  – â³äïîâ³äíî, äåâ³àòîðè òåíçîð³â
íàïðóã ³ äåôîðìàö³é; ij , ij  – òåíçîðè íàïðó-
ãè ³ äåôîðìàö³¿.

Ïî÷àòêîâèé ðîçïîä³ë òåìïåðàòóðè â ò³ë³, ùî
â³äïîâ³äàº ïðèðîäíîìó íåíàïðóæåíîìó ñòàíó
ò³ëà, çàäàºòüñÿ òàê:

)(0
iTT   ïðè  t =0.                            (3)

Ãðàíè÷í³ óìîâè, ÿê³ â³äîáðàæàþòü âïëèâ
íàâêîëèøíüîãî ñåðåäîâèùà íà òåìïåðàòóðó ò³ëà,
çàäàþòüñÿ â òàêèé ñïîñ³á:

qT
n

T  )( 

 , (4)

äå n  – çîâí³øíÿ íîðìàëü äî ïîâåðõí³ ò³ëà; aT –
 êîåô³ö³ºíò ë³í³éíîãî òåïëîâîãî ðîçøèðåííÿ; a –
 êîåô³ö³ºíò òåïëîîáì³íó; Q – òåìïåðàòóðà íàâêî-
ëèøíüîãî ñåðåäîâèùà; q – òåïëîâèé ïîò³ê.

Ó çàãàëüíîìó âèïàäêó âåëè÷èíè a, Q, q
ìîæóòü çàëåæàòè â³ä ÷àñó é ïîëîæåííÿ òî÷êè
(a1, a2, a3) íà ïîâåðõí³ òðèâèì³ðíîãî ò³ëà V. Óìî-
âà (4) ïðè ð³çíèõ çíà÷åííÿõ êîåô³ö³ºíòà a ì³ñòèòü
òðè âèäè ãðàíè÷íèõ óìîâ. Ãðàíè÷í³ óìîâè ïåð-
øîãî ðîäó ïîëÿãàþòü ó òîìó, ùî íà ïîâåðõí³
ò³ëà â êîæíèé ìîìåíò ÷àñó çàäàíèé ðîçïîä³ë
òåìïåðàòóðè ( 0 ,  q ). Ãðàíè÷í³ óìîâè äðó-
ãîãî ðîäó çàäàþòü òåïëîâèé ïîò³ê q ÷åðåç ïîâåð-
õíþ ò³ëà ( 0 ,0  q ). Ãðàíè÷í³ óìîâè òðåòüîãî
ðîäó ôîðìóëþþòü çàêîí òåïëîîáì³íó ì³æ ïî-
âåðõíåþ ò³ëà é íàâêîëèøí³ì ñåðåäîâèùåì ïðè
çàäàí³é âåëè÷èí³  0,0   q  [2].

Îêð³ì òåìïåðàòóðè â êîæí³é òî÷ö³ ò³ëà òðåáà
çíàéòè çì³ùåííÿ òî÷îê ò³ëà iu  (àáî ¿õ øâèä-
êîñò³ iv ) ³ òåíçîðè íàïðóãè òà äåôîðìàö³¿.

Äëÿ ñòâîðåííÿ ìàòåìàòè÷íî¿ ìîäåë³ ïðóæ-
íî-ïëàñòè÷íèõ öèë³íäðè÷íèõ ò³ë ï³ä ä³ºþ òåì-
ïåðàòóðíîãî òà ñèëîâîãî íàâàíòàæåííÿ íåîáõ³ä-
íî á³ëüø äåòàëüíî ðîçãëÿíóòè: ãåîìåòðè÷í³
ñï³ââ³äíîøåííÿ òà ð³âíÿííÿ ðóõó åëåìåíòà ïðóæ-
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íî-ïëàñòè÷íîãî öèë³íäðè÷íîãî ò³ëà, ìîäåë³
ô³çè÷íèõ ñï³ââ³äíîøåíü òåðìîïðóæíîñò³ òà òåð-
ìîïëàñòè÷íîñò³ [1].

Ìàòåìàòè÷íà ìîäåëü ïðóæíî-ïëàñòè÷íèõ
öèë³íäðè÷íèõ ò³ë ï³ä ä³ºþ òåìïåðàòóðíîãî òà
ñèëîâîãî íàâàíòàæåííÿ ÿâëÿº ñîáîþ ñèñòåìó 16-
òè äèôåðåíö³àëüíèõ ð³âíÿíü â ÷àñòèííèõ ïî-
õ³äíèõ, ÿêà ñêëàäàºòüñÿ ç ð³âíÿííÿ òåïëîïðîâ³ä-
íîñò³ (1), ùî îïèñóº òåìïåðàòóðíå ïîëå, â ÿêî-
ìó âðàõîâàíà ìîæëèâ³ñòü âèä³ëåííÿ òåïëà çà ðà-
õóíîê òåìïåðàòóðíèõ íàâàíòàæåíü çà ìåæåþ
ïðóæíîñò³, à òàêîæ ð³âíÿíü ðóõó åëåìåíòà ò³ëà,
ùî ÿâëÿþòü òåðìîíàïðóæåíîäåôîðìîâàíèé ñòàí
ò³ëà, ãåîìåòðè÷í³ ñï³ââ³äíîøåííÿ äëÿ øâèäêîñ-
òåé äåôîðìàö³é ³ ô³çè÷í³ ñï³ââ³äíîøåííÿ, ùî
çâ’ÿçóþòü ñêëàäîâ³ òåíçîð³â íàïðóãè òà äåôîð-
ìàö³¿.

Ïîâíó ñèñòåìó ð³âíÿíü çàïðîïîíîâàíî¿
ìîäåë³ çàïèñàíî â âåêòîðí³é ôîðì³:
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,  (5)

äå W  – âåêòîð, êîìïîíåíòàìè ÿêîãî áóäóòü
øâèäêîñò³ çì³ùåíü, êîìïîíåíòè òåíçîð³â íàïðó-
ãè òà äåôîðìàö³¿.

Ñèñòåìà ðîçâ’ÿçóºòüñÿ íà îñíîâ³ ìåòîäó
ïîêîìïîíåíòíîãî ðîçùåïëåííÿ.

Äëÿ ðîçâ’ÿçàííÿ ñèñòåìè (5) ïðîïîíóºòüñÿ
ìåòîä ÷èñåëüíîãî âèçíà÷åííÿ ðîçâ’ÿçêó íåñòàö³-
îíàðíî¿ çàäà÷³ òåðìîìåõàí³êè äëÿ öèë³íäðè÷íèõ
ò³ë. Äëÿ ïîäàëüøîãî çàñòîñóâàííÿ ÌÏÐ ñèñòå-
ìó (5) ìîæíà ïåðåïèñàòè â öèë³íäðè÷íèõ êîîð-
äèíàòàõ:
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Öå äîçâîëÿº îäåðæàòè ïîðÿäîê O(tò), äå ò =
2; 2,5 â³äïîâ³äíî äëÿ êóá³÷íèõ Â-ñïëàéí³â ³ íà-
ïðóæåíèõ ñïëàéí³â.

Íà â³äì³íó â³ä ÷èñòî ð³çíèöåâîãî ï³äõîäó,

ïîõ³äíó çà ÷àñîì áóäåìî àïðîêñèìóâàòè çà äî-
ïîìîãîþ ñïëàéí³â:
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Ïðîäèôåðåíö³þºìî (4) çà ÷àñîì:
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Ôóíêö³¿     rr f,  çàäàþòüñÿ â çàëåæíîñò³
â³ä òèïó âèêîðèñòàíèõ ñïëàéí-ôóíêö³é. Ïðè
ïåðåõîä³ â³ä ð³âíÿíü äî ð³çíèöåâî¿ ñõåìè ¿õ
ïîõ³äí³ çà ÷àñîì ðîçâ’ÿçêè ó âóçëàõ tp+r/3, r=1, 2,
3 âèçíà÷àþòüñÿ çà äîïîìîãîþ ôîðìóë (4), à
ïîõ³äí³ çà êîîðäèíàòàìè çàì³íþþòüñÿ â³äïîâ³ä-
íèìè àïðîêñèìàö³ÿìè.

Ó âèïàäêó çàñòîñóâàííÿ ÿâíî¿ ñõåìè ÌÏÐ
ïðè t1 = t2 = t3 = t/3 ðîçðàõóíêîâó ñõåìó ìîæíà
çàïèñàòè òàê:
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Ó êâàäðàòíèõ äóæêàõ ôîðìóë (9) ñòîÿòü
âèðàçè, ùî º ïðàâèìè ÷àñòèíàìè ôîðìóë ÿâíî¿
ñõåìè. Îñîáëèâ³ñòþ ñèñòåìè (8) º òå, ùî äî ïðà-
âèõ ÷àñòèí ¿¿ ð³âíÿíü çà äîïîìîãîþ L2m, L3m âõî-

äÿòü âåëè÷èíè ,, 3

2

3

1
 pp

WW 
äå l =1, 2,..., 15.

Ïåðåòâîðèìî ñèñòåìó (5). Äëÿ öüîãî ç òðå-

òüîãî ð³âíÿííÿ çíàéäåìî 1pW :
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ßêùî âèêëþ÷èòè âåëè÷èíó 1pW  ç ïåðøî-
ãî òà äðóãîãî ð³âíÿíü ñèñòåìè (8), òî îäåðæèìî
ñèñòåìó, íà îñíîâ³ ÿêî¿ ìîæíà îðãàí³çóâàòè ³òå-
ðàö³éíó ïðîöåäóðó âèçíà÷åííÿ ïðîì³æíèõ âå-

ëè÷èí 3
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W
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W
íà äðîáîâèõ êðîêàõ çà

÷àñîì:
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(12)

äå j – íîìåð ³òåðàö³¿, à òàêîæ ââåäåí³ ïîçíà÷åí-
íÿ äëÿ â³äîìèõ ñòàëèõ.

Íóëüîâå íàáëèæåííÿ äëÿ âåëè÷èí 
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 âèçíà÷àºòüñÿ çà äîïîìîãîþ ôîðìóë,

îòðèìàíèõ íà îñíîâ³ ÿâíî¿ ñõåìè ÌÏÐ.
Ï³ñëÿ öüîãî îá÷èñëþþòüñÿ âñ³ ñ1ò, ñ2ò,

ò=1,2,...,15. Ïåðøà òà âñ³ íàñòóïí³ ³òåðàö³¿
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ßêùî çàñòîñîâóþòüñÿ êóá³÷í³ Â-ñïëàéíè,
òî:

.
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1ˆ,
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12

5ˆ,
3

4ˆ,
12

23ˆ
654321
 

Ó âèïàäêó çàñòîñóâàííÿ íàïðóæåíèõ
ñïëàéí³â:

.3309.0ˆ,7367.0ˆ,4058.2ˆ

,4109.0ˆ,4058.1ˆ,9949.1ˆ

654

321









Ïðîöåñ ³òåðàö³¿ çà äîïîìîãîþ ôîðìóë (12)
ïðîâîäèòüñÿ äîòè, ïîêè ðîçõîäæåííÿ ì³æ ñóñ³ä-
í³ìè ³òåðàö³ÿìè íå äîñÿãíå çíà÷åííÿ íàïåðåä
çàäàíî¿ âåëè÷èíè. Ï³ñëÿ öüîãî íà îñíîâ³ ôîð-
ìóëè (10) âèçíà÷àºòüñÿ ðîçâ’ÿçîê âåêòîðíîãî

ð³âíÿííÿ 1p
mW  íà ïîâíîìó êðîö³ çà ÷àñîì.

×èñåëüí³ ðåçóëüòàòè
Àâòîðàìè áóëî äîñë³äæåíî [2,4,6] òåìïåðà-

òóðíå ïîëå öèë³íäðè÷íîãî ò³ëà, ÿêå çíàõîäèòüñÿ
â âåðòèêàëüíîìó ïîëîæåíí³ (ðèñ. 1,à) òà ï³ä êó-
òîì (ðèñ. 1,á), à òàêîæ âñ³ íåîáõ³äí³ åëåìåíòè
òåíçîð³â íàïðóãè òà äåôîðìàö³¿.

Öèë³íäð, ðîçòàøîâàíèé ï³ä êóòîì 600 äî
ïîâåðõí³, çàïîâíþºòüñÿ ð³äèíîþ (ðîçïëàâîì
ìåòàëó) ç òåìïåðàòóðîþ Ò=15360Ñ ç³ øâèäê³ñòþ
ïðîñòóïàííÿ â ò³ëî  .

Çàïèøåìî ïî÷àòêîâ³ Ò=Ò0=1500Ñ òà ãðà-

íè÷í³ óìîâè: äëÿ 425r , äå  3110;0z .

.0




r

T
  (14)

Íà âíóòð³øí³é ïîâåðõí³ öèë³íäðà ãðàíè÷í³
óìîâè çàëåæàòü â³ä ÷àñó òà â³ä êóòà íàõèëó öèë³í-
äðà äî ïîâåðõí³ çåìë³. Òàê, íà ò³é ÷àñòèí³ âíóò-
ð³øíüî¿ ïîâåðõí³, ÿêà âæå çàëèòà ð³äèíîþ, çà-
äàºòüñÿ çíà÷åííÿ òåìïåðàòóðè: Ò=15360Ñ, à íà
ùå â³ëüí³é â³ä ð³äèíè âíóòð³øí³é ïîâåðõí³ âè-
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êîíóþòüñÿ óìîâè (14).
Àâòîðè â ðîáîòàõ [2,6] äëÿ çíàõîäæåííÿ

òåìïåðàòóðíîãî ïîëÿ ïðóæíî-ïëàñòè÷íîãî ò³ëà
ñêîðèñòàëèñÿ ìåòîäîì äðîáîâèõ êðîê³â. ×àñòèíí³
ïîõ³äí³ ïî êîîðäèíàòàì áóëè àïðîêñèìîâàí³ çà
äîïîìîãîþ ñïëàéí-ôóíêö³é.

Ïðè ÷èñåëüíîìó ðîçâ’ÿçàíí³ çàñòîñîâàíà
íàñòóïíà ïðîñòîðîâà ñ³òêà:
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Çàì³íèâøè â³äïîâ³äí³ äèôåðåíö³àëüí³ îïå-

ðàòîðè â³äïîâ³äíèìè ð³çíèöåâèìè âèðàçàìè,
ðîçðàõóºìî ó êîæíîìó âóçë³ ÷àñîâî¿ ñ³òêè:
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Çàì³íèâøè â³äïîâ³äí³ äèôåðåíö³àëüí³ îïå-
ðàòîðè â³äïîâ³äíèìè ð³çíèöåâèìè îïåðàòîðàìè,
îá÷èñëèìî ó êîæíîìó âóçë³ ñ³òêè â òðè äðîáîâ³
êðîêè – ñïåðøó íà òðåò³é ÷àñòèí³, ïîò³ì íà äâîõ
òðåò³õ ³ ïîò³ì íà ïîâíîìó êðîö³ çà ÷àñîì.

Çàô³êñóºìî ñòàí öèë³íäðè÷íîãî ò³ëà â ìî-
ìåíò, êîëè òåìïåðàòóðíå íàâàíòàæåííÿ çàéíÿ-
ëî óñ³ âóçëè ïî i=1 ³ ðîçðàõóºìî òåìïåðàòóðíå
ïîëå. Ðåçóëüòàòè ðîçðàõóíêó òåìïåðàòóðíîãî
ïîëÿ ïðè ðîçðàõóíêîâîìó êðîö³ çà ÷àñîì 0,1,

ïðèâåäåí³ íà ðèñ. 2. Äåÿê³ ðåçóëüòàòè ïîë³â òåì-
ïåðàòóðè, øâèäêîñòåé íàïðóæåííÿ ³ äåôîðìàö³¿
íàâåäåíî íà ðèñ. 2, ðèñ. 3 òà òàáëèö³. Ïîð³âíÿº-
ìî ¿õ ç ðåçóëüòàòàìè äëÿ öèë³íäðà, ÿêèé çíàõî-
äèòüñÿ íà ïëîùèí³ ó âåðòèêàëüíîìó ïîëîæåíí³
(ðèñ. 3, ïóíêòèðíà ë³í³ÿ – öèë³íäð ðîçòàøîâà-
íèé ï³ä êóòîì).

Ðèñ. 2. Òåìïåðàòóðíå ïîëå â ïðóæíî-ïëàñòè÷íîìó öèë³íä-

ðè÷íîìó ò³ë³

Ðèñ. 3. Ïîëå øâèäêîñòåé íàïðóæåííÿ â

ïðóæíî-ïëàñòè÷íîìó öèë³íäðè÷íîìó ò³ë³

Ïîëå øâèäêîñòåé äåôîðìàö³¿ â ïðóæíî-ïëàñòè÷íîìó
öèë³íäðè÷íîìó ò³ëi   1  – öèë³íäð çíàõîäèòüñÿ
âåðòèêàëüíî,   2  – öèë³íäð çíàõîäèòüñÿ ï³ä

êóòîì

r 247 291,5 336 380,5 425 

  1  
0,420 0,125 0,120 0,120 0,012 

  2  
0,420 0,124 0,040 0,010 0,010 

 
Àíàë³ç ïîë³â øâèäêîñò³ íàïðóæåííÿ ³ øâèä-

êîñò³ äåôîðìàö³¿ ïîêàçóº, ùî ïðè òåìïåðàòóð-
íîìó íàâàíòàæåíí³ ïðóæíî-ïëàñòè÷íîãî öèë³í-
äðè÷íîãî ò³ëà, ÿêå çíàõîäèòüñÿ ãîðèçîíòàëüíî,
øâèäê³ñòü íàïðóæåííÿ ð³âíîì³ðíî ñïàäàº ïî
ïåðåð³çó ò³ëà, à øâèäê³ñòü äåôîðìàö³¿ ñïàäàº ³
ñòàá³ë³çóºòüñÿ äî 0,01. Àâòîðàìè áóëî äîñë³äæå-
íî [2–3,6], ùî â ïðóæíî-ïëàñòè÷íîìó öèë³íä-
ðè÷íîìó ò³ë³, ùî çíàõîäèòüñÿ ï³ä êóòîì, ïîëå
øâèäêîñò³ íàïðóæåííÿ çì³íþºòüñÿ õâèëåïîä³á-
íî, öå ïðèçâîäèòü äî ñòàá³ë³çàö³¿ ïîëÿ øâèäêîñ-
òåé äåôîðìàö³¿ ðàí³øå, àëå â³äíîøåííÿ øâèä-
êîñòåé äåôîðìàö³¿ º çíà÷íî âèùèì ³ äîð³âíþº
0,12. Îòæå, íàäì³ðíà øâèäê³ñòü íàâàíòàæåííÿ, ³
òåìïåðàòóðíèé óäàð íå äàþòü ìîæëèâîñò³ ïðî-

                   à                                    á

Ðèñ. 1. Ñõåìà çàïîâíåííÿ ð³äèíîþ ïðóæíî-ïëàñòè÷íîãî

öèë³íäðè÷íîãî ò³ëà: à – öèë³íäð çàïîâíþºòüñÿ ð³äèíîþ

(ðîçïëàâîì ìåòàëó); á – öèë³íäðè÷íå ò³ëî çàïîâíþºòüñÿ

ð³äèíîþ ï³ä êóòîì
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ÿâèòè ìàòåð³àëàì öèë³íäðè÷íîãî ò³ëà ïëàñòè÷í³
âëàñòèâîñò³.

Íàâåäåí³ ðåçóëüòàòè ìàþòü âèùèé ïîðÿäîê
òî÷íîñò³ â ïîð³âíÿíí³ ç àíàëîã³÷íèìè ðåçóëüòà-
òàìè, îòðèìàíèìè çà äîïîìîãîþ ð³çíèöåâîãî
ìåòîäó. Îòðèìàí³ ðåçóëüòàòè äàþòü çìîãó ïðî-
ãíîçóâàòè äîâãîâ³÷í³ñòü ³ íàä³éí³ñòü îá’ºêò³â, ÿê³
ïðàöþþòü â óìîâàõ øîêîâèõ íåñòàö³îíàðíèõ
òåìïåðàòóðíèõ íàâàíòàæåíü.

Âèñíîâêè
Â ðîáîò³ ðîçãëÿíóòà ìàòåìàòè÷íà ìîäåëü

ñòàíó ïðóæíî-ïëàñòè÷íèõ öèë³íäðè÷íèõ ò³ë ï³ä
ä³ºþ âèñîêîòåìïåðàòóðíèõ íàâàíòàæåíü, ÿêà
äîçâîëÿº âðàõîâóâàòè çàëåæíîñò³ òåðìîìåõà-
í³÷íèõ ïàðàìåòð³â ìàòåð³àëó â³ä òåìïåðàòóðè.

Çàïðîïîíîâàíî åôåêòèâíèé ÷èñåëüíèé ìå-
òîä äëÿ ðîçâ’ÿçàííÿ òðèâèì³ðíèõ íåñòàö³îíàð-
íèõ çàäà÷ òåðìîìåõàí³êè, ÿêèé áàçóºòüñÿ íà çâå-
äåíí³ çàäà÷³ äî ñèñòåìè òðüîõ ïîñë³äîâíî ðîç-
â’ÿçóâàíèõ äâîâèì³ðíèõ çàäà÷, êîëè íåâ³äîì³ âå-
ëè÷èíè ïðåäñòàâëåí³ ó âèãëÿä³ äâîâèì³ðíèõ ïîë³-
íîì³àëüíèõ òà íàïðóæåíèõ ñïëàéí³â. Ïîáóäîâàí³
³òåðàö³éí³ ôîðìóëè äëÿ âèçíà÷åííÿ òåìïåðàòó-
ðè, øâèäêîñòåé çì³ùåíü, êîìïîíåíò³â òåíçîð³â
íàïðóãè òà äåôîðìàö³¿, äîçâîëÿþòü îòðèìóâàòè
òðåò³é ïîðÿäîê ìåòîäó àïðîêñèìàö³¿ çà ÷àñîì òà
òðåò³é ³ ÷åòâåðòèé ïîðÿäîê ïî êîîðäèíàòàì.
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Ñòåáëÿíêî Ï.À., Äåìè÷åâ Ê.Ý.

Ðàáîòà ïîñâÿùåíà ÷èñëåííîìó ìîäåëèðîâàíèþ ñîñòîÿ-
íèÿ óïðóãî-ïëàñòè÷åñêèõ öèëèíäðè÷åñêèõ òåë ïîä äåéñòâèåì
âûñîêîòåìïåðàòóðíûõ íàãðóçîê. Ðàçðàáîòàí èòåðàöèîííûé
ìåòîä ïîêîìïîíåíòíîãî ðàñùåïëåíèÿ äëÿ ðåøåíèÿ ñèñòåì äèô-
ôåðåíöèàëüíûõ óðàâíåíèé, îïèñûâàþùèõ ïðîöåññû òåïëîïðî-
âîäíîñòè è äåôîðìèðîâàíèÿ â íåëèíåéíûõ ñîñòàâëåííûõ öè-
ëèíäðè÷åñêèõ òåëàõ äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ èõ óïðóãî-
ïëàñòè÷åñêîãî ïîâåäåíèÿ ïîä âëèÿíèåì òåìïåðàòóðíîé è ñèëî-
âîé íàãðóçêè. Ïðè ýòîì èñïîëüçîâàíî àïïðîêñèìàöèîííûé àï-
ïàðàò íàïðÿæåííûõ ñïëàéíîâ è êóáè÷åñêèõ Â-ñïëàéíîâ, êîòî-
ðûé ïîçâîëÿåò ó÷èòûâàòü ñëîæíûå çàâèñèìîñòè ñâîéñòâ ìà-
òåðèàëà îò òåðìîìåõàíè÷åñêèõ ïðîöåññîâ. Àâòîðàìè áûëî èñ-
ñëåäîâàíî òåìïåðàòóðíîå ïîëå öèëèíäðè÷åñêîãî òåëà, êîòîðîå
íàõîäèòñÿ â âåðòèêàëüíîì ïîëîæåíèè è ïîä óãëîì, à òàêæå
âñå íåîáõîäèìûå ýëåìåíòû òåíçîðîâ íàïðÿæåíèÿ è äåôîðìà-
öèè. Ïðèâåäåííûå ðåçóëüòàòû èìåþò áîëåå âûñîêèé ïîðÿäîê
òî÷íîñòè ïî ñðàâíåíèþ ñ àíàëîãè÷íûìè ðåçóëüòàòàìè, ïîëó-
÷åííûìè ñ ïîìîùüþ ðàçíîñòíîãî ìåòîäà. Ïîëó÷åííûå ðåçóëü-
òàòû ïîçâîëÿþò ïðîãíîçèðîâàòü äîëãîâå÷íîñòü è íàäåæíîñòü
îáúåêòîâ, ðàáîòàþùèõ â óñëîâèÿõ øîêîâûõ íåñòàöèîíàðíûõ
òåìïåðàòóðíûõ íàãðóçîê. Ïðåäëîæåí ýôôåêòèâíûé ÷èñëåííûé
ìåòîä äëÿ ðåøåíèÿ òðåõìåðíûõ íåñòàöèîíàðíûõ çàäà÷ òåðìî-
ìåõàíèêè, îñíîâàííûé íà ñâåäåíèè çàäà÷è ê ñèñòåìå òðåõ ïîñ-
ëåäîâàòåëüíî ðåøàåìûõ äâóìåðíûõ çàäà÷, êîãäà íåèçâåñòíûå
âåëè÷èíû ïðåäñòàâëåíû â âèäå äâóìåðíûõ ïîëèíîìèàëüíûõ è
íàïðÿæåííûõ ñïëàéíîâ. Ïîñòðîåííûå èòåðàöèîííûå ôîðìóëû
äëÿ îïðåäåëåíèÿ òåìïåðàòóðû, ñêîðîñòåé ñìåùåíèé, êîìïî-
íåíòîâ òåíçîðîâ íàïðÿæåíèÿ è äåôîðìàöèè, ïîçâîëÿþò ïîëó-
÷àòü òðåòèé ïîðÿäîê ìåòîäà àïïðîêñèìàöèè ïî âðåìåíè è
òðåòèé, è ÷åòâåðòûé ïîðÿäîê ïî êîîðäèíàòàì.

Êëþ÷åâûå ñëîâà: òåðìîìåõàíè÷åñêèå ïðîöåññû,
òåìïåðàòóðíîå ïîëå, ìåòîä ïîêîìïîíåíòíîãî ðàñùåïëåíèÿ,
ñïëàéíû, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, èòåðàöèîííûå
ìåòîäû.
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NUMERICAL MODELING OF STATE ELASTIC-PLASTIC
CYLINDRICAL BODIES IF EXPOSED TO HIGH
TEMPERATURE LOADS

Steblyanko P.O., Dyomichev K.E.

The work is devoted to numerical modeling of the state of
elastic-plastic cylindrical bodies under the influence of high-
temperature loads. An iterative method of componentwise splitting is
developed to solve systems of differential equations describing the
processes of heat conduction and deformation in nonlinear composite
cylindrical bodies for numerical modeling of their elastic-plastic
behavior under the influence of temperature and force loading. In
this case, the approximation apparatus of strained splines and cubic
B splines is used, which makes it possible to take into account the
complex dependencies of material properties on thermomechanical
processes. The authors investigated the temperature field of a
cylindrical body, which is in an upright position and at an angle, as
well as all the necessary elements of stress and strain tensors. The
above results have a higher order of accuracy in comparison with
similar results obtained by the difference method. The results obtained
make it possible to predict the durability and reliability of objects
operating under shock non-stationary temperature loads. An effective
numerical method is proposed for solving three-dimensional non-
stationary problems of thermomechanics, based on reduction of the
problem to a system of three successively solved two-dimensional
problems, when unknown quantities are represented as two-
dimensional polynomial and strained splines. The constructed iterative
formulas for determining the temperature, displacement velocities,
stress tensor components and deformation allow us to obtain the
third order of the time approximation method and the third and
fourth order in coordinates.

Keywords: thermomechanical processes, temperature field,
method of componentwise splitting, splines, mathematical mod-
eling, iterative methods.
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ÄÅÖÅÍÒÐÀËÈÇÎÂÀÍÍÎÃÎ ÎÒÎÏËÅÍÈß

ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð

Ðàáîòà ïîñâÿùåíà ïîñòðîåíèþ ýôôåêòèâíîãî àëãîðèòìà ðåøåíèÿ çàäà÷è ðàñ÷åòà

ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê àäñîðáöèîííîãî àêêóìóëÿòîðà òåïëîâîé ýíåð-

ãèè äëÿ ñèñòåìû äåöåíòðàëèçîâàííîãî îòîïëåíèÿ. Ïðåäëàãàåòñÿ ñëåäóþùèé ïîðÿ-

äîê ðàñ÷åòà: âû÷èñëåíèå êîýôôèöèåíòà ìàññîïåðåäà÷è, âåëè÷èíû àäñîðáöèè, ïî-

ëåçíîé òåïëîòû àäñîðáöèè, îïðåäåëåíèå çàòðàò òåïëîòû íà ïðîöåññ, êîòîðûå âêëþ-

÷àþò çàòðàòû òåïëîòû äëÿ íàãðåâà àäñîðáåíòà, êîðïóñà óñòàíîâêè, âîäû â áàêå,

èñïàðåíèå âîäû â áàêå, íàãðåâàíèå àäñîðáèðîâàííîé âîäû è äåñîðáöèþ, à òàêæå

âû÷èñëåíèå êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ. Èçó÷åíû ýêñïëóàòàöèîííûå õà-

ðàêòåðèñòèêè òåïëîâîãî àêêóìóëÿòîðà çàêðûòîãî òèïà ïðè èñïîëüçîâàíèè êîìïî-

çèòíîãî àäñîðáåíòà «ñèëèêàãåëü/ñóëüôàò íàòðèÿ». Âëèÿíèå ñêîðîñòè ïàðîâîçäóø-

íîãî ïîòîêà íà êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ ó÷òåíî ïóòåì ââåäåíèÿ êîýôôè-

öèåíòà, ðàâíîãî âåëè÷èíå àäñîðáöèè. Óñòàíîâëåíî ïîâûøåíèå êîýôôèöèåíòà ïî-

ëåçíîãî äåéñòâèÿ ïðè ïîâûøåíèè ñêîðîñòè äâèæåíèÿ è îòíîñèòåëüíîé âëàæíîñòè

ïàðîâîçäóøíîé ñìåñè. Ïîêàçàíî, ÷òî òåìïåðàòóðà ïàðîâîçäóøíîé ñìåñè ïðàêòè-

÷åñêè íå âëèÿåò íà åãî âåëè÷èíó. Ïîëüçóÿñü ïðåäëîæåííûì àëãîðèòìîì, âûÿâëåíû

îïòèìàëüíûå ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè àäñîðáöèîííîãî òåïëîâîãî àêêó-

ìóëÿòîðà çàêðûòîãî òèïà íà îñíîâå êîìïîçèòíîãî ñîðáåíòà «ñèëèêàãåëü – ñóëüôàò

íàòðèÿ» äëÿ ñèñòåìû îòîïëåíèÿ ÷àñòíîãî äîìà (ñêîðîñòü ïàðîâîçäóøíîé ñìåñè

0,6–0,8 ì/ñ è îòíîñèòåëüíàÿ âëàæíîñòü 40–60%), ïðè êîòîðûõ êîýôôèöèåíò ïî-

ëåçíîãî äåéñòâèÿ äîñòèãàåò ìàêñèìàëüíûõ çíà÷åíèé (îêîëî 55%).

Êëþ÷åâûå ñëîâà: àäñîðáöèîííûé àêêóìóëÿòîð òåïëîâîé ýíåðãèè, êîýôôèöèåíò

ïîëåçíîãî äåéñòâèÿ, àäñîðáöèÿ, êîìïîçèòíûé àäñîðáåíò, êîýôôèöèåíò ìàññîïå-

ðåäà÷è.

Ïîñòàíîâêà ïðîáëåìû
Ìîíîòîííûé ðîñò ñòîèìîñòè ïåðâè÷íîãî

òîïëèâà è êàê ñëåäñòâèå óñëóã öåíòðàëèçîâàí-
íîãî îòîïëåíèÿ îáóñëîâëèâàåò áîëåå øèðîêîå
ïðèìåíåíèå íåòðàäèöèîííûõ èñòî÷íèêîâ ýíåð-
ãèè è àêòèâíûé ïåðåõîä ïîòðåáèòåëåé ê ñèñòå-
ìàì äåöåíòðàëèçîâàííîãî òåïëîñíàáæåíèÿ. Îä-
íàêî, ýêñïëóàòàöèÿ íåòðàäèöèîííûõ èñòî÷íè-
êîâ ýíåðãèè ñóùåñòâåííî îãðàíè÷åíà íåðàâíî-
ìåðíîñòüþ ïîñòóïëåíèÿ â òå÷åíèå äíÿ, èçìåí-
÷èâîñòüþ ìåòåîðîëîãè÷åñêèõ óñëîâèé, íåñîãëà-
ñîâàííîñòüþ ïåðèîäîâ ìàêñèìàëüíîé âûðàáîò-
êè òåïëà è åãî ïîòðåáëåíèÿ. Â ýòèõ óñëîâèÿõ
ñòàíîâèòñÿ àêòóàëüíîé ðàçðàáîòêà ýôôåêòèâíûõ
àêêóìóëÿòîðîâ íèçêîïîòåíöèàëüíîé òåïëîâîé
ýíåðãèè, íàèáîëåå ïåðñïåêòèâíûìè èç êîòîðûõ
ÿâëÿþòñÿ ñîðáöèîííûå òåïëîâûå àêêóìóëÿòîðû.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Àäñîðáöèîííûå ìàòåðèàëû äåñÿòèëåòèÿìè

ðàññìàòðèâàëèñü, êàê ïåðñïåêòèâíûå äëÿ àêêó-
ìóëèðîâàíèÿ íèçêîïîòåíöèàëüíîãî òåïëà [1].
Îñíîâíûå ïðèíöèïû ìîäåëèðîâàíèÿ è îïòèìè-
çàöèè öèêëè÷åñêèõ àäñîðáöèîííûõ ïðîöåññîâ
ïðåäñòàâëåíû â ðàáîòàõ Ëóêèíà [2]. Òåì íå ìå-
íåå, îöåíêà ðàáî÷èõ õàðàêòåðèñòèê òåïëîàêêó-
ìóëèðóþùèõ óñòðîéñòâ è âûáîð èõ îïòèìàëü-
íûõ êîíñòðóêöèè è ðàáî÷èõ ïàðàìåòðîâ ïðåä-
ïîëàãàåò ïðîâåäåíèå ìíîãîôàêòîðíûõ ýêñïåðè-
ìåíòîâ òåïëîìàññîïåðåíîñà â äàííûõ ñðåäàõ,
êîòîðûå ñâÿçàíû ñ áîëüøèìè ìàòåðèàëüíûìè
çàòðàòàìè. Ïîýòîìó ðàçðàáîòêà àëãîðèòìà ðàñ-
÷åòà ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê àäñîðá-
öèîííûõ òåïëîàêêóìóëèðóþùèõ óñòðîéñòâ ïðè-
îáðåòàåò ïåðâîî÷åðåäíîå çíà÷åíèå.
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Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Ñîãëàñíî [2] ñèñòåìà äèôôåðåíöèàëüíûõ

óðàâíåíèé, êîòîðûå îïèñûâàþò âíóòðåííþþ
äèôôóçèîííóþ êèíåòèêó àäñîðáöèè ïðè ïðàê-
òè÷åñêè ìãíîâåííîì óñòàíîâëåíèè ðàâíîâåñèÿ
ìåæäó êîíöåíòðàöèåé àäñîðáàòà â ãàçå, êîòîðûé
çàïîëíÿåò ïîðû è åãî êîíöåíòðàöèåé â àäñîð-
áèðîâàííîì ñîñòîÿíèè âêëþ÷àåò:

1. Óðàâíåíèå ìàòåðèàëüíîãî áàëàíñà:
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2. Óðàâíåíèå èçîòåðìû àäñîðáöèè:

)c(fa  .

3. Íà÷àëüíûå óñëîâèÿ:

000  ),(c),(a  .

4. Ãðàíè÷íûå óñëîâèÿ:

  0ct,Rc  , 0

0














д

дсK
.

Çäåñü a  è c  – êîíöåíòðàöèÿ àäñîðáàòà â
ïîäâèæíîé è íåïîäâèæíîé ôàçàõ; x  ïðè
ïàðàìåòðå ôîðìû çåðíà 0K  – äëÿ ïðèçìàòè÷-
íîãî èëè öèëèíäðè÷åñêîãî çåðíà äëèíîé R2 ,
áîêîâûå ïîâåðõíîñòè êîòîðîãî íåïðîíèöàåìû
(ïëàñòèíà); r  – ðàäèàëüíàÿ êîîðäèíàòà äëÿ
öèëèíäðè÷åñêîãî çåðíà ñ íåïðîíèöàåìûìè òîð-
öàìè ( 1K ) èëè ñôåðè÷åñêîãî çåðíà ( 2K );

t  – âðåìÿ; D  – ýôôåêòèâíûé êîýôôèöèåíò
äèôôóçèè. Íàñûùåíèå ïðîèñõîäèò ñ âíåøíåé
ïîâåðõíîñòè ãðàíóëû, ãäå ïîääåðæèâàåòñÿ ïî-
ñòîÿííàÿ êîíöåíòðàöèÿ 0cc  .

Ïðèìåì, ÷òî â íà÷àëüíûå ìîìåíò âðåìåíè
çåðíî íå ñîäåðæèò àäñîðáàòà, à êîýôôèöèåíò
äèôôóçèè constD  .

Íåîáõîäèìî âûáðàòü ýêñïëóàòàöèîííûå
ïàðàìåòðû, ïðè êîòîðûõ êîýôôèöèåíò ïîëåç-
íîãî äåéñòâèÿ òåïëîâîãî àêêóìóëÿòîðà ÿâëÿåòñÿ
ìàêñèìàëüíûì. Íà ðèñ. 1 ïðèâîäèòñÿ ñõåìà àë-
ãîðèòìà ðàñ÷åòà êîýôôèöèåíòà ïîëåçíîãî
äåéñòâèÿ òåïëîâîãî àêêóìóëÿòîðà.

Íà ðèñ. 2 ïðåäñòàâëåíà êîíñòðóêöèÿ àä-
ñîðáöèîííîãî òåïëîâîãî àêêóìóëÿòîðà çàêðûòîãî
òèïà [3].

Ïðîöåññ ýêñïëóàòàöèè àäñîðáöèîííîãî
òåïëîâîãî àêêóìóëÿòîðà ðåàëèçóåòñÿ â 4 ýòàïà.

Íà ïåðâîì ýòàïå ïðîèñõîäèò ïðîãðåâ àäñîðáåí-
òà (òåïëîàêêóìóëèðóþùåãî ìàòåðèàëà) îò òåì-
ïåðàòóðû îêðóæàþùåé ñðåäû äî òåìïåðàòóðû
íà÷àëà àäñîðáöèè. Íà âòîðîì ýòàïå ïðîèñõîäèò
àäñîðáöèÿ âîäÿíîãî ïàðà. Íà òðåòüåì – ïðîèñ-
õîäèò íàãðåâ êîìïîçèòíîãî ìàòåðèàëà äî òåì-
ïåðàòóðû ðåãåíåðàöèè è åãî ðåãåíåðàöèÿ – äå-
ñîðáöèÿ âîäû. È íà ÷åòâåðòîì – ïðîèñõîäèò
îõëàæäåíèå êîìïîçèòíîãî ìàòåðèàëà äî òåìïå-
ðàòóðû íà÷àëà àäñîðáöèè.

Ðèñ. 1. Áëîê-ñõåìà àëãîðèòìà ðàñ÷åòà êîýôôèöèåíòà

ïîëåçíîãî äåéñòâèÿ ñîðáöèîííîãî òåïëîâîãî àêêóìóëÿòîðà
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Ðèñ. 2. Êîíñòðóêöèÿ ñîðáöèîííîãî òåïëîâîãî àêêóìóëÿòîðà:

1 – òåïëîèçîëèðîâàííûé êîðïóñ; 2 – ñåò÷àòûå ïåðåãîðîäêè;

3 – êîíäåíñàòîð; 4 – òàðåëêà äëÿ ñáîðà êîíäåíñàòà;

5 – àäñîðáöèîííî-äåñîðáöèîííûé ðåàêòîð; 6 – çìååâèê;

7 – ïàòðóáîê; 8 – áàê ñ âîäîé; 9 – èñïàðèòåëü;

10,11 – êðûøêè; 12 – òðóáà; 13 – ïàòðóáîê;

14 – ñòàëüíûå æàëþçè; 15 – ðåçèñòèâíûé íàãðåâàòåëüíûé

ýëåìåíò; 16 – ñòàëüíûå æàëþçè

Ó÷èòûâàÿ ýòè ñòàäèè, êîýôôèöèåíò ïîëåç-
íîãî äåéñòâèÿ (ÊÏÄ) ðàññ÷èòûâàëè, êàê, %:

100
з

п

Q

Q
КПД ,  (1)

ãäå пQ  – ïîëåçíàÿ òåïëîòà àäñîðáöèè, êÄæ:

сорсорбп HМQ  ,  (2)

ãäå сорбМ  – ìàññà ñîðáåíòà, êã; сорH  – òåï-
ëîòà ñîðáöèè, êÄæ/êã; зQ  – çàòðàòû òåïëîòû,
êÄæ:

,

з сорб кор зм нагр

воды воды

исп дес сор

Q Q Q Q Q

Q Q Q

    

     
(3)

ãäå компQ , корQ , змQ , десQ , нагрQ , воды

испQ ,

воды

сорQ  – ñîîòâåòñòâåííî, íà êàæäîé èç ñòàäèé,

çàòðàòû òåïëîòû äëÿ íàãðåâà êîìïîçèòà, êîðïó-
ñà óñòàíîâêè, êîìïîçèòà, âîäû â áàêå, èñïàðå-
íèå âîäû â áàêå, íàãðåâàíèå àäñîðáèðîâàííîé
âîäû, êÄæ.

Êîëè÷åñòâî òåïëîòû, íåîáõîäèìîå äëÿ íà-
ãðåâàíèÿ ìàòåðèàëà è äåòàëåé óñòðîéñòâà ðàñ-
ñ÷èòûâàëè ïî îáùåèçâåñòíîé ôîðìóëå

tCMQ  .  (4)

Âîçäåéñòâèå ñêîðîñòè äâèæåíèÿ ïàðîâîç-

äóøíîé ñìåñè íà êîýôôèöèåíò ïîëåçíîãî äåé-
ñòâèÿ ó÷òåí ââåäåíèåì â ðàñ÷åò êîýôôèöèåíòà
À, êîòîðûé ïîêàçûâàåò âåëè÷èíó àäñîðáöèè,
êã/êã. Ýòîò êîýôôèöèåíò èñïîëüçîâàëè ïðè ðàñ-
÷åòå ðàñõîäà òåïëîòû íà äåñîðáöèþ:

АМHQ комдесдес    (5)

è íà íàãðåâ àäñîðáèðîâàííîé âîäû:

. .( )воды

сор сорб в рег н сQ M А С t t     ,  (6)

ãäå 2850 десH  – òåïëîòà äåñîðáöèè, êÄæ/êã.

возд
ком

V
M

CC
A 


 0

 [4],                (7)

ãäå повV  – îáúåì âîçäóõà:  wFV адспов , ì3;
w  – ñêîðîñòü ïàðîâîçäóøíîé ñìåñè, ì/ñ; адсF  –
 ïëîùàäü ñå÷åíèÿ òåïëîâîãî àêêóìóëÿòîðà, ì2;

С  – êîíöåíòðàöèÿ ïàðîâîçäóøíîé ñìåñè íà
âûõîäå èç òåïëîâîãî àêêóìóëÿòîðà [4]:

1

]]
)(

[

0

0








w

H
a

Cw

e

C
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,  (8)

ãäå   – ïðîäîëæèòåëüíîñòü àäñîðáöèè, ñ; 0C –
 êîíöåíòðàöèÿ ïàðîâîçäóøíîé ñìåñè íà âõîäå
â òåïëîâîé àêêóìóëÿòîð, êã/êã; H  – âûñîòà òåï-
ëîâîãî àêêóìóëÿòîðà, ì; a  – ñîðáöèîííàÿ åì-
êîñòü ìàòåðèàëà, êã/êã;   – êîýôôèöèåíò ìàñ-
ñîïåðåäà÷è, îïðåäåëåííûé ïî çàâèñèìîñòè [5]:

прпy

1111


 ,  (9)

ãäå y , п  è пр  – êîýôôèöèåíòû ìàññîîòäà-
÷è â ãàçîâîé ôàçå, â ïîðàõ è ïðîäîëüíîãî ïåðå-
ìåøèâàíèÿ [5].

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Íà ðèñ. 3 è 4 ïðåäñòàâëåíû çàâèñèìîñòè
êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ îò ñêîðîñòè
ïàðîâîçäóøíîãî ïîòîêà, ðàññ÷èòàííûå ïî ôîð-
ìóëàì (1)–(9).

Â êà÷åñòâå òåïëîàêêóìóëèðóþùåãî ìàòåðè-
àëà èñïîëüçîâàí êîìïîçèòíûé àäñîðáåíò «ñè-
ëèêàãåëü/Nà2SO4», îñíîâíûå õàðàêòåðèñòèêè
êîòîðîãî ïðèâåäåíû â [6].

Ïîâûøåíèå ñêîðîñòè äâèæåíèÿ è îòíîñè-
òåëüíîé âëàæíîñòè ïàðîâîçäóøíîé ñìåñè ñîïðî-
âîæäàåòñÿ ðîñòîì êîýôôèöèåíòà ïîëåçíîãî äåé-
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ñòâèÿ. Òåìïåðàòóðà ïàðîâîçäóøíîé ñìåñè ïðàê-
òè÷åñêè íå âëèÿåò íà åãî âåëè÷èíó. Ìàêñèìàëü-
íûå çíà÷åíèÿ ÊÏÄ (îêîëî 55%) íàáëþäàþòñÿ
ïðè îòíîñèòåëüíîé âëàæíîñòè 40–60% ïðè ñêî-
ðîñòÿõ ïàðîâîçäóøíîé ñìåñè 0,6–0,8 ì/ñ.

Âûâîäû
Ðàçðàáîòàí àëãîðèòì ðàñ÷åòà êîýôôèöèåíòà

ïîëåçíîãî äåéñòâèÿ àäñîðáöèîííîãî òåïëîâîãî
àêêóìóëÿòîðà çàêðûòîãî òèïà äëÿ ñèñòåì äåöåí-
òðàëèçîâàííîãî îòîïëåíèÿ. Ïðåäëîæåííûé àë-
ãîðèòì ðàñ÷åòà ýêñïëóàòàöèîííûõ õàðàêòåðèñ-

Ðèñ. 3. Âëèÿíèå ñêîðîñòè ïàðîâîçäóøíîãî ïîòîêà ïðè

îòíîñèòåëüíîé âëàæíîñòè 40–60%: à) òåìïåðàòóðà ðåãåíå-

ðàöèè 800Ñ; á) òåìïåðàòóðà ðåãåíåðàöèè 900Ñ; â) òåìïåðà-

òóðà ðåãåíåðàöèè 1000Ñ

Ðèñ. 4. Âëèÿíèå òåìïåðàòóðû ïàðîâîçäóøíîé ñìåñè

(îòíîñèòåëüíàÿ âëàæíîñòü 40% (à), 50% (á) è 60% (â)) íà

êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ òåïëîâîãî àêêóìóëÿòîðà

òèê àäñîðáöèîííîãî òåïëîâîãî àêêóìóëÿòîðà
ïîçâîëÿåò óñòàíîâèòü îïòèìàëüíûå ýêñïëóàòà-
öèîííûå õàðàêòåðèñòèêè àäñîðáöèîííîãî òåï-
ëîâîãî àêêóìóëÿòîðà äëÿ ñèñòåìû îòîïëåíèÿ
÷àñòíîãî äîìà.

Ðîáîòà âûïîëíåíà ïðè ïîääåðæêå Ãîñóäàð-
ñòâåííîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâà-
íèé (íîìåð ãîñóäàðñòâåííîé ðåãèñòðàöèè
0116U001489).
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ÄÅÖÅÍÒÐÀË²ÇÎÂÀÍÎÃÎ ÎÏÀËÅÍÍß

Ñóõèé Ê.Ì., Êîëîì³ºöü Î.Â., Ñóõà ².Â., Áºëÿíîâñüêà Î.À.

Ðîáîòà ïðèñâÿ÷åíà ïîáóäîâ³ åôåêòèâíîãî àëãîðèòìó ðîç-
â’ÿçàííÿ çàäà÷³ ðîçðàõóíêó åêñïëóàòàö³éíèõ õàðàêòåðèñòèê
àäñîðáö³éíîãî àêóìóëÿòîðà òåïëîâî¿ åíåðã³¿ äëÿ ñèñòåìè äå-
öåíòðàë³çîâàíîãî îïàëåííÿ. Ïðîïîíóºòüñÿ íàñòóïíèé ïîðÿäîê
ðîçðàõóíêó: îá÷èñëåííÿ êîåô³ö³ºíòà ìàñîïåðåäà÷³, âåëè÷èíè
àäñîðáö³¿, êîðèñíî¿ òåïëîòè àäñîðáö³¿, âèçíà÷åííÿ âèòðàò òåï-
ëîòè íà ïðîöåñ, ÿê³ âêëþ÷àþòü âèòðàòè òåïëîòè äëÿ íàãð³âó
àäñîðáåíòó, êîðïóñó óñòàíîâêè, âîäè â áàêó, âèïàðîâóâàííÿ
âîäè â áàêó, íàãð³âàííÿ àäñîðáîâàíî¿ âîäè ³ äåñîðáö³þ, à òàêîæ
îá÷èñëåííÿ êîåô³ö³ºíòà êîðèñíî¿ ä³¿. Âèâ÷åíî åêñïëóàòàö³éí³
õàðàêòåðèñòèêè òåïëîâîãî àêóìóëÿòîðà çàêðèòîãî òèïó ïðè
âèêîðèñòàíí³ êîìïîçèòíîãî àäñîðáåíòó «ñèë³êàãåëü/íàòð³é
ñóëüôàò». Âïëèâ øâèäêîñò³ ïàðîïîâ³òðÿíîãî ïîòîêó íà êî-
åô³ö³ºíò êîðèñíî¿ ä³¿ âðàõîâàíî øëÿõîì ââåäåííÿ êîåô³ö³ºíòà,
ð³âíîãî âåëè÷èí³ àäñîðáö³¿. Âñòàíîâëåíî ï³äâèùåííÿ êîåô³ö³ºí-
òà êîðèñíî¿ ä³¿ ïðè ï³äâèùåíí³ øâèäêîñò³ ðóõó ³ â³äíîñíî¿ âîëî-
ãîñò³ ïàðîïîâ³òðÿíî¿ ñóì³ø³. Ïîêàçàíî, ùî òåìïåðàòóðà ïà-
ðîïîâ³òðÿíî¿ ñóì³ø³ ïðàêòè÷íî íå âïëèâàº íà éîãî âåëè÷èíó.
Êîðèñòóþ÷èñü çàïðîïîíîâàíèì àëãîðèòìîì, âèÿâëåí³ îïòè-
ìàëüí³ åêñïëóàòàö³éí³ õàðàêòåðèñòèêè àäñîðáö³éíîãî òåïëî-
âîãî àêóìóëÿòîðà çàêðèòîãî òèïó íà îñíîâ³ êîìïîçèòíîãî ñîð-
áåíòó «ñèë³êàãåëü – ñóëüôàò íàòð³þ» äëÿ ñèñòåìè îïàëåííÿ
ïðèâàòíîãî áóäèíêó (øâèäê³ñòü ïàðîïîâ³òðÿíî¿ ñóì³ø³ 0,6–
0,8 ì/ñ ³ â³äíîñíà âîëîã³ñòü 40–60%), ïðè ÿêèõ êîåô³ö³ºíò êî-
ðèñíî¿ ä³¿ äîñÿãàº ìàêñèìàëüíèõ çíà÷åíü (áëèçüêî 55%).

Êëþ÷îâ³ ñëîâà: àäñîðáö³éíèé àêóìóëÿòîð òåïëîâî¿
åíåðã³¿, êîåô³ö³ºíò êîðèñíî¿ ä³¿, àäñîðáö³ÿ, êîìïîçèòíèé
àäñîðáåíò, êîåô³ö³ºíò ìàñîïåðåäà÷³.

CALCULATION ALGORITHM OF OPERATIONAL
CHACTERISTICS OF ADSORPTIVE HEAT STORAGE
DEVICE FOR DECENTRALIZED SPACE HEATING
SYSTEM

Sukhyy K.M., Kolomiyets E.V., Sukhà I.V., Belyanovskaya E.A.

The work is devoted to the development of an efficient algorithm
for solving the problem of calculating the operating characteristics of
an adsorption heat energy storage device for a decentralized space
heating system. The following calculation procedure is proposed:
calculation of the mass transfer coefficient, adsorption amount, useful
heat of adsorption, determination of the heat input, it being calculated
as heat inputs for heating the adsorbent, device housing, water in
the tank, evaporation of water in the tank, heating of the adsorbed
water and desorption. Then coefficient of efficiency is calculated.
The operating characteristics of a closed-type heat energy storage
were studied when the composite adsorbent «silica gel/sodium sulfate»
used. The effect of the steam-air flow rate on the efficiency is taken
into account by introducing a coefficient equal to the value of the
adsorption. An increase in the efficiency coefficient was stated with
an increase of the speed of movement and relative humidity of the
vapor-air mixture. It is shown that the vapor-air flow temperature
practically does not affect its value. Having been used the suggested
algorithm, the optimal operating characteristics of an adsorption heat
storage device of a closed type based on a composite sorbent «silica
gel-sodium sulfate» for a private house heating system are revealed
to be air-gas mixture velocities 0.6-0.8 m/s and relative humidity
40-60%. When these operational data applied, the efficiency
coefficient is shown to reach the maximum values (about 55 %).

Keywords: heat energy storage device, coefficient of effi-
ciency, adsorption, composite adsorbent, mass transfer coeffi-
cient.
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ÂËÈßÍÈÅ ÄÈÑÏÅÐÑÍÎÑÒÈ ÌÀÒÅÐÈÀËÎÂ ÍÀ ÀÌÏËÈÒÓÄÓ ÀÊÓÑÒÈ×ÅÑÊÈÕ
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Èíñòèòóò òåõíè÷åñêîé ìåõàíèêè Íàöèîíàëüíîé àêàäåìèè íàóê Óêðàèíû è
Ãîñóäàðñòâåííîãî êîñìè÷åñêîãî àãåíòñòâà Óêðàèíû, ã. Äíåïð

Ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ âëèÿíèÿ ðàçìåðà ÷àñòèö ãàçîäèñïåðñíûõ ïîòîêîâ

íà àìïëèòóäó àêóñòè÷åñêèõ ñèãíàëîâ, êàê â ïðîöåññå èçìåëü÷åíèÿ, òàê è â ïðîöåñ-

ñå òðàíñïîðòèðîâêè ñûïó÷èõ ìàòåðèàëîâ. Ýêñïåðèìåíòàëüíî ïîäòâåðæäåíà çàâè-

ñèìîñòü âåëè÷èíû àìïëèòóäû ñèãíàëîâ, ïîëó÷åííûõ ïðè ïðîâåäåíèè àêóñòè÷åñêî-

ãî ìîíèòîðèíãà ïðîöåññà ñòðóéíîãî èçìåëü÷åíèÿ ðàçëè÷íûõ ñûïó÷èõ ìàòåðèàëîâ

(øëàê, êâàðö, øàìîò), îò ãðàíóëîìåòðè÷åñêîãî ñîñòàâà ìàòåðèàëà. Ïðîâåäåíû ýêñ-

ïåðèìåíòàëüíûå èññëåäîâàíèÿ íà ðàçðàáîòàííûõ óñòàíîâêàõ «Ãðàíóëîìåòð-1» è

«Ãðàíóëîìåòð-2» äëÿ òðàíñïîðòèðîâàíèÿ ìàòåðèàëîâ â ïîòîêå ýíåðãîíîñèòåëÿ.

Óñòàíîâëåíà àíàëîãè÷íàÿ çàâèñèìîñòü äëÿ òðàíñïîðòèðîâêè ñûïó÷èõ ìàòåðèàëîâ â

ïîòîêå ýíåðãîíîñèòåëÿ, êàê è ïðè èçìåëü÷åíèè ìàòåðèàëîâ. Ïîëó÷åíû óðàâíåíèÿ

êîððåëÿöèîííîé ñâÿçè ìàêñèìàëüíûõ çíà÷åíèé àìïëèòóä ïîëó÷åííûõ àêóñòè÷åñ-

êèõ ñèãíàëîâ ñ ðàçìåðîì ÷àñòèö èññëåäóåìîãî ìàòåðèàëà (êâàðö, øàìîò), êîòîðûå

ìîãóò ñëóæèòü îñíîâîé êîíòðîëÿ êà÷åñòâà ìàòåðèàëà ïðè ñòðóéíîì èçìåëü÷åíèè

ìàòåðèàëîâ.

Êëþ÷åâûå ñëîâà: ãðàíóëîìåòðè÷åñêèé ñîñòàâ, àêóñòè÷åñêèå ñèãíàëû, àìïëèòóäà.

Ïîñòàíîâêà ïðîáëåìû
Ïîðîøêîîáðàçíûå ìàòåðèàëû ïðèìåíÿþò-

ñÿ âî ìíîãèõ îòðàñëÿõ ïðîìûøëåííîñòè: ôàð-
ìàöåâòèêå, ñòðîèòåëüñòâå, ìåòàëëóðãèè è ò.ä. Êàê
èçâåñòíî, ñâîéñòâà ïîðîøêîâ â çíà÷èòåëüíîé
ñòåïåíè çàâèñÿò îò èõ äèñïåðñíîñòè. Â òåõíîëî-
ãè÷åñêèõ ïðîöåññàõ, êîòîðûå ñâÿçàííû ñ èçãî-
òîâëåíèåì è ïåðåðàáîòêîé ïîðîøêîîáðàçíûõ
ìàòåðèàëîâ, àíàëèç ãðàíóëîìåòðè÷åñêîãî ñîñòàâà
ÿâëÿåòñÿ îáÿçàòåëüíûì ìåòîäîì êîíòðîëÿ.

Ãðàíóëîìåòðè÷åñêèé ñîñòàâ òàê æå ÿâëÿåò-
ñÿ êðèòåðèåì, ñ ïîìîùüþ êîòîðîãî ìîæíî îï-
ðåäåëèòü êà÷åñòâî ïðîìåæóòî÷íîé è ãîòîâîé
ïðîäóêöèè â ïîðîøêîâîé òåõíîëîãèè, ïîýòîìó
êîíòðîëü êà÷åñòâà ôðàêöèîííîãî ñîñòàâà ìàòå-
ðèàëà ÿâëÿåòñÿ àêòóàëüíûì âîïðîñîì ïðè ðå-
øåíèè ïðîáëåìû ïðîãíîçèðîâàíèÿ ãðàíóëîìåò-
ðè÷åñêîãî ñîñòàâà ïðîäóêòîâ èçìåëü÷åíèÿ.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Îäíîé èç ïåðâûõ ðàáîò, â êîòîðîé ïðèâî-

äÿòñÿ ðåêîìåíäàöèè ïî èññëåäîâàíèþ ñâÿçåé
ãðàíñîñòàâà ìàòåðèàëà ñ âåëè÷èíîé ìàêñèìàëü-
íîé àìïëèòóäû ñèãíàëîâ â ïðîöåññå èçìåëü÷å-
íèÿ, îïèñàíû â ñòàòüÿõ [1–2]. Òàêæå â ðàáîòàõ
[3–4] ïðåäñòàâëåíû ðåêîìåíäàöèè ïî èññëåäî-

âàíèþ ñâÿçåé ðàçìåðîâ ÷àñòèö ìàòåðèàëà ñ ïà-
ðàìåòðàìè àêóñòè÷åñêèõ ñèãíàëîâ, êàê â ïðî-
öåññå èçìåëü÷åíèÿ, òàê è òðàíñïîðòèðîâêè ìà-
òåðèàëà.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Èññëåäîâàíèå ñâÿçåé ãðàíóëîìåòðè÷åñêî-

ãî ñîñòàâà ìàòåðèàëà ñ âåëè÷èíîé àìïëèòóäû
ñèãíàëîâ â ïðîöåññå èçìåëü÷åíèÿ è òðàíñïîð-
òèðîâêè ìàòåðèàëà â ïîòîêå ýíåðãîíîñèòåëÿ.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-
íèÿ

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâî-
äèëèñü íà ñòðóéíîé èçìåëü÷èòåëüíîé óñòàíîâ-
êå ÓÑÈ-20, óñòàíîâêàõ «Ãðàíóëîìåòð-1» è «Ãðà-
íóëîìåòð-2», âêëþ÷àþùèå â ñåáÿ ýæåêòîðíûé
óçåë ñòðóéíîé ìåëüíèöû ÓÑÈ-20. Äàâëåíèå
ñæàòîãî âîçäóõà âî âñåõ ýêñïåðèìåíòàëüíûõ èñ-
ñëåäîâàíèÿõ ñîñòàâëÿëî Ð=0,3 ÌÏà è ÷àñòîòà
âðàùåíèÿ ðîòîðà êëàññèôèêàòîðà ñòðóéíîé óñ-
òàíîâêè ïðè èçìåëü÷åíèè ñîñòàâëÿëà
n=2000 ìèí–1. Ðàññìàòðèâàëèñü ìàòåðèàëû ðàç-
ëè÷íîé ïëîòíîñòè, òàêèå êàê øëàê, êâàðö è
øàìîò, êðóïíîñòüþ îò 0,0063 äî 1,6 ìì.

Íà ðèñ. 1 ïðåäñòàâëåíû ãðàíóëîìåòðè÷åñ-
êèå õàðàêòåðèñòèêè èññëåäóåìûõ ìàòåðèàëîâ.
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Ïåðâûé ýòàï èññëåäîâàòåëüñêèõ èñïûòàíèé ïðî-
âîäèëñÿ íà ëàáîðàòîðíîé ìåëüíèöå ÓÑÈ-20,
êîòîðàÿ ïðåäñòàâëåíà íà ðèñ. 2.

Ðèñ. 1. Ñóììàðíûå õàðàêòåðèñòèêè êðóïíîñòè èñõîäíûõ

ìàòåðèàëîâ

Ðèñ. 2. Ñõåìà ñòðóéíîé èçìåëü÷èòåëüíîé óñòàíîâêè

ÓÑÈ-20: 1 – çàãðóçî÷íûé áóíêåð; 2 – ïîìîëüíàÿ êàìåðà;

3 – ýíåðãîíîñèòåëü (âîçäóõ); 4 – âåíòèëÿòîð;

5 – êëàññèôèêàòîð; 6 – öèêëîí; 7 – ìàòåðèàë,

ïîñòóïàþùèé íà äîèçìåëü÷åíèå; 8 – ïüåçîêåðàìè÷åñêèé

äàò÷èê; 9 – àíàëîãîâî-öèôðîâîé ïðåîáðàçîâàòåëü;

10 – ïåðñîíàëüíûé êîìïüþòåð

Íà ðèñ. 3 ïðèâåäåíû ñâÿçè ðàçìåðîâ ÷àñ-
òèö ìàòåðèàëîâ ñ àêóñòè÷åñêèìè ñèãíàëàìè, çà-
ïèñàííûìè â õîäå ìîíèòîðèíãà ïðîöåññà èç-
ìåëü÷åíèÿ.

Ïîëó÷åíû òàê æå óðàâíåíèÿ çàâèñèìîñòåé

âåëè÷èíû ìàêñèìàëüíîé àìïëèòóäû îò ðàçìåðà
÷àñòèö èçìåëü÷àåìîãî ìàòåðèàëà è êîýôôèöè-
åíò êîððåëÿöèè äëÿ øëàêà è êâàðöà ñîîòâåò-
ñòâåííî:

4531,1798,4145,99
2

 xxy , ;993,0R
7731,4125,3307,131

2
 xxy , .994,0R

à

á

Ðèñ. 3. Çàâèñèìîñòü âåëè÷èíû ìàêñèìàëüíîé àìïëèòóäû

îò ðàçìåðîâ ÷àñòèö ìàòåðèàëà: à) øëàêà; á) êâàðöà ïðè

èçìåëü÷åíèè

Âûñîêèå êîýôôèöèåíòû êîððåëÿöèÿ ïîä-
òâåðæäàþò óñòàíîâëåííóþ ðàíåå [1–2] ñâÿçü âå-
ëè÷èíû ìàêñèìàëüíîé àìïëèòóäû ñèãíàëîâ Amax

è êðóïíîñòè ìàòåðèàëà â õîäå èçìåëü÷åíèÿ â
ñòðóéíîé ïðîòèâîòî÷íîé ìåëüíèöå.

Âòîðîé ýòàï èññëåäîâàòåëüñêèõ èñïûòàíèé
ïðîâîäèëñÿ íà ðàçðàáîòàííîé óñòàíîâêå «Ãðà-
íóëîìåòð-1», êîòîðàÿ âêëþ÷àåò â ñåáÿ ýæåêòîð-
íûé óçåë ñòðóéíîé ìåëüíèöû ÓÑÈ-20. Ñõåìà
óñòàíîâêè ïðåäñòàâëåíà íà ðèñ. 4.

Ñâÿçü àìïëèòóäû Àìàõ ñ êðóïíîñòüþ òðàíñ-
ïîðòèðóåìîãî ìàòåðèàëà óñòàíîâëåíà â óñëîâè-
ÿõ ðàáîòû óñòàíîâêè «Ãðàíóëîìåòð-1» íà ðàç-
ëè÷íûõ ìàòåðèàëàõ: øàìîò, øëàê, êâàðö êðóï-
íîñòüþ – ìåíåå 1,6 ìì. Íà ðèñ. 5 ïîêàçàíû çà-
âèñèìîñòè èçìåíåíèÿ àìïëèòóäû ñèãíàëîâ Àìàõ

è ðàçìåðà ÷àñòèö ïðè òðàíñïîðòèðîâêå ìàòåðè-
àëîâ â ïîòîêå.
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Ðèñ. 4. Ñõåìà óñòàíîâêè «Ãðàíóëîìåòð-1» :1 – âîëíîâîä;

2 – ïüåçîêåðàìè÷åñêèé äàò÷èê; 3 – àíàëîãîâî-öèôðîâîé

ïðåîáðàçîâàòåëü; 4 – ïåðñîíàëüíûé êîìïüþòåð;

5 – çàãðóçî÷íûé áóíêåð; 6 – áóíêåð-óëàâëèâàòåëü

Óñòàíîâëåíû óðàâíåíèÿ çàâèñèìîñòåé âå-
ëè÷èíû ìàêñèìàëüíîé àìïëèòóäû îò ðàçìåðà
÷àñòèö òðàíñïîðòèðóåìîãî ìàòåðèàëà è ñîîòâåò-
ñòâóþùèå êîýôôèöèåíòû êîððåëÿöèè äëÿ êàæ-
äîãî èç ðàññìîòðåííûõ ìàòåðèàëîâ:

øëàê:

4896,892,59389,186
2

 xxy , ;98,0R

êâàðö:

484,314,587732,96
2

 xxy , ;998,0R

øàìîò:

173,324,135345,372
2

 xxy , .994,0R

Àíàëèç ïîêàçûâàåò, ÷òî óâåëè÷åíèå êðóï-
íîñòè ÷àñòèö ðàçëè÷íûõ ìàòåðèàëîâ (ðèñ. 4: à –
øëàê, á – êâàðö, â – øàìîò) ñîïðîâîæäàåòñÿ
ðîñòîì ìàêñèìàëüíîé àìïëèòóäû ñèãíàëîâ. Ýòî
ãîâîðèò î òîì, ÷òî ðàçìåð ÷àñòèö êîððåëèðóåò ñ
àìïëèòóäîé ñèãíàëîâ è ïðè òðàíñïîðòèðîâàíèè
ìàòåðèàëîâ â ïîòîêå âîçäóõà.

Òðåòèé ýòàï èññëåäîâàòåëüñêèõ èñïûòàíèé
ïðîâîäèëñÿ íà ðàçðàáîòàííîé óñòàíîâêå «Ãðà-
íóëîìåòð-2», êîòîðàÿ âêëþ÷àåò â ñåáÿ ïîìèìî
ýæåêòîðíîãî óçëà ñòðóéíîé ìåëüíèöû ÓÑÈ-20,
èçíîñîñòîéêóþ ïëàñòèíó, êîòîðàÿ ñïîñîáñòâóåò
ðàçäåëåíèþ ÷àñòèö ñ ó÷åòîì âëèÿíèÿ ñèë òÿæå-
ñòè (ðèñ. 6).

Ðèñ. 6. Ñõåìà óñòàíîâêè «Ãðàíóëîìåòð-2»:

1 – ïëàñòèíà; 2 – âîëíîâîä; 3 – ïüåçîêåðàìè÷åñêèé

äàò÷èê; 4 –ÀÖÏ; 5 – êîìïüþòåð; 6 – ðàçãîííàÿ òðóáêà;

7 – áóíêåð-óëàâëèâàòåëü

Íà ðèñ. 7 ïîêàçàíû çàâèñèìîñòè èçìåíå-
íèÿ àìïëèòóäû ñèãíàëîâ Àìàõ è ðàçìåðà ÷àñòèö
ïðè òðàíñïîðòèðîâêå ìàòåðèàëîâ â ïîòîêå ñ óñ-

Ðèñ. 5. Çàâèñèìîñòü âåëè÷èíû ìàêñèìàëüíîé àìïëèòóäû

îò ðàçìåðîâ ÷àñòèö øëàêà (à), êâàðöà (á) è øàìîòà (â) ïðè

ïíåâìîòðàíñïîðòèðîâêå

à

á

â
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òàíîâëåííîé ïëàñòèíîé.

à

á

Ðèñ. 7. Çàâèñèìîñòü âåëè÷èíû ìàêñèìàëüíîé àìïëèòóäû

îò ðàçìåðîâ ÷àñòèö à) êâàðöà è á) øàìîòà ïðè

ïíåâìîòðàíñïîðòèðîâêå

Óñòàíîâëåííûå çàâèñèìîñòè âåëè÷èíû ìàê-
ñèìàëüíîé àìïëèòóäû îò ðàçìåðà ÷àñòèö
òðàíñïîðòèðóåìîãî ìàòåðèàëà ïîäòâåðæäàþò
âûÿâëåííóþ ðàíåå çàâèñèìîñòü ýòèõ ïàðàìåò-
ðîâ, íà ÷òî óêàçûâàþò âûñîêèå êîýôôèöèåíòû
êîððåëÿöèè, â ÷àñòíîñòè äëÿ êâàðöà è øàìîòà:

1843,438,58377,192
2

 xxy , ;983,0R

646,3379,864616,74
2

 xxy , 984,0R .

Âûâîäû
Ïîäòâåðæäåíà çàâèñèìîñòü âåëè÷èíû àì-

ïëèòóäû ñèãíàëîâ àêóñòè÷åñêîãî ìîíèòîðèíãà
ïðîöåññà èçìåëü÷åíèÿ îò ãðàíóëîìåòðè÷åñêîãî
ñîñòàâà ìàòåðèàëà.

Óñòàíîâëåíà àíàëîãè÷íàÿ çàâèñèìîñòü äëÿ
òðàíñïîðòèðîâêè ñûïó÷èõ ìàòåðèàëîâ â ïîòîêå
ýíåðãîíîñèòåëÿ.

Ïîëó÷åíû óðàâíåíèÿ êîððåëÿöèîííîé ñâÿ-
çè ìàêñèìàëüíûõ çíà÷åíèé àìïëèòóä ïîëó÷åí-
íûõ àêóñòè÷åñêèõ ñèãíàëîâ ñ ðàçìåðîì ÷àñòèö
èññëåäóåìîãî ìàòåðèàëà, êîòîðûå ìîãóò ñëóæèòü
îñíîâîé êîíòðîëÿ êà÷åñòâà ìàòåðèàëà ïðè ñòðóé-
íîì èçìåëü÷åíèè ìàòåðèàëîâ.

Â äàëüíåéøåì íåîáõîäèìî ðàçðàáîòàòü ìå-

òîäèêó êîíòðîëÿ ãðàíóëîìåòðè÷åñêîãî ñîñòàâà
ìàòåðèàëà äëÿ óëó÷øåíèÿ êà÷åñòâà ïðîäóêòîâ
èçìåëü÷åíèÿ.
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Òåðíîâà Ê.Â., Ïðÿäêî Í.Ñ.

Ðîáîòà ïðèñâÿ÷åíà äîñë³äæåííþ âïëèâó ðîçì³ðó ÷àñòîê
ãàçîäèñïåðñíèõ ïîòîê³â íà àìïë³òóäó àêóñòè÷íèõ ñèãíàë³â, ÿê
â ïðîöåñ³ ïîäð³áíåííÿ, òàê ³ â ïðîöåñ³ òðàíñïîðòóâàííÿ ñèïêèõ
ìàòåð³àë³â. Åêñïåðèìåíòàëüíî ï³äòâåðäæåíà çàëåæí³ñòü âå-
ëè÷èíè àìïë³òóäè ñèãíàë³â, îòðèìàíèõ ïðè ïðîâåäåíí³ àêóñ-
òè÷íîãî ìîí³òîðèíãó ïðîöåñó ñòðóìèííîãî ïîäð³áíåííÿ ð³çíèõ
ñèïêèõ ìàòåð³àë³â (øëàê, êâàðö, øàìîò), â³ä ãðàíóëîìåòðè÷-
íîãî ñêëàäó ìàòåð³àëó. Ïðîâåäåíî åêñïåðèìåíòàëüí³ äîñë³äæåí-
íÿ íà ðîçðîáëåíèõ óñòàíîâêàõ «Ãðàíóëîìåòð-1» ³ «Ãðàíóëîìåòð-
2» äëÿ òðàíñïîðòóâàííÿ ìàòåð³àë³â â ïîòîö³ åíåðãîíîñ³ÿ. Âñòà-
íîâëåíî àíàëîã³÷íó çàëåæí³ñòü äëÿ òðàíñïîðòóâàííÿ ñèïêèõ
ìàòåð³àë³â â ïîòîö³ åíåðãîíîñ³ÿ, ÿê ³ ïðè ïîäð³áíåíí³ ìàòåð³-
àë³â. Îòðèìàíî ð³âíÿííÿ êîðåëÿö³éíîãî çâ’ÿçêó ìàêñèìàëüíèõ
çíà÷åíü àìïë³òóä îòðèìàíèõ àêóñòè÷íèõ ñèãíàë³â ç ðîçì³ðîì
÷àñòèíîê äîñë³äæóâàíîãî ìàòåð³àëó (êâàðö, øàìîò), ÿê³ ìî-
æóòü ñëóãóâàòè îñíîâîþ êîíòðîëþ ÿêîñò³ ìàòåð³àëó ïðè ñòðó-
ìèííîìó ïîäð³áíåíí³ ìàòåð³àë³â.

Êëþ÷îâ³ ñëîâà: ãðàíóëîìåòðè÷íèé ñêëàä, àêóñòè÷í³
ñèãíàëè, àìïë³òóäà.
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INFLUENCE OF THE MATERIALS DISPERSITY ON
AMPLITUDE OF ACOUSTIC SIGNALS OF THE
WORKING ZONE

Ternovaya E.V., Pryadko N.S.

The work is dedicated to the research of particle size influence
of gas-dispersible flows on amplitude of acoustic signals, both in the
grinding process and in the bulk material transportation. The
dependence of value amplitude of signals received when carrying out
acoustic monitoring of process of jet grinding of different bulks (slag,
quartz, chamotte) from particle size distribution of material is
confirmed experimentally. Experimental studies have been carried
out on the developed Granulometer-1 and Granulometer-2 devices
for the transportation of materials in the energy carrier flow. A similar
dependence has been established for the transport of bulk materials
in the energy carrier flow, as well as for the grinding of materials.
The equations of correlative communication of the maximum values
of the amplitudes of the received acoustic signals with the particle
size of the researched material (quartz, chamotte) which can form a
basis of quality control of material in case of jet grinding of materials
are received.

Keywords: particle size distribution, acoustic signals, am-
plitude.
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The paper considers various location-allocation problems arising in the process of strategic

planning of regional development. Thus, the problems are attractive for both commercial

and state-owned companies. Process of such problems formation and development has

been analyzed. Their classification depending upon demand, the number of product types,

objects to be located, and type of range where their location takes place has been shown.

General statement has been formulated; basic mathematical models of location-allocation

problems have been demonstrated. Both methods and approaches for such problems solving

have been described. Particular attention has been paid to infinite-dimensional location-

allocation problems, i.e. to continuous problems of optimum set separation. In the context

of the problems, the range in which objects are located, is a certain set continuously filled

with consumers (or manufacturers) of specific product. Connection of optimum set

separation problems with multistage location-allocation problems is considered separately

in terms of two-stage problem. Mathematical model of multistage location problem being

a combination of discrete location problem (as one of the stages) and a problem of optimum

set separation is demonstrated. Their features and difficulties arising in the process of

combined types of problem solution have been emphasized. Relevant research policy has

been determined.

Keywords: location-allocation problems, optimization, problems of optimum partition of

sets, multistage problems, mathematical models.

The problem setting
A great number of research efforts concern the

problems of object planning and locating. Such
problems are typical for practical studies as area for
their location may be of various nature, structure,
and characteristics and the “object” may be
interpreted rather differently. Problems concerning
location of different service centers (hospitals, shops,
fire stations, various enterprises etc.); formation of
general enterprise plans; irrigative problems; design
of mobile networks are the examples of such
problems. Solution of the problems involves different
techniques and models depending upon available
output data and conditions which in turn involve
systematization of studies in progress. That is why
both research and analysis of mathematical models
for such problems is relevant problem.

Analysis of latter research and publications
For the first time, the problems were formulated

as early as in 17th century. Their emergence and
first attempts to solve them are connected with the
name of Pierre Fermat who has formulated probably

the first location problem currently known as Fermat
point: determine the fourth point for the preset three
ones in such a way that if three segments are passed
into the points then sum of the three segments will
be of the least value. The problem was solved partially
by E. Torricelli and B. Cavalieri in 1640. As for
back as in 1970 Ò. Simpson modified it and
generalized in the context of account of arbitrary
weighs and connections between objects.

From the viewpoint of object location the
problem was further evolved in 1909 owing to efforts
by M. Weber who used the model to determine
optimum location for factories in terms of definite
locations of resources and consumers. Currently the
problem is known as the Weber problem being a
part of general problem of geographical location of
human business activities. Moreover, Weber believes
that economic benefit depending upon location of
factories is that very location factor (i.e. “standard
factor”). In turn, he considered benefit as cuts in
expenditures connected with output of products and
their sales. In practice that meant the possibility to
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manufacture the product locally with less
expenditures to compare with other places.

Currently a number of models of location
problem, various optimum criteria and types of source
areas as well as type of source range are available
[1].

Formulation of the research objectives
Objective of the research is to analyze available

models to solve location problems and identify
relevant policies for their analysis.

Statement of the research basic material
It is possible to divide all location problems

into the two large categories (Figure): problems of
location of interrelated objects and problems of
location-allocation (problems connected with
location of enterprises). Category one includes
problems with foregone structure of relations between
objects: Weber problems, quadratic allocation
problem etc. Category two does not include relations
between allocated objects – “suppliers”; allocation
of specific objects – “clients” between them. Such
problems involve: problems on ð-median and ð-
centres; the simplest location problem etc. Further
classification of the problems is possible using various
parameters (Figure), e.g. in terms of demand – with
uniform or non-uniform product demand. So-called
problems of optimum set separation which
classification is described in [9] is one of categories
of location problems with continuous range. There
are also classifications relying upon the availability
of restrictions for production facilities, number of
enterprise types, number of sources etc. [1,2]. As for
the initial information, one may talk about
determined and stochastic problems, location

problems under the conditions of either complete
or incomplete information (location problems under
fuzzy conditions) [8,9].

Give examples of several theoretical and
practical problems which in the context of
mathematical setting resolve into following location
problems:

– scheduling;
– standardization;
– minimization of polynomials in boolean

variables;
– two-level problems concerning the assort-

ment of production selection;
– problems concerning the development of

optimum set of rows of matrix pair, optimum rows
of a product and associated parts;

– multistage problems of location etc.
It should be noted that great share of the

activities is based the simplest location problem plus
certain conditions: for instance, placing restrictions
on production volume, product types, production
stages, dynamics etc.

In the context of general statement, location-
allocation problem (LAP) is interpreted as follows:
it is required to determine the number of new objects
as well as their location coordinates; it is required to
allocate transport operations between new objects
and available ones. The process involves the idea
that the new objects will be located in such a way to
minimize transportation costs while delivering goods
from objects to “consumers”.

Formally, LAP is: it is required to locate N
new manufacturers 2

1 ),...,( Rxx n   taking into
consideration of available Ì consumers

Types of location problems
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  2
1,..., RaaA m   to minimize a sum of positively

weighed distances between them.
Following types of LAPs are differentiated:
– single- and multiproduct;
– with location of one or more centres

(enterprises);
 – single- and multisource.
Thus, mathematical statement of the simplest

LAP with single source (i.e. where consumer belongs
to one manufacturer) and without restriction is
formulated as follows:

Problem 1. Find:

),(min

1 1
jiij

N

i

M

j
ij axdwy

 

if restrictions are:

  .,...,1,,...,1,0,1

,,...,1,1

1
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In this context Boolean variables
MjNiyij ,...,1,,...,1,   involve the information

that available consumer belongs to a new
manufacturer; that is

1 if  belongs to ,

0 in any other case. 

j i

ij

a x
y


 


The restriction implements a condition of the
only source availability. Posit ive weighs

Mjw j ,...,1,   may mean demand of
consumers ja . In terms of specific centres the
problem may be reduced to a problem of discrete
set separation.

For the first time, LAP with a set of sources
and without restrictions was formulated by Cooper
in 1964 [2]. It looked like this:

Problem 1.1. Find
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where ijw  is the quantity of goods delivered from a
manufacturer with i number to a consumer with j
number; ),( ji axd  is distance from manufacturer i
to consumer j.

The restriction makes it possible to deliver
product from jr plants to each buyer.

Subsequently, the problems were losing their
simplicity due to placing restrictions on production
facilities.
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where ijc is transportation cost of a product unit per
distance unit from manufacturer i to consumer j.

The restriction makes it possible to deliver
product by jr plants to each buyer as well as to restrict
production facilities of is  plants.

A number of techniques and algorithms to solve
such problems are available today; among them are:
branch-and-bound algorithm [3], Lagrange
multipliers [4], taboo search, ð-median method [5],
genetic algorithm [6] and many others. However,
the methods are partially continuous as there is such
an assumption that the set of consumers is discrete;
as a result, difficulties with consideration of demand
arise. To solve the problems, the majority of current
algorithms use the principle of demand aggregation.
The principle involves simplification of input data
set. Rather often the simplification is a result of use
of arithmetic mean, mode, or median. From time
to time application of the approach factors into
significant errors which analysis is represented in
paper [7].

It should be noted that lately more and more
researchers have paid their attention to LAPs under
the conditions of fuzziness. The problems differ in
the consideration of the fact that in the majority of
cases it is rather difficult (and sometimes impossible)
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to obtain truthful information concerning
environmental conditions. That is why models of
such problems include stochastic and fuzzy
components. Generally, consumer demand is used
as unidentified factor.

Currently a great number of papers involve
continuity of demand. Conditionally, the problems
may be divided into problems with uniform demand
allocation and nonuniform one. However, as practice
demonstrates, if LAPs are solved in terms of standard
statements, difficulties arise when restrictions are
taken into consideration.

Progress of optimum set separation (OSS) [8,
9] helped determine a method to solve infinite-
dimensional location problems.

OSS problems can be conditionally divided into
the two categories: discrete problems and continual
problems. Discrete problems (belonging to category
one) are characterized by the fact that certain finite
set is subject to separation. Continual problems
(belonging to category two) are characterized by
availability of continual set being subject to
separation. Such type of problems is relatively new
and implementation is more laborious. Nevertheless,
the necessity to develop algorithms for solving
continual problems is indisputable as the great
number of practical problems may be described with
the help of such models.

Continual linear problem concerning set
separation is formulated as follows [8]: let   be
closed, restricted, observable according to Lebesgue
set of Euclidean space nE . It should be separated
into N subsets N ,...,,. 21  observed according
to Lebesgue; centres of the subsets? N ,...,,. 21
should be located within  range to minimize a
functional:
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Functions Nixc ii ,1 ),,(   are real-valued,
restricted, observable according to argument õ by

 , and convex according to argument i  for
all Ni ,1  ; )(x  is real-valued, integrated function
determined by ;  are predetermined real-valued
numbers satisfying the conditions of the problem
solving.

Today problems of multistage production
process location are claiming more and more
attention to minimize total expenditures connected
with delivery of product and primary material and
to cover certain service area. They are another
category of location-allocation problems being
generalization of multistage transportation and
production problems being studied actively. The
problems mean that there are several groups of objects
to be located. Each group has its own set of possible
locations, and there is certain order of relations
between them.

Two-stage problem can be used to illustrate a
well-known formulation of multistage transportation
and production problems [10]. Two-stage
transportation and production problem is that one
illustration manufacturing processes concerning one
type of product, its delivery to the plants processing
it into another type of product, its manufacturing
and delivery to the end consumers. The simplest
statements of such a problem consider two products
– “raw material” and “end product”. However, the
greater number of names (“raw material”,
“semiproduct”, “end product”) are possible. In such
a case we will talk on multistage problems. Under
certain conditions, the formally multiproduct
problems may be reduced to singe-product problems
of a staggered type, i.e. the problems in which all
the non-zero coefficients of each raw of output matrix
of a simplex table have one and the same sign.

Contextual statement of a multistage
transportation and production problem can be
formulated as follows.

Assume that N = {1,... ,n} is a set of end product
demand points, NM r  is a set of possible location
points of rth stage, pr 1 ; r

ig  is expenses for
location of the enterprise of rth stage within point r,

0rig ; ijc  is expenses for transportation of a
product unit prom point r to point j, Njicij  ,,0 ;

jb  is the demand volume in point j, Njb j  ,0 .
It is meant that each point of end product

demand as well as each point of any manufacturing
level is supplied with the product by one manufacturer
only; in this context, enterprise of rth level is supplied
with the product by the enterprise of )1( r th level,

11  pr .
It is required to select subsets of location point

at every level (stage) prM ,...,1,I r
r   and

implement allocation of the selected enterprises
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within demand points in such a way to minimize
total expenditures connected with location of all the
selected enterprises and product transportation.

Demonstrate mathematical statement of such
allocation problem (AP) when two stages are
available, and Boolean variables of selection and
allocation are used respectively [10]:

Assume that )1( 1  ki yx  if the enterprise of
1st (2nd) level is located within )( 21 MkMi  point
and )0( 0  ki yx  in any other case; 1kijx  if jth

demand point is served by kth point of 2nd level
through ith point of 1st level and 0kijx  in any other
case.

Formal statement of the simplest multistage
problem is as follows:

min)(

2 1
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Minimization of all total expenditures for
manufacturing process and transportation of raw
material as well as end product is a target function.

Numerical algorithms and methods to solve
such problems considering greater dimension and
complexity have been developed lately. Numerous
papers including recent publications represent the
obtained results. In this context orientation toward
the use of heuristic algorithms is observed as they do
not involve complicated theoretical demonstrations.
However, infinite-dimensional multistage problems
did not experience any analysis due to their more
complicated implementation. It should be noted that
there is a great variety of ranges where similar category
of problems takes place. In terms of such problems,
a set is continuous by its nature and available discrete
models involve simplifications which can effect end
result considerably. That can be demonstrated with
the help of problems where manufacturers of one
(or several) stages may be located within any range

point rather than being concentrated within certain
points [11].

Introduce following symbols to develop
mathematical model: Ù is the range within which
enterprises are located; N is the required quantity of
enterprises of stage 1, M is the required quantity of
enterprises of stage 2; ib

 is the capacity of ith

enterprise of stage 1; jb
 is the capacity of jth enterprise

of stage 2; J is the set of possible location points of
enterprises of stage 2,  

1
,...,, 21 MJ  , ),( i

I
i xc 

is delivery cost for raw material unit from point x
to ith enterprise of stage 1; ),( ji

II
ij cc   is the cost

of raw material unit delivery from ith enterprise of
stage 1 to jth enterprise of stage 2; K is a set of
consumers; ),( kj

III
jk

cc   is the cost of delivery
from jth enterprise of stage 2 to kth consumer; kb

 is
the demand of kth consumer; )(x  is the amount of
resource within x point of   range; r

iA  is
expenditures for ith enterprise rth stage; ),( 21

r
i

r
i

r
i  

are coordinates of i th enterprise r th s tage;
),(

21
 

k
 are predetermined coordinates of

consumer i., II
ijv is the volume of product supplied

from ith enterprise of stage 1 to jth enterprise of stage
2; 

III
jk
v  is the volume of product supplied from jth

enterprise of stage 2 to kth consumer.
Suppose:






caseother any in  0

 jpoint in  located is 2 stage of enterprise if 1
j

Then mathematical model may be expressed
in the form of: minimize
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Complexity of such problems is that
mathematical model involves both discrete part and
continuous one which suppose relevant combined
methods of solution.

Conclusions
Nowadays studies concerning infinite-

dimensional multistage location problems are almost
not available due to their complexity. However, there
is the whole raw of ranges where similar problems
take place. In such problems outgoing set is
continuous by its nature and the available discrete
models need great number of simplifications effecting
the end result. Thus, the development of models of
infinite-dimensional multistage location problems as
well as their solution methods is a rather topical
task.
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ÇÀÄÀ×² ÐÎÇÌ²ÙÅÍÍß-ÐÎÇÏÎÄ²ËÓ

Óñ. Ñ.À., Ñòàí³íà Î.Ä.

Ó ñòàòò³ ðîçãëÿíóòî çàäà÷³ ðîçì³ùåííÿ-ðîçïîä³ëó, ÿê³
âèíèêàþòü ïðè ñòðàòåã³÷íîìó ïëàíóâàíí³ ðîçâèòêó ðåã³îíó ³
òîìó ïðåäñòàâëÿþòü ³íòåðåñ äëÿ êîìåðö³éíèõ òà äåðæàâíèõ
êîìïàí³é. Ïðîàíàë³çîâàíî ïðîöåñ ôîðìóâàííÿ òà ðîçâèòîê
òàêèõ çàäà÷. Ïðåäñòàâëåíî ¿õ êëàñèô³êàö³þ â çàëåæíîñò³ â³ä:
ïîïèòó, ê³ëüêîñò³ âèä³â ïðîäóêö³¿, îá’ºêò³â, ùî ðîçì³ùóþòüñÿ,
òà âèäó îáëàñò³, â ÿê³é çä³éñíþºòüñÿ ðîçì³ùåííÿ. Ñôîðìóëüî-
âàíî çàãàëüíó ïîñòàíîâêó ³ ïðèâåäåí³ îñíîâí³ ìàòåìàòè÷í³
ìîäåë³ çàäà÷ ðîçì³ùåííÿ-ðîçïîä³ëó. Îïèñàíî ìåòîäè òà ï³äõî-
äè äî ðîçâ’ÿçóâàííÿ òàêèõ çàäà÷. Îñîáëèâó óâàãó ïðèä³ëåíî íå-
ñê³í÷åííîâèì³ðíèì çàäà÷àì ðîçì³ùåííÿ-ðîçïîä³ëó, à ñàìå íåïå-
ðåðâíèì çàäà÷àì îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí. Â öèõ çàäà-
÷àõ îáëàñòü, â ÿê³é ïðîâîäèòüñÿ ðîçì³ùåííÿ îá’ºêò³â ÿâëÿº
ñîáîþ äåÿêó ìíîæèíó, íåïåðåðâíî çàïîâíåíó ñïîæèâà÷àìè (àáî
âèðîáíèêàìè) ïåâíîãî âèäó ïðîäóêö³¿. Îêðåìî ðîçãëÿíóòî çâ’ÿ-
çîê çàäà÷ îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí ³ç áàãàòîåòàïíèìè
çàäà÷àìè ðîçì³ùåííÿ-ðîçïîä³ëó, íà ïðèêëàä³ äâîåòàïíî¿ çàäà÷³.
Ïðåäñòàâëåíî ìàòåìàòè÷íó ìîäåëü áàãàòîåòàïíî¿ çàäà÷³ ðîç-
ì³ùåííÿ, ÿêà º êîìá³íàö³ºþ äèñêðåòíî¿ çàäà÷³ ðîçì³ùåííÿ (ÿê
îäíîãî ç åòàï³â) ³ çàäà÷³ îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí.
Â³äçíà÷åíî ¿õ îñîáëèâîñò³ òà òðóäíîù³, ÿê³ âèíèêàþòü â ïðî-
öåñ³ ðîçâ’ÿçóâàííÿ êîìá³íîâàíèõ âèä³â çàäà÷. Âèä³ëåíî àêòó-
àëüí³ íàïðÿìêè äîñë³äæåííÿ.

Êëþ÷îâ³ ñëîâà: çàäà÷³ ðîçì³ùåííÿ-ðîçïîä³ëó,
îïòèì³çàö³ÿ, çàäà÷³ îïòèìàëüíîãî ðîçáèòòÿ ìíîæèí,
áàãàòîåòàïí³ çàäà÷³, ìàòåìàòè÷í³ ìîäåë³.
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ÇÀÄÀ×È ÐÀÇÌÅÙÅÍÈß-ÐÀÑÏÐÅÄÅËÅÍÈß

Óñ. Ñ.À., Ñòàíèíà Î.Ä.

Â ñòàòüå ðàññìîòðåíû çàäà÷è ðàçìåùåíèÿ-ðàñïðåäåëå-
íèÿ, êîòîðûå âîçíèêàþò ïðè ñòðàòåãè÷åñêîì ïëàíèðîâàíèè
ðàçâèòèÿ ðåãèîíà è ïðåäñòàâëÿþò èíòåðåñ äëÿ êîììåð÷åñêèõ
è ãîñóäàðñòâåííûõ êîìïàíèé. Ïðîàíàëèçèðîâàí ïðîöåññ ôîð-
ìèðîâàíèÿ è ðàçâèòèÿ òàêèõ çàäà÷. Ïðåäñòàâëåíû èõ êëàññè-
ôèêàöèè â çàâèñèìîñòè îò: ñïðîñà, êîëè÷åñòâà âèäîâ ïðîäóê-
öèè, ðàçìåùàåìûõ îáúåêòîâ è âèäà îáëàñòè, â êîòîðîé îñóùå-
ñòâëÿåòñÿ ðàçìåùåíèå. Ñôîðìóëèðîâàíà îáùàÿ ïîñòàíîâêà è
ïðèâåäåíû îñíîâíûå ìàòåìàòè÷åñêèå ìîäåëè çàäà÷ ðàçìåùå-
íèÿ-ðàñïðåäåëåíèÿ. Îïèñàíû ìåòîäû è ïîäõîäû ê ðåøåíèþ
òàêèõ çàäà÷. Îñîáîå âíèìàíèå óäåëåíî áåñêîíå÷íîìåðíûì çà-
äà÷àì ðàçìåùåíèÿ-ðàñïðåäåëåíèÿ, à èìåííî íåïðåðûâíûì çà-
äà÷àì îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ. Â ýòèõ çàäà÷àõ îá-
ëàñòü, â êîòîðîé ïðîâîäèòñÿ ðàçìåùåíèå îáúåêòîâ, ïðåäñòàâ-
ëÿåò ñîáîé íåêîòîðîå ìíîæåñòâî, íåïðåðûâíî çàïîëíåííîå
ïîòðåáèòåëÿìè (èëè ïðîèçâîäèòåëÿìè) îïðåäåëåííîãî âèäà ïðî-
äóêöèè. Îòäåëüíî ðàññìîòðåíà ñâÿçü çàäà÷ îïòèìàëüíîãî ðàç-
áèåíèÿ ìíîæåñòâ ñ ìíîãîýòàïíûìè çàäà÷àìè ðàçìåùåíèÿ-ðàñ-
ïðåäåëåíèÿ íà ïðèìåðå äâóõýòàïíîé çàäà÷è. Ïðåäñòàâëåíà ìà-
òåìàòè÷åñêàÿ ìîäåëü ìíîãîýòàïíîé çàäà÷è ðàçìåùåíèÿ, êî-
òîðàÿ ÿâëÿåòñÿ êîìáèíàöèåé äèñêðåòíîé çàäà÷è ðàçìåùåíèÿ
(êàê îäíîãî èç ýòàïîâ) è çàäà÷è îïòèìàëüíîãî ðàçáèåíèÿ ìíî-
æåñòâ. Îòìå÷åíî èõ îñîáåííîñòè è òðóäíîñòè, êîòîðûå âîç-
íèêàþò â ïðîöåññå ðåøåíèÿ êîìáèíèðîâàííûõ âèäîâ çàäà÷.
Âûäåëåíû àêòóàëüíûå íàïðàâëåíèÿ èññëåäîâàíèÿ.

Êëþ÷åâûå ñëîâà: çàäà÷è ðàçìåùåíèÿ-ðàñïðåäåëåíèÿ,
îïòèìèçàöèÿ, çàäà÷è îïòèìàëüíîãî ðàçáèåíèÿ ìíîæåñòâ,
ìíîãîýòàïíûå çàäà÷è, ìàòåìàòè÷åñêèå ìîäåëè.
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ÄÈÑÊÐÅÒÍÎ-²ÍÒÅÐÏÎËßÖ²ÉÍÈÉ ÌÅÒÎÄ ÌÎÄÅËÞÂÀÍÍß
ÁÀÃÀÒÎÏÀÐÀÌÅÒÐÈ×ÍÈÕ ÏÐÎÖÅÑ²Â, ÑÈÑÒÅÌ ÒÀ ÑÅÐÅÄÎÂÈÙ

Íàö³îíàëüíèé àâ³àö³éíèé óí³âåðñèòåò Óêðà¿íè, ì. Êè¿â

Ïðîåêòóâàííÿ ñêëàäíèõ òåõí³÷íèõ îá’ºêò³â, ìîäåëþâàííÿ ïðîãíîçîâàíîãî ñòàíó

áàãàòîïàðàìåòðè÷íèõ ñèñòåì ³ ñåðåäîâèù, íàïðèêëàä åêîëîã³÷íèõ, åíåðãåòè÷íèõ,

êë³ìàòè÷íèõ, ã³äðîëîã³÷íèõ, ãåîìîðôîëîã³÷íèõ, ãåîëîã³÷íèõ ñèñòåì ó òåïåð³øí³é

÷àñ º äîñèòü ñêëàäíîþ çàäà÷åþ â çâ’ÿçêó ç ðîçâèòêîì ñó÷àñíèõ òåõíîëîã³é. Òàê³

ñèñòåìè àáî ñåðåäîâèùà äîñèòü ñêëàäí³ ³ ìàþòü âåëèêó ê³ëüê³ñòü ð³çíîÿê³ñíèõ ïà-

ðàìåòð³â. Ïîøóê ³ ñòâîðåííÿ ìàòåìàòè÷íèõ ìîäåëåé òàêèõ ñèñòåì º àêòóàëüíîþ

çàäà÷åþ. Î÷åâèäíî, ùî îá’ºêòè, ñèñòåìè ³ ñåðåäîâèùà, ùî ìîäåëþþòüñÿ, ³ ÿê³ íå

ï³ääàþòüñÿ àíàë³òè÷íîìó îïèñó, ìîæóòü áóòè îïèñàí³ çà äîïîìîãîþ äèñêðåòíèõ

ìîäåëåé. Ìåòîþ äàíîãî äîñë³äæåííÿ º ðîçðîáêà ìåòîä³â ³ àëãîðèòì³â ïîáóäîâè

äèñêðåòíèõ ìàòåìàòè÷íèõ ìîäåëåé ñêëàäíèõ áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â, ñèñ-

òåì ³ ñåðåäîâèù. Ó äàí³é ðîáîò³ ðîçãëÿäàºòüñÿ íåòðàäèö³éíèé ï³äõ³ä ùîäî ìîäåëþ-

âàííÿ ñêëàäíèõ òåõí³÷íèõ îá’ºêò³â, ñèñòåì ³ ñåðåäîâèù, ÿêèé áàçóºòüñÿ íà äèñêðåò-

íî-³íòåðïîëÿö³éíîìó ìåòîä³. Â³äïîâ³äí³ ãåîìåòðè÷í³ ìîäåë³ áóäóþòüñÿ ÿê äåÿê³

îäíîïàðàìåòðè÷í³ ìíîæèíè ç âèêîðèñòàííÿì ïåâíèõ ³íòåðïîëÿö³éíèõ ñõåì. Îðè-

ã³íàëüí³ñòü ï³äõîäó ïîëÿãàº â òîìó, ùî ï³ä âóçëàìè ³íòåðïîëÿö³¿ ðîçóì³þòüñÿ íå

òî÷êè, à á³ëüø ñêëàäí³ îá’ºêòè, òàê³ ÿê ë³í³¿, ïîâåðõí³, ìàòðèö³ àáî íàâ³òü ïåâí³

ïðîöåñè, ïðåäñòàâëåí³ ó âèãëÿä³ äåÿêèõ ôóíêö³îíàë³â, ÿê ñóêóïíîñò³ ¿õ âëàñòèâîñ-

òåé ³ ïàðàìåòð³â. Îòðèìàí³ òàêèì ÷èíîì îäíîïàðàìåòðè÷í³ ìíîæèíè, ùî âêëþ÷à-

þòü ð³çíîÿê³ñí³ ³ ð³çíîñòðóêòóðí³ ïàðàìåòðè, º äèñêðåòíèìè ìàòåìàòè÷íèìè ìîäå-

ëÿìè áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â, ïðîöåñ³â ³ ñåðåäîâèù.

Êëþ÷îâ³ ñëîâà: ³íòåðïîëÿö³ÿ, îäíîïàðàìåòðè÷íà ìíîæèíà, âóçîë ³íòåðïîëÿö³¿, äèñ-

êðåòí³ ôóíêö³¿, áàãàòîâèì³ðíà ³íòåðïîëÿö³ÿ, äèñêðåòíî-³íòåðïîëÿö³éíà ìàòðèöÿ.

Ïîñòàíîâêà ïðîáëåìè
Ñêëàäí³ áàãàòîïàðàìåòðè÷í³ ïðîöåñè, ñèñ-

òåìè òà ñåðåäîâèùà â³äíîñÿòüñÿ äî òàêîãî êëàñó
îá’ºêò³â òà ñèñòåì, ùî äîâîë³ ñêëàäíî îïèñàòè
àíàë³òè÷íî, òîáòî ó âèãëÿä³ êîíòèíóàëüíî¿ ìà-
òåìàòè÷íî¿ ìîäåë³ ³, â³äïîâ³äíî, ìîäåëþâàòè.
Íàïðèêëàä, ñêëàäí³ ïðîñòîðîâ³ êðèâîë³í³éí³
ôîðìè, ÿê ìîäåë³ òåõí³÷íèõ òà àðõ³òåêòóðíî-áó-
ä³âåëüíèõ îá’ºêò³â, ïåâí³ âèðîáíè÷³ òà ïðèðîäí³
ïðîöåñè òà ñåðåäîâèùà. Ö³ëêîì çðîçóì³ëî, âîíè
õàðàêòåðèçóþòüñÿ, ïî-ïåðøå, âåëèêîþ ê³ëüê³ñòþ
ïàðàìåòð³â, ïî-äðóãå, ö³ ïàðàìåòðè, ³ ñàìå öå
íàéá³ëüø ñóòòºâî, ÿê ïðàâèëî ìàþòü ð³çíîìàí³-
òíó ñòðóêòóðó òà ð³çíîÿê³ñí³ âëàñòèâîñò³. Òàêîæ
íåîáõ³äíî äîäàòè, ùî çàçíà÷åí³ âëàñòèâîñò³ ïà-
ðàìåòð³â ÷àñòî ìàþòü ïåâíó àí³çîòðîï³þ ó ÷àñ³
àáî ó ïðîñòîð³. Ïîáóäîâà íåïåðåðâíèõ àíàë³òè÷-
íèõ, òîáòî êîíòèíóàëüíèõ ìàòåìàòè÷íèõ ìîäå-
ëåé òàêèõ îá’ºêò³â, ñèñòåì òà ñåðåäîâèù ïðàê-

òè÷íî º íåìîæëèâîþ çàäà÷åþ. Â òîé æå ÷àñ
ïîä³áí³ îá’ºêòè, ñèñòåìè ³ ñåðåäîâèùà º äîñèòü
øèðîêî ðîçïîâñþäæåíèìè, ³ âîíè âèêîðèñòî-
âóþòüñÿ ó ñó÷àñíèõ ³íæåíåðíèõ êîíñòðóêö³ÿõ,
ðîçðîáêàõ, òåõíîëîã³ÿõ òà ð³çíîãî ðîäó íàóêîâèõ
äîñë³äæåííÿõ. Çàäà÷à âèâ÷åííÿ, êëàñèô³êàö³¿ òà
äîñë³äæåííÿ òàêèõ ñèñòåì, âèçíà÷åííÿ ¿õ ïàðà-
ìåòð³â òà ¿õ âëàñòèâîñòåé, à òàêîæ ïðîãíîçóâàí-
íÿ ó ÷àñ³ é ïðîñòîð³ ñòàíó áàãàòîïàðàìåòðè÷íèõ
ñèñòåì ³ ñåðåäîâèù º äîñèòü àêòóàëüíîþ çàäà-
÷åþ. Î÷åâèäíî, ùî äëÿ ðîçâ’ÿçàííÿ ïîä³áíîãî
ðîäó çàäà÷ íåîáõ³äíà ðîçðîáêà ïåâíèõ ðàö³îíàëü-
íèõ àëãîðèòì³â ³ ìåòîä³â òà íà ¿õ îñíîâ³ ïîäàëü-
øå ñòâîðåííÿ ìàòåìàòè÷íèõ ìîäåëåé ³, â³äïîâ³-
äíî, ìîäåëþâàííÿ áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â,
ñèñòåì ³ ñåðåäîâèù.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é
Àíàë³ç ñó÷àñíî¿ íàóêîâî¿ ë³òåðàòóðè ó ãà-

ëóç³ ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïîêàçóº, ùî
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âèïàäêè ðîçãëÿäàííÿ ïèòàíü ãåîìåòðè÷íîãî ìî-
äåëþâàííÿ áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â, ñèñ-
òåì òà ñåðåäîâèù, ïîáóäîâè ¿õ ìàòåìàòè÷íèõ
ìîäåëåé áóäü-ÿêîãî òèïó çóñòð³÷àþòüñÿ äîñèòü
ð³äêî. Îñîáëèâî öå ñòîñóºòüñÿ òàêèõ áàãàòîïà-
ðàìåòðè÷íèõ ñèñòåì ³ ñåðåäîâèù, ÿê, íàïðèê-
ëàä, åêîëîã³÷í³, ãåîëîã³÷í³, åíåðãåòè÷í³, êë³ìà-
òè÷í³, ã³äðîëîã³÷í³, ãåîìîðôîëîã³÷í³ ñèñòåìè
òîùî, ÿê³ â³äð³çíÿþòüñÿ âåëèêîþ ê³ëüê³ñòþ
ð³çíîìàí³òíèõ ³ ð³çíîÿê³ñíèõ ïàðàìåòð³â, ³ äëÿ
ÿêèõ àíàë³ç ³ ïðîãíîçóâàííÿ ñòàíó º âêðàé âàæ-
ëèâèìè ïðàêòè÷íèìè çàäà÷àìè.

Çàçíà÷èìî, ùî àëãîðèòìè òà ìåòîäè ãåî-
ìåòðè÷íîãî ìîäåëþâàííÿ ñêëàäíèõ áàãàòîïàðà-
ìåòðè÷íèõ ñèñòåì ³ ñåðåäîâèù ç ïîáóäîâîþ ¿õ
ìàòåìàòè÷íèõ, à ñàìå, äèñêðåòíèõ ìîäåëåé ó
ë³òåðàòóðíèõ äæåðåëàõ ïðàêòè÷íî â³äñóòí³. Òà-
êèì ÷èíîì, â³äïîâ³äíî, ìîæëèâî ñôîðìóëþâà-
òè íàñòóïí³ ö³ë³ äîñë³äæåííÿ.

Ôîðìóëþâàííÿ ìåòè äîñë³äæåííÿ
Äîñèòü ÷àñòî çàäà÷³ ãåîìåòðè÷íîãî ìîäå-

ëþâàííÿ îá’ºêò³â, ïðîöåñ³â, ñèñòåì ³ ñåðåäîâèù
ì³ñòÿòü ó ñîá³ íåîáõ³äí³ñòü ïîáóäîâè ïåâíèõ îä-
íîïàðàìåòðè÷íèõ ìíîæèí. Òàêèì îá’ºêòîì ìîæå
áóòè äåÿêà ïîâåðõíÿ, ÿê ãåîìåòðè÷íà ìîäåëü
ñêëàäíî¿ ïðîñòîðîâî¿ êðèâîë³í³éíî¿ òåõí³÷íî¿
ôîðìè, ùî çàñòîñîâóþòüñÿ ó òåõí³ö³, áóä³âíèöòâ³,
àðõ³òåêòóð³. Öå ìîæå áóòè ïîâåðõíÿ, ÿê ãåîìåò-
ðè÷íà ìîäåëü ñêëàäíîãî áàãàòîïàðàìåòðè÷íîãî
ïðîöåñó ÷è ñåðåäîâèùà, àáî æ äåÿêà ã³ïåðïî-
âåðõíÿ, ÿê n-âèì³ðíà ìîäåëü ïåâíî¿ ñèñòåìè ÷è
ñåðåäîâèùà, ùî çàäàíà àíàë³òè÷íî àáî äèñêðåò-
íî. ßê áóëî çàçíà÷åíî âèùå, ïîáóäîâà íåïåðåð-
âíèõ àíàë³òè÷íèõ, òîáòî êîíòèíóàëüíèõ ìàòå-
ìàòè÷íèõ ìîäåëåé ñêëàäíèõ îá’ºêò³â, ñèñòåì òà
ñåðåäîâèù ïðàêòè÷íî íåìîæëèâà. Âèõ³ä ³ç òàêî¿
ñèòóàö³¿, ÿê ïðàâèëî, ñïîíóêàº ïåðåõîäèòè äî
ïîáóäîâè ð³çíîìàí³òíèõ äèñêðåòíèõ ìîäåëåé ç
ïåâíèì ð³âíåì àäåêâàòíîñò³. Äîáðå â³äîìî, ùî
ñàìå äèñêðåòíèé ñïîñ³á íàäàííÿ ³íôîðìàö³¿ ïðî
îá’ºêò, ñèñòåìó ÷è ñåðåäîâèùå, ùî ìîäåëþþòü-
ñÿ, º óí³âåðñàëüíèì, ³ íà ö³é îñíîâ³ ìîæå áóòè
ðàö³îíàëüíèì [1–2].

Àíàë³ç ³ âèâ÷åííÿ ñêëàäíèõ áàãàòîïàðàìåò-
ðè÷íèõ îá’ºêò³â, ïðîöåñ³â, ñèñòåì ³ ñåðåäîâèù,
ðîçðîáêà ìåòîä³â òà ðàö³îíàëüíèõ àëãîðèòì³â
ïîáóäîâè äèñêðåòíèõ ìàòåìàòè÷íèõ ìîäåëåé
ùîäî ìîäåëþâàííÿ òàêèõ ñèñòåì òà ñåðåäîâèù ³
º ìåòîþ äîñë³äæåííÿ.

Âèêëàäåííÿ îñíîâíîãî ìàòåð³àëó äîñë³äæåí-
íÿ

Ïðè ìîäåëþâàíí³ ñêëàäíèõ áàãàòîïàðàìåò-
ðè÷íèõ îá’ºêò³â ñèñòåì òà ñåðåäîâèù, ùî íå
ï³ääàþòüñÿ àíàë³òè÷íîìó îïèñó ÷àñòî äîö³ëüíî
òà ðàö³îíàëüíî âèêîðèñòîâóâàòè ñàìå äèñêðåòí³

ìàòåìàòè÷í³ ìîäåë³, ùî ÿâëÿþòü ñîáîþ ïåâí³
ìíîæèíè ó âèãëÿä³ äåÿêèõ ÷èñåëüíèõ ìàñèâ³â, ³
ÿê³, â ñâîþ ÷åðãó, ìîæóòü áóòè íàäàí³ ó âèãëÿä³
äèñêðåòíèõ ãåîìåòðè÷íèõ ìîäåëåé (òî÷êîâèõ àáî
æ ë³í³éíèõ) [1–2]. Ïðîâåäåí³ äîñë³äæåííÿ ïî-
êàçóþòü, ùî ïîä³áí³ ìîäåë³ ÿê ðàç îïòèìàëüíî
ï³äõîäÿòü äëÿ ïîäàëüøî¿ àëãîðèòì³çàö³¿, ôîðìà-
ë³çàö³¿ òà ïðîåêòóâàííÿ. Öå ïîâ’ÿçàíî, ó ïåðøó
÷åðãó, ç ïîäàëüøèì ðîçâèòêîì òà ñóòòºâèì óñê-
ëàäíåííÿì òàêèõ îá’ºêò³â, ïðîöåñ³â, ñèñòåì òà
ñåðåäîâèù, ³ç âåëèêèì ð³âíåì ¿õ ïàðàìåòðè÷-
íîñò³, à òàêîæ ð³çíîìàí³òíîñò³ òà ð³çíîÿê³ñíîñò³
¿õ ïàðàìåòð³â.

Â ðîáîò³ ïðîïîíóºòüñÿ îðèã³íàëüíèé ³ íå-
òðàäèö³éíèé ï³äõ³ä ùîäî ìîäåëþâàííÿ áàãàòî-
ïàðàìåòðè÷íèõ îá’ºêò³â, ïðîöåñ³â òà ñåðåäîâèù,
ùî áàçóºòüñÿ íà âèêîðèñòàíí³ äèñêðåòíî-³íòåð-
ïîëÿö³éíîãî ìåòîäó. Ðîçãëÿíåìî éîãî ñóòí³ñòü.

Ïî-ïåðøå, ó ÿêîñò³ ³íñòðóìåíòàëüíîãî ñå-
ðåäîâèùà áóëè âèêîðèñòàí³ ³íòåðïîëÿö³éí³ ïîë³-
íîìè Ëàãðàíæà. Çðîçóì³ëî, âèíèêàº ïèòàííÿ:
÷îìó ñàìå ïîë³íîìè Ëàãðàíæà? Íà íàøó äóìêó,
âèá³ð ñàìå ³íòåðïîëÿö³éíèõ ïîë³íîì³â Ëàãðàí-
æà ñåðåä ïåâíî¿ ê³ëüêîñò³ ³íøèõ ³íòåðïîëÿö³é-
íèõ ïîë³íîì³â º îïòèìàëüíèì, ³ îñü ÷îìó: ñàìå
îáóìîâëåí³ñòü íåîáîâ’ÿçêîâîãî ð³âíîì³ðíîãî
ðîçòàøóâàííÿì âóçë³â ³íòåðïîëÿö³¿, ìîæëèâ³ñòü
íàäàííÿ çà êîæíîþ çì³ííîþ ñâîº¿ ê³ëüêîñò³
âóçë³â ³íòåðïîëÿö³¿. Äîñèòü âàæëèâèì ÷èííèêîì
º òàêîæ ³ ôàêòîð ñò³éêîñò³ òà çá³æíîñò³ ïîë³íîì³â
Ëàãðàíæà.

Ïî-äðóãå, íà îñíîâ³ çàïðîïîíîâàíîãî ìå-
òîäó òà ³íòåðïîëÿö³éíèõ ïîë³íîì³â Ëàãðàíæà
áóëè ïîáóäîâàí³ ð³çíîìàí³òí³ ³íòåðïîëÿö³éí³
ñõåìè, ùî õàðàêòåðèçóþòüñÿ ïåâíîþ ê³ëüê³ñòþ
âóçë³â ³íòåðïîëÿö³¿ ³, ùî º íàéãîëîâí³øèì, ñàìå
õàðàêòåðîì ñàìèõ âóçë³â ³íòåðïîëÿö³¿. Â³äïîâ³ä-
íî, îòðèìàí³ òàêèì ÷èíîì ³íòåðïîëÿö³éí³ ñõå-
ìè äîçâîëÿþòü îòðèìàòè, ó âèïàäêó, íàïðèêëàä,
îäíîâèì³ðíî¿ ³íòåðïîëÿö³¿, îäíîïàðàìåòðè÷íó
ìíîæèíó ïåâíèõ îá’ºêò³â, ÷è íàâ³òü ïðîöåñ³â ÷è
ñåðåäîâèù. Ó âèïàäêàõ á³ëüø ñêëàäíèõ ñèñòåì
òà ñåðåäîâèù ìîæëèâå é äîö³ëüíå çàñòîñóâàííÿ
áàãàòîâèì³ðíî¿ ³íòåðïîëÿö³¿.

Ïî-òðåòº, ùî º íàéãîëîâí³øèì ³ ñêëàäàº
îðèã³íàëüí³ñòü òà íåòðàäèö³éí³ñòü ìåòîäó, ï³ä
âóçëàìè ³íòåðïîëÿö³¿ ó çàïðîïîíîâàíîìó íàìè
ï³äõîä³ ðîçóì³þòüñÿ íå òî÷êè, ÿê ó êëàñè÷íîìó
ìàòåìàòè÷íîìó ðîçóì³íí³ ó âèïàäêó ³íòåðïîëÿö³¿,
à á³ëüø ñêëàäí³ ìàòåìàòè÷í³ îá’ºêòè, à ñàìå, ë³í³¿
òà ïîâåðõí³, àáî æ, íàâ³òü, ïåâí³ ïðîöåñè, ñèñ-
òåìè ³ ñåðåäîâèùà, ùî íàäàí³ ó âèãëÿä³ äåÿêèõ
ôóíêö³îíàë³â, ÿê ñóêóïíîñò³ ¿õ âëàñòèâîñòåé òà
ïàðàìåòð³â. Òàêèé ï³äõ³ä äîçâîëÿº îòðèìàòè äèñ-
êðåòíî-³íòåðïîëÿö³éí³ ìîäåë³ ñêëàäíèõ áàãàòî-
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ïàðàìåòðè÷íèõ îá’ºêò³â, ïðîöåñ³â, ñèñòåì òà ñå-
ðåäîâèù ó âèãëÿä³ äåÿêèõ îäíî- ÷è áàãàòîïàðà-
ìåòðè÷íèõ ìíîæèí, ó ÷îìó âëàñíå é ïîëÿãàº
îðèã³íàëüí³ñòü çàïðîïîíîâàíîãî äèñêðåòíî-
³íòåðïîëÿö³éíîãî ìåòîäó.

Ó áóäü-ÿêîìó ³íòåðïîëÿö³éíîìó ïðîöåñ³
äóæå âàæëèâèì º ôàêòîð ñõåìè ³íòåðïîëÿö³¿. Ïðè
íàøîìó ï³äõîä³ ï³ä ñõåìîþ ³íòåðïîëÿö³¿ ðîçó-
ì³ºòüñÿ ñõåìà ðîçòàøóâàííÿ ñàìå âèùåâêàçàíèõ
âóçë³â ³íòåðïîëÿö³¿, òîáòî ó âóçîë ³íòåðïîëÿö³¿
ðîçì³ùóºòüñÿ ïåâíèé äèñêðåòíèé ÷èñåëüíèé
ìàñèâ ó âèãëÿä³ ìàòðèö³.

Ó íàóêîâ³é òà ³íæåíåðí³é ë³òåðàòóð³ âçàãàë³
â³äñóòí³é òàêèé ï³äõ³ä ùîäî ìîäåëþâàííÿ ñêëàä-
íèõ áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â, ñèñòåì ³ ñå-
ðåäîâèù, òàêèõ, ÿê, íàïðèêëàä, åêîëîã³÷í³ ñèñ-
òåìè ³ ñåðåäîâèùà, åêîëîã³÷í³ ñèòóàö³¿, ãåî-
ëîã³÷í³, åíåðãåòè÷í³, êë³ìàòè÷í³, ã³äðîëîã³÷í³,
ãåîìîðôîëîã³÷í³ ïðîöåñè, ÿâèùà ÷è ñåðåäîâèùà.

Îäíî- ÷è áàãàòîïàðàìåòðè÷í³ ìíîæèíè, ÿê
ïåâíà ñóêóïí³ñòü, íàâ³òü, ð³çíîÿê³ñíèõ ³ ð³çíîñ-
òðóêòóðíèõ ïàðàìåòð³â, îòðèìàí³ òàêèì ÷èíîì,
ñàìå é º äèñêðåòíèìè ìàòåìàòè÷íèìè ìîäåëÿ-
ìè ïåâíèõ ïðîöåñ³â, ñèñòåì ³ ñåðåäîâèù [1].

Çàçíà÷èìî, ùî áàçèñíèì åëåìåíòîì òàêèõ
ìíîæèí º ïåâíà äèñêðåòíà ôóíêö³ÿ àáî ôóíêö³-
îíàë. Ó çàãàëüíîìó âèïàäêó âîíè ìîæóòü áóòè
íàäàí³, ÿê äèñêðåòí³ ÷èñåëüí³ ìàñèâè,
ðîçì³ðí³ñòü ÿêèõ ìîæå âàð³þâàòèñü. Äî ðå÷³, öå
ôàêòîð òàêîæ º äîñèòü âàæëèâèì, òîìó ùî
ï³äêðåñëþº äîñèòü âåëèêó âàð³àòèâí³ñòü ìåòîäó.

Íàäàë³ ³íòåðïîëþâàííÿ ôóíêö³é, ùî ìî-
æóòü áóòè çàäàí³ íåÿâíî ÷è ïàðàìåòðè÷íî, ôàê-
òè÷íî çâîäèòüñÿ äî ðîçì³ùåííÿ ó âóçëàõ ³íòåð-
ïîëÿö³¿, íàïðèêëàä, ïåâíèõ ð³âíÿíü, ÿêùî, çàç-
âè÷àé, ìîæëèâèé àíàë³òè÷íèé ñïîñ³á çàâäàííÿ,
÷è ïåâíèõ äèñêðåòíèõ ìàñèâ³â ó âèãëÿä³ ìàòðèöü,
òà îòðèìàííÿ äåÿêîãî ôóíêö³îíàëà Ô(pi,j) ç âåê-
òîðîì ïàðàìåòð³â, ùî âêëþ÷àº â ñåáå ³íòåðïî-
ëÿö³éíèé ïàðàìåòð, êîîðäèíàòí³ çì³íí³, ïàðà-
ìåòðè, ùî õàðàêòåðèçóþòü ôîðìó òà ïîëîæåííÿ
îá’ºêò³â, ïåâí³ ïàðàìåòðè÷í³ õàðàêòåðèñòèêè
ïðîöåñ³â, ñèñòåì òà ñåðåäîâèù, à ñàìå: íåõàé
F(p1,p2,p3,…,pk,…,pm) – áàãàòîïàðàìåòðè÷íà íåÿâ-
íî çàäàíà ôóíêö³ÿ. Ñôîðìóºìî ¿¿ ó âèãëÿä³ äåÿ-
êîãî ôóíêö³îíàëà Ô(pi,j), ùî çàäàíèé ìàòðèöåþ
Ì[i, j]. Òîä³

F(p1, p2,p3,…,pk,…,pm)=Ô(pi,j)=M[i,j],

äå p1,p2,p3,…,pk,…,pm – ð³çíîñòðóêòóðí³ òà ð³çíî-
ÿê³ñí³ ïàðàìåòðè (íàïðèêëàä, ïîêàçíèêè çàáðóä-
íåííÿ, ð³âåíü êîíöåíòðàö³¿ ïåâíèõ ðå÷îâèí, âðà-
õóâàííÿ ïðèðîäíèõ îñîáëèâîñòåé ñåðåäîâèù

òîùî), à M[i,j] (1) âèçíà÷àºòüñÿ, ÿê:
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Òîáòî Ì[i, j] º âóçëîâîþ äèñêðåòíî-³íòåð-
ïîëÿö³éíîþ ìàòðèöåþ [3].

Ñòàº çðîçóì³ëèì, ùî çàïðîïîíîâàíèé ìå-
òîä íà îñíîâ³ äèñêðåòíî-³íòåðïîëÿö³éíîãî ï³äõî-
äó äîçâîëÿº âêëþ÷àòè â îäíî- ÷è áàãàòîïàðà-
ìåòðè÷íó ìíîæèíó ïàðàìåòðè òà õàðàêòåðèñòè-
êè ñèñòåì, ïðîöåñ³â ³ ñåðåäîâèù, ùî ìàþòü ð³çíó
ñòðóêòóðó ³, íàâ³òü, âëàñòèâîñò³.

Îñòàííÿ òåçà º íàäçâè÷àéíî âàæëèâîþ, òîìó
ùî ö³êàâèì íàñë³äêîì ç íå¿ âèïëèâàº çàñòîñó-
âàííÿ çàïðîïîíîâàíîãî ï³äõîäó ùîäî ìîäåëþ-
âàííÿ ð³çíîãî ðîäó îá’ºêò³â, ÿâèù, ïðîöåñ³â ³
ñåðåäîâèù, ùî õàðàêòåðèçóþòüñÿ âåëèêîþ
ê³ëüê³ñòþ ð³çíîÿê³ñíèõ ïàðàìåòð³â, ÿê³ ÷àñòî
ïðàêòè÷íî ïðîñòî íåìîæëèâî ôóíêö³îíàëüíî
ïîºäíàòè ó çâè÷àéí³é àíàë³òè÷í³é ìàòåìàòè÷í³é
ìîäåë³. Íàïðèêëàä, ñàìå òàêîþ, âëàñíå êàæó÷è,
é º, çàäà÷à âèçíà÷åííÿ ïðîãíîçîâàíîãî ñòàíó
ïåâíî¿ åêîëîã³÷íî¿ ñèñòåìè ÷è ñåðåäîâèùà, ãåî-
ëîã³÷íî¿, åíåðãåòè÷íî¿, ã³äðîëîã³÷íî¿, ãåîìîðôî-
ëîã³÷íî¿ ñèñòåìè òîùî ³, â³äïîâ³äíî, âèçíà÷åí-
íÿ ð³âíÿ åêîëîã³÷íî¿ áåçïåêè öèõ ñèñòåì.

Ö³ëêîì çðîçóì³ëî, ùî äèñêðåòíèé ï³äõ³ä
ìîæíà ââàæàòè á³ëüø çàãàëüíèì, òîìó ùî â³ä
íåïåðåðâíî-àíàë³òè÷íî¿, ñåáòî êîíòèíóàëüíî¿,
ìîäåë³ ïðàêòè÷íî çàâæäè ìîæíà ïåðåéòè äî äèñ-
êðåòíî¿. Ó íàøîìó âèïàäêó ìîæåìî ïåðåéòè ñàìå
äî äèñêðåòíî-³íòåðïîëÿö³éíî¿ ìîäåë³.

Öå äàº ìîæëèâ³ñòü îòðèìàòè äåÿêèé ôóíê-
ö³îíàë Ô(pi,j), ç âåêòîðîì ïàðàìåòð³â, ùî âêëþ-
÷àº â ñåáå ³íòåðïîëÿö³éíèé ïàðàìåòð, êîîðäè-
íàòí³ çì³íí³, ïàðàìåòðè, ùî õàðàêòåðèçóþòü ñòàí,
ñòðóêòóðó, ïîëîæåííÿ åêîëîã³÷íèõ, ãåîëîã³÷íèõ,
ã³äðîëîã³÷íèõ, ãåîìîðôîëîã³÷íèõ, åíåðãåòè÷íèõ
îá’ºêò³â, ïåâí³ ïàðàìåòðè÷í³ õàðàêòåðèñòèêè
ïðîöåñ³â òà ñèñòåì [3].

Ðîçãëÿäàþ÷è (1) ó ÿêîñò³ ïåâíîãî âóçëà
³íòåðïîëÿö³¿, âèêîðèñòàºìî ³íòåðïîëÿö³éíèé
ïîë³íîì Ëàãðàíæà ³ â âèïàäêó îäíîâèì³ðíî¿
³íòåðïîëÿö³¿ îòðèìàºìî Ô(pi,j) (2) ÿê:
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äå u – ïàðàìåòð ³íòåðïîëÿö³¿, íàïðèêëàä, ïåâ-
íèé âåêòîð ñïðÿìîâàíîñò³; n – ê³ëüê³ñòü âóçë³â
³íòåðïîëÿö³¿.

Âèðàç Ô(pi,j), ùî ÿâëÿº ñîáîþ óçàãàëüíåíó
äèñêðåòíî-³íòåðïîëÿö³éíó ìàòðèöþ [3], ³ º äèñ-
êðåòíîþ ãåîìåòðè÷íîþ ìîäåëëþ ïåâíî¿ ñèñòå-
ìè ÷è ñåðåäîâèùà.

Îòæå, ïðè âèêîðèñòàíí³ çàïðîïîíîâàíîãî
äèñêðåòíî-³íòåðïîëÿö³éíîãî ìåòîäó ³íòåðïîëÿ-
ö³éíèé ïîë³íîì Ëàãðàíæà (3) íàáóâàº òàêîãî
âèãëÿäó:
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äå u – ïàðàìåòð ³íòåðïîëÿö³¿; F(p1,p2,…pk) – âóç-
ëîâà ôóíêö³ÿ; p1, p2, … pk – ïàðàìåòðè âóçëîâî¿
ôóíêö³¿; n – ê³ëüê³ñòü âóçë³â ³íòåðïîëÿö³¿.

Áàãàòîïàðàìåòðè÷í³ îá’ºêòè, ñèñòåìè ³ ñå-
ðåäîâèùà, íà ïðèêëàä³ åêîëîã³÷íèõ, ãåîëîã³÷íèõ,
ã³äðîëîã³÷íèõ, ãåîìîðôîëîã³÷íèõ, åíåðãåòè÷íèõ
òîùî ñèñòåì, ìîæóòü áóòè íàñò³ëüêè ñêëàäíèìè
ñòðóêòóðíî é ïàðàìåòðè÷íî, ùî âèêîðèñòàííÿ
àïàðàòà îäíîâèì³ðíî¿ ³íòåðïîëÿö³¿ ìîæå âèÿâè-
òèñÿ íåäîñòàòí³ì. Ó òàêèõ âèïàäêàõ ïðîïîíóºòü-
ñÿ âèêîðèñòàòè àïàðàò, íàïðèêëàä, äâîâèì³ðíî¿
³íòåðïîëÿö³¿. Âðàõîâóþ÷è ñàìå çàïðîïîíîâàíèé
äèñêðåòíî-³íòåðïîëÿö³éíèé ìåòîä ãåîìåòðè÷íî-
ãî ìîäåëþâàííÿ, îñü ó ÷îìó ïîëÿãàº éîãî
ñóòí³ñòü.

Âèä ñòåïåíåâîãî ìíîãî÷ëåíà Ôm,n(u,v) ñòå-
ïåíÿ m ïî u òà n ïî v äëÿ âèð³øåííÿ ïåâíî¿
ïðèêëàäíî¿ ÷è ³íæåíåðíî¿ çàäà÷³, íàïðèêëàä,
ìîæíà çíàéòè, âèçíà÷èâøè çíà÷åííÿ ôóíêö³î-
íàëà F ó äîâ³ëüí³é òî÷ö³ ç ïàðàìåòðàìè (u,v).
Ãåîìåòðè÷íî öå îçíà÷àº, ùî ïðè äâîâèì³ðí³é
³íòåðïîëÿö³¿ ÷åðåç êîæíó âóçëîâó òî÷êó áóäå
ïðîõîäèòè äåÿêà ïîâåðõíÿ z=Ôm,n(u, v).

ßêùî ïîáóäóâàòè ðåãóëÿðíó ñ³òêó òà çàäàòè
ó âóçëàõ ñ³òêè çíà÷åííÿ ôóíêö³¿ z, òî âñÿ îá-
ëàñòü ðîçïàäàºòüñÿ íà mn ïðÿìîêóòíèê³â, â îäèí
ç ÿêèõ ³ ïîòðàïèòü òî÷êà (u,v) (ðèñóíîê).

Ðåãóëÿðíà ñ³òêà ïðè äâîâèì³ðí³é ³íòåðïîëÿö³¿

Íàñòóïíèì êðîêîì º ³íòåðïîëÿö³ÿ ïðè
ð³çíèõ ui, àëå ô³êñîâàíèõ vj, ï³ñëÿ ÷îãî íåîáõ³ä-
íî ïåðåéòè äî vj+1 ³ ïîâòîðèòè çíîâó âñþ ïðîöå-
äóðó. Îòæå, îòðèìóºìî äâîâèì³ðíó ³íòåðïîëÿ-
ö³þ   Pm,n(x, y) ñòåïåíÿ m ïî x ³ ñòåïåíÿ n ïî y
z(x, y) ó äîâ³ëüí³é òî÷ö³ T(x, y).

×åðåç âóçëîâ³ òî÷êè ïðîâîäèòüñÿ äåÿêà ïî-
âåðõíÿ z=Pm,n(x, y). Òàêèì ÷èíîì ìîæåìî îòðè-
ìàòè òàêó ôîðìóëó (4) äâîâèì³ðíî¿ ³íòåðïîëÿö³¿
çà Ëàãðàíæåì äëÿ ïîáóäîâè äèñêðåòíèõ ìîäå-
ëåé ñêëàäíèõ áàãàòîïàðàìåòðè÷íèõ îá’ºêò³â,
ñèñòåì òà ñåðåäîâèù:

,

1 11 1

0 0 0 0

( , )

( ) ( )
( , )

( ) ( )

m n

m nm n
i j

j j

i j p q p i q j
j i p i q j

P x y

x x y y
z x y

x x y y

  

   
  



 


 
    .  (4)

Çàçíà÷èìî, ùî ó íàéá³ëüø çàãàëüíîìó âè-
ïàäêó ïðè n-âèì³ðí³é ³íòåðïîëÿö³¿ ÷åðåç âóçëîâ³
òî÷êè ïðîõîäèòü äåÿêà ã³ïåðïîâåðõíÿ, ùî ÿâëÿº
ñîáîþ ìíîãî÷ëåí n çì³ííèõ, à ôîðìóëà áóäå ìàòè
ñêëàäí³øèé, àëå, çðîçóì³ëî, àíàëîã³÷íèé âèãëÿä.

²íòåðïîëÿö³éíèé ïîë³íîì, ÿê â³äîìî, ôàê-
òè÷íî º çð³çàíèì ðÿäîì (àíàëîãîì ðÿäó Òåéëî-
ðà) ó íàñë³äîê òîãî, ùî â³í îáìåæåíèé ñòåïåíåì
n. Çâ³äêè âèïëèâàº, ùî âàæëèâèì ôàêòîðîì º
ââåäåííÿ ïåâíîãî êðèòåð³þ ³íòåðïîëÿö³¿. Òîìó
äëÿ çá³æíîñò³ â³äïîâ³äíîãî àíàëîãà ðÿäó Òåéëî-
ðà íåîáõ³äíî ñïàäàííÿ àáñîëþòíî¿ âåëè÷èíè
êîåô³ö³ºíòà ïðè u ç ðîñòîì ñòåïåíÿ u. ßê â³äî-
ìî, êðèòåð³ºì ãàðíî¿ àïðîêñèìàö³¿ ó âèïàäêó
áàãàòîâèì³ðíî¿ ³íòåðïîëÿö³¿ º ñïàäàííÿ àáñîëþò-
íèõ âåëè÷èí ïîõ³äíèõ ïî âñ³ì çì³ííèì ³ç çðîñ-
òàííÿì ¿õ ïîðÿäêó.

Îòæå, çàïðîïîíîâàíèé ìåòîä íà îñíîâ³
äèñêðåòíî-³íòåðïîëÿö³éíîãî ï³äõîäó ìîæå áóòè
äîñèòü åôåêòèâíèì ïðè ìîäåëþâàíí³ îá’ºêò³â,
ïðîöåñ³â ³ ñåðåäîâèù, ùî õàðàêòåðèçóþòüñÿ âå-
ëèêîþ ê³ëüê³ñòþ ð³çíîñòðóêòóðíèõ ³ ð³çíîÿê³ñ-
íèõ ïàðàìåòð³â. Íàïðèêëàä, ïðè ìîäåëþâàíí³
áàãàòîïàðàìåòðè÷íîãî ñåðåäîâèùà, ÿêèì º ïåâ-
íà, íàïðèêëàä, åêîëîã³÷íà ñèñòåìà, ìîæóòü áóòè
ðîçãëÿíóò³ çàäà÷³ ÿê³ñíîãî é ê³ëüê³ñíîãî îö³íþ-
âàííÿ âïëèâó çàáðóäíåííÿ íà íàâêîëèøíº ñå-
ðåäîâèùå ç ÷àñîì ³ ó ïðîñòîð³, ïðîãíîçîâàíîãî
ñòàíó ö³º¿ òà ïîä³áíèõ ñèñòåì. Â³äïîâ³äíî, ìîæ-
íà ñôîðìóëþâàòè òàê³ ïåðñïåêòèâí³ çàäà÷³ ùîäî
âèâ÷åííÿ òà ìîäåëþâàííÿ åêîëîã³÷íèõ ñèòóàö³é
ó ïåâíèõ åêîëîã³÷íèõ, ãåîëîã³÷íèõ, åíåðãåòè÷-
íèõ, ã³äðîëîã³÷íèõ, ãåîìîðôîëîã³÷íèõ òîùî ñè-
ñòåìàõ ÷è ñåðåäîâèùàõ:
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– àíàë³ç, íàïðèêëàä, åêîëîã³÷íîãî ÷è ³íøî-
ãî ñòàíó ïåâíîãî ñåðåäîâèùà;

– âèçíà÷åííÿ çàãàëüíîãî ð³âíÿ øê³äëèâîñò³
ð³çíîãî ðîäó ñèñòåì ³ ñåðåäîâèù;

– âèçíà÷åííÿ é ëîêàë³çàö³ÿ ì³ñöü íàéá³ëü-
øîãî òà íàéìåíøîãî çàáðóäíåííÿ öèõ ñèñòåì;

– äèíàì³÷íå òà äîâãîñòðîêîâå ïðîãíîçóâàí-
íÿ ñòàíó ³, íàïðèêëàä, çàáðóäíåííÿ íàâêîëèø-
íüî¿ òåðèòîð³¿.

Âèñíîâêè
Òàêèì ÷èíîì, çàïðîïîíîâàíèé ìåòîä íà

îñíîâ³ äèñêðåòíî-³íòåðïîëÿö³éíîãî ï³äõîäó äàº
ìîæëèâ³ñòü ìîäåëþâàòè ñêëàäí³ áàãàòîïàðàìåò-
ðè÷í³ îá’ºêòè, ïðîöåñè, ñèñòåìè ³ ñåðåäîâèùà,
ùî õàðàêòåðèçóþòüñÿ âåëèêîþ ê³ëüê³ñòþ ð³çíî-
ìàí³òíèõ ³ ð³çíîÿê³ñíèõ ïàðàìåòð³â ³ âëàñòèâîñ-
òåé, ïðîãíîçóâàòè ïîâåä³íêó ñèñòåì ³ ñåðåäîâèù,
ïåðåäáà÷àòè ðîçâèòîê ïðîöåñ³â ó íèõ.
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ìàòè÷åñêèõ, ãèäðîëîãè÷åñêèõ, ãåîìîðôîëîãè÷åñêèõ, ãåîëîãè÷åñ-
êèõ ñèñòåì â íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ äîâîëüíî ñëîæíîé çà-
äà÷åé â ñâÿçè ñ ðàçâèòèåì ñîâðåìåííûõ òåõíîëîãèé. Òàêèå ñè-
ñòåìû èëè ñðåäû äîñòàòî÷íî ñëîæíû è èìåþò áîëüøîå êîëè-
÷åñòâî ðàçíîêà÷åñòâåííûõ ïàðàìåòðîâ. Ïîèñê è ñîçäàíèå ìà-
òåìàòè÷åñêèõ ìîäåëåé òàêèõ ñèñòåì ÿâëÿåòñÿ àêòóàëüíîé

çàäà÷åé. Î÷åâèäíî, ÷òî ìîäåëèðóåìûå îáúåêòû, ñèñòåìû è ñðå-
äû, êîòîðûå íå ïîääàþòñÿ àíàëèòè÷åñêîìó îïèñàíèþ, ìîãóò
áûòü îïèñàíû ñ ïîìîùüþ äèñêðåòíûõ ìîäåëåé. Öåëüþ äàííîãî
èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà ìåòîäîâ è àëãîðèòìîâ ïî-
ñòðîåíèÿ äèñêðåòíûõ ìàòåìàòè÷åñêèõ ìîäåëåé ñëîæíûõ ìíî-
ãîïàðàìåòðè÷åñêèõ îáúåêòîâ, ñèñòåì è ñðåä. Â íàñòîÿùåé ðà-
áîòå ðàññìàòðèâàåòñÿ íåòðàäèöèîííûé ïîäõîä ê ìîäåëèðîâà-
íèþ ñëîæíûõ òåõíè÷åñêèõ îáúåêòîâ, ñèñòåì è ñðåä, îñíîâàí-
íûé íà äèñêðåòíî-èíòåðïîëÿöèîííîì ìåòîäå. Ñîîòâåòñòâó-
þùèå ãåîìåòðè÷åñêèå ìîäåëè ñòðîÿòñÿ êàê íåêîòîðûå îäíî-
ïàðàìåòðè÷åñêèå ìíîæåñòâà ñ èñïîëüçîâàíèåì îïðåäåëåííûõ
èíòåðïîëÿöèîííûõ ñõåì. Îðèãèíàëüíîñòü ïîäõîäà çàêëþ÷àåò-
ñÿ â òîì, ÷òî ïîä óçëàìè èíòåðïîëÿöèè ïîíèìàþòñÿ íå òî÷-
êè, à áîëåå ñëîæíûå îáúåêòû, òàêèå êàê ëèíèè, ïîâåðõíîñòè,
ìàòðèöû èëè äàæå îïðåäåëåííûå ïðîöåññû, ïðåäñòàâëåííûå â
âèäå íåêîòîðûõ ôóíêöèîíàëîâ, êàê ñîâîêóïíîñòè èõ ñâîéñòâ è
ïàðàìåòðîâ. Îäíîïàðàìåòðè÷åñêèå ìíîæåñòâà, ïîëó÷åííûå òà-
êèì îáðàçîì, è âêëþ÷àþùèå ðàçíîêà÷åñòâåííûå è ðàçíîñòðóê-
òóðíûå ïàðàìåòðû, ÿâëÿþòñÿ äèñêðåòíûìè ìàòåìàòè÷åñêè-
ìè ìîäåëÿìè ìíîãîïàðàìåòðè÷åñêèõ îáúåêòîâ, ïðîöåññîâ è ñðåä.

Êëþ÷åâûå ñëîâà: èíòåðïîëÿöèÿ, îäíîïàðàìåòðè÷åñêîå
ìíîæåñòâî, óçåë èíòåðïîëÿöèè, äèñêðåòíûå ôóíêöèè,
ìíîãîìåðíàÿ èíòåðïîëÿöèÿ, äèñêðåòíî-èíòåðïîëÿöèîííàÿ
ìàòðèöà.

DISCRETE INTERPOLATION METHOD FOR MODELING
MULTIPARAMETRIC PROCESSES, SYSTEMS AND
ENVIRONMENTS

Kholkovsky Yu. R.

The design of complex technical objects, the modeling of the
predicted state of multiparametric systems and environments, for
example, ecological, energy, climatic, hydrological, geomorphological,
geological systems, is currently quite a challenge in connection with
the development of modern technologies. Such systems or environments
are quite complex and have a large number of different quality
parameters. Finding and creating mathematical models of such systems
is an urgent task. Obviously, simulated objects, systems and
environments that can not be analytically described can be described
using discrete models. The purpose of this study is the development
of methods and algorithms for constructing discrete mathematical
models of complex multiparametric objects, systems, and environments.
In this paper, we consider a non-traditional approach to the modeling
of complex technical objects, systems and environments, based on
the discrete interpolation method. The corresponding geometric models
are constructed as some one-parameter sets using certain interpolation
schemes. The originality of the approach is that under the interpolation
nodes, not points, but more complex objects, such as lines, surfaces,
matrices or even certain processes, represented as some functionals,
as a collection of their properties and parameters, are meant. Single-
parameter sets obtained in this way and including different-quality
and difference-structured parameters are discrete mathematical models
of multiparametric objects, processes and environments.

Keywords: interpolation, one-parameter set, the host in-
terpolated, discrete features, multivariate interpolation, discrete-
interpolation matrix.
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Íàö³îíàëüíà ìåòàëóðã³éíà àêàäåì³ÿ Óêðà¿íè, ì. Äí³ïðî

Ñòàòòþ ïðèñâÿ÷åíî ðîçïîä³ëåíîìó ìîäåëþâàííþ â³çóàë³çàö³¿ âåêòîð³â ðîçâ’ÿçê³â

ïðèêëàäíèõ çàäà÷ íà îñíîâ³ ñõåì ï³äâèùåíîãî ïîðÿäêó òî÷íîñò³. Á³ëüø âèñîêå ïðè-

ñêîðåííÿ îá÷èñëåíü ïîð³âíÿíî ç ê³íöåâî-ð³çíèöåâèì ï³äõîäîì ³ëþñòðóºòüñÿ âèêî-

ðèñòàííÿì àíàë³òè÷íèõ ðîçâ’ÿçê³â, ÿê³ äîçâîëÿþòü ïðîâîäèòè îá÷èñëåííÿ îäíî÷àñ-

íî òà ïàðàëåëüíî çà âñ³ìà ÷àñîâèìè øàðàìè.  Ïîêàçàíî, ùî íàéá³ëüø ïåðñïåêòèâ-

íèì ï³äõîäîì äî ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïðèêëàäíèõ çàäà÷ ñë³ä ââàæàòè òîé,

ùî ´ðóíòóºòüñÿ íà ÷èñëîâî-àíàë³òè÷íèõ ðîçâ’ÿçêàõ. Âèÿâëåíî, ùî åôåêòèâíèì çà-

ñîáîì ï³ä ÷àñ îïðàöþâàííÿ ïðèêëàäíèõ çàäà÷ â ìåòàëóðã³éíîìó âèðîáíèöòâ³ ââà-

æàþòü çàñòîñóâàííÿ òåõíîëîã³é ïàðàëåëüíèõ îá÷èñëåíü íà ðîçïîä³ëåíèõ ñèñòåìàõ

êëàñòåðíîãî òèïó, ùî ìàþòü ïîð³âíÿíî íåâåëèêó âàðò³ñòü ³ äîñèòü ëåãêî ìàñøòàáó-

þòüñÿ ÿê çà ê³ëüê³ñòþ ïðîöåñîð³â, òàê ³ çà îáñÿãîì îïåðàòèâíî¿ ïàì’ÿò³. Ðîçãëÿíó-

òèé ó äàí³é ðîáîò³ ï³äõ³ä äî ÷èñëîâî-àíàë³òè÷íî¿ êîíöåïö³¿ â³çóàë³çàö³¿ âåêòîð³â ó

ðîçâ’ÿçêàõ ïðèêëàäíèõ çàäà÷ äîçâîëÿº îòðèìàòè áóäü-ÿê³ íåîáõ³äí³ äàí³ äëÿ ïîáó-

äîâè ãëàäêèõ ãðàô³ê³â àáî ³çîë³í³é íà â³äïîâ³äíèõ ñ³òêàõ. Ìàêñèìàëüí³ æ ïàðà-

ëåëüí³ ôîðìè àëãîðèòìó ñòàíîâëÿòü ïðåäìåò îñîáëèâîãî ³íòåðåñó, îñê³ëüêè âèçíà-

÷àþòü ì³í³ìàëüíî ìîæëèâèé ÷àñ ðåàë³çàö³¿ àëãîðèòìó â³çóàë³çàö³¿. Äëÿ ïðîâåäåííÿ

îá÷èñëþâàëüíèõ åêñïåðèìåíò³â íà áàç³ çàñòîñóâàííÿ áàãàòîïðîöåñîðíî¿ îá÷èñëþ-

âàëüíî¿ ñèñòåìè ðîçðîáëåíî ïàêåò ïðèêëàäíèõ ïðîãðàì, ùî ðåàë³çóº ðîçâ’ÿçîê êî-

åô³ö³ºíòíèõ îáåðíåíèõ çàäà÷ òåïëîïðîâ³äíîñò³ ìåòîäîì ìàòåìàòè÷íîãî ìîäåëþ-

âàííÿ. Ïàêåò ïðèêëàäíèõ ïðîãðàì ðîçðîáëåíî ç óðàõóâàííÿì âèìîã îá’ºêòíî-îð³ºí-

òîâàíîãî ïðîãðàìóâàííÿ.

Êëþ÷îâ³ ñëîâà: áàãàòîïðîöåñîðíà îá÷èñëþâàëüíà ñèñòåìà, ïðèñêîðåííÿ, â³çóàë³çà-

ö³ÿ, ðîçïîä³ëåíå ìîäåëþâàííÿ, ÷èñåëüíî-àíàë³òè÷íèé ðîçâ’ÿçîê.

Ïîñòàíîâêà ïðîáëåìè

Çíà÷íå ïðèñêîðåííÿ îá÷èñëåíü ïðèêëàä-
íèõ çàäà÷ çà ðàõóíîê ê³íöåâî-ð³çíèöåâèõ ñõåì
äîñÿãàºòüñÿ çà ðàõóíîê åôåêòó ðîçïàðàëåëþâàí-
íÿ. Ïðîòå íà îêðåìó óâàãó çàñëóãîâóþòü ÷èñåëü-
íî-àíàë³òè÷í³ àëãîðèòìè ðîçâ’ÿçóâàííÿ ïðèêëàä-
íèõ çàäà÷. Á³ëüø âèñîêå ïðèñêîðåííÿ îá÷èñëåíü
ïîð³âíÿíî ç ê³íöåâî-ð³çíèöåâèì ï³äõîäîì ìîæ-
íà äîñÿãòè âèêîðèñòàííÿì àíàë³òè÷íèõ ðîçâ’ÿç-
ê³â, ÿê³ äîçâîëÿþòü âèêîíóâàòè îá÷èñëåííÿ îä-
íî÷àñíî òà ïàðàëåëüíî çà âñ³ìà ÷àñîâèìè øà-
ðàìè òà íå âèêîðèñòîâóþòü ïðè öüîìó êîìá³íî-
âàíó ïàì’ÿòü.

Îòæå, íàéá³ëüø ïåðñïåêòèâíèì ï³äõîäîì
äî ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïðèêëàäíèõ çà-
äà÷ ñë³ä ââàæàòè òîé, ùî ́ ðóíòóºòüñÿ íà ÷èñåëü-
íî-àíàë³òè÷íèõ ðîçâ’ÿçêàõ.

Åôåêòèâíèì çàñîáîì ï³ä ÷àñ îïðàöþâàííÿ

ïðèêëàäíèõ çàäà÷ â ìåòàëóðã³éíîìó âèðîáíèöòâ³
ââàæàþòü çàñòîñóâàííÿ òåõíîëîã³é ïàðàëåëüíèõ
îá÷èñëåíü íà ðîçïîä³ëåíèõ ñèñòåìàõ êëàñòåðíîãî
òèïó, ùî ìàþòü ïîð³âíÿíî íåâåëèêó âàðò³ñòü ³
äîñèòü ëåãêî ìàñøòàáóþòüñÿ ÿê çà ê³ëüê³ñòþ
ïðîöåñîð³â, òàê ³ çà îáñÿãîì îïåðàòèâíî¿ ïàì’ÿ-
ò³ [1,2].

Îòæå, ðîçïîä³ëåíå ìîäåëþâàííÿ â³çóàë³çàö³¿
âåêòîð³â ðîçâ’ÿçê³â ïðèêëàäíèõ çàäà÷ íà îñíîâ³
ñõåì ï³äâèùåíîãî ïîðÿäêó òî÷íîñò³ º çàäà÷åþ
âàæëèâîþ òà àêòóàëüíîþ.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é

Ïðîöåñè, ÿê³ â³äáóâàþòüñÿ â àãðåãàòàõ ìå-
òàëóðã³éíîãî âèðîáíèöòâà ñë³ä ðîçãëÿäàòè ÿê
âåëèê³ ñèñòåìè [3–5]. Â³äçíà÷èìî, ùî íà ñüî-
ãîäí³ ðîçâ’ÿçóâàííÿ ñêëàäíèõ, âåëèêèõ çà îáñÿ-
ãîì çàäà÷ âèìàãàº ïîòóæíèõ êîìï’þòåð³â ³ õà-
ðàêòåðèçóºòüñÿ ñëîâîì ïàðàëåëüíèé, òîáòî ³ñíó-
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þòü ïàðàëåëüí³ êîìï’þòåðè, îá÷èñëþâàëüí³ ñè-
ñòåìè, ïàðàëåëüí³ îá÷èñëþâàëüí³ ìåòîäè òîùî
[6–8]. Ó øèðîêèé âæèòîê öåé òåðì³í óâ³éøîâ
ìàéæå â³äðàçó ï³ñëÿ ïîÿâè ïåðøèõ êîìï’þòåð³â,
à òî÷í³øå, ï³ñëÿ óñâ³äîìëåííÿ òîãî ôàêòó, ùî
ñòâîðåí³ êîìï’þòåðè íå â çìîç³ ðîçâ’ÿçàòè ïðî-
òÿãîì îïòèìàëüíîãî òåðì³íó áàãàòî àêòóàëüíèõ
äëÿ ïðàêòèêè çàäà÷. Ïîÿâó â îá÷èñëþâàëüíèõ
ñèñòåìàõ íîâèõ ³ âèñîêîâàðò³ñíèõ çàñîá³â êîìó-
í³êàö³¿, á³ëüø äîñêîíàëî¿ åëåìåíòíî¿ áàçè ñòè-
ìóëþâàâ ðîçâèòîê âèñîêîïðîäóêòèâíèõ îá÷èñ-
ëåíü íà áàç³ áàãàòîïðîöåñîðíèõ îá÷èñëþâàëü-
íèõ ñèñòåì [9,10].

Êð³ì òîãî, â³äçíà÷èìî, ùî êëàñ çàäà÷, ÿêèé
ðîçãëÿäàºòüñÿ â äàí³é ðîáîò³, ÿê ïðàâèëî, ðîç-
â’ÿçóºòüñÿ íà îñíîâ³ çàñòîñóâàííÿ àïàðàòà ð³çíè-
öåâèõ ð³âíÿíü, ñóòü ÿêîãî ïîëÿãàº â òîìó, ùî
çä³éñíþºòüñÿ çàì³íà ïîõ³äíèõ ð³çíèöåâèìè
ñï³ââ³äíîøåííÿìè. Ïðè öüîìó ç òî÷êè çîðó ÷è-
ñåëüíîãî àëãîðèòìó ðîçâ’ÿçîê ð³çíèöåâèõ ð³âíÿíü
ðîçïîä³ëÿºòüñÿ íà ÿâí³ òà íåÿâí³ ñõåìè [11]. Ó
ÿâí³é ñõåì³ çíà÷åííÿ øóêàíî¿ ôóíêö³¿ âèçíà÷à-
þòüñÿ ïîñë³äîâíî, øàð çà øàðîì. Ïðîòå, íåçâà-
æàþ÷è íà î÷åâèäíó ïðîñòîòó òà çðó÷í³ñòü îá-
÷èñëåíü, òàêà ñõåìà ìàº îäèí ³ñòîòíèé íåäîë³ê.
ßêùî ðîçì³ðè ñ³òêè hl  , òî ïîõèáêè îêðóãëåí-
íÿ ìîæóòü ñòàòè íàñò³ëüêè âåëèêèìè, ùî îòðè-
ìàíèé ðîçâ’ÿçîê âòðà÷àº ñåíñ. Â³äîìî, ùî äëÿ
çàñòîñóâàííÿ ÿâíî¿ ñõåìè ïîâèííà âèêîíóâàòè-
ñÿ óìîâà: 502 ,h/l  . Àëå ñïðàâåäëèâèì âèÿâ-
ëÿºòüñÿ òàêå åìï³ðè÷íå ïðàâèëî: ÿêùî çìåíøó-
âàòè âåëè÷èíè l  ³ h , òî ïîõèáêà àïðîêñèìàö³¿
÷àñòèííèõ ïîõ³äíèõ ê³íöåâî-ð³çíèöåâèìè ïî-
õ³äíèìè òåæ çìåíøóâàòèìåòüñÿ. Ïðîòå, ÷èì
äð³áí³øîþ áóäå ñ³òêà, òèì ùå á³ëüøå îá÷èñëåíü
íåîáõ³äíî çðîáèòè, à öå îçíà÷àº, ùî òèì á³ëüøè-
ìè áóäóòü ïîõèáêè îêðóãëåííÿ. Íåÿâí³ ñõåìè
äîçâîëÿþòü âåñòè îá÷èñëåííÿ ç âåëèêèì êðî-
êîì áåç ³ñòîòíîãî ïîã³ðøåííÿ òî÷íîñò³, àëå òà-
êèé ï³äõ³ä âèìàãàº á³ëüøîãî îáñÿãó îá÷èñëåíü.

Ðîçãëÿíóòèé àíàë³ç ïîêàçóº, ùî ìåòîäè
ðîçâ’ÿçêó äàíîãî êëàñó çàäà÷ ìàþòü áóòè íå
ò³ëüêè ð³çíîìàí³òíèìè, àëå é ïîºäíóâàòè
ê³ëüê³ñí³ îö³íþâàííÿ ç ìîæëèâîñòÿìè ÿê³ñíîãî
àíàë³çó. Íà ñüîãîäí³ íàì³òèëèñÿ ïåâí³ òåíäåíö³¿
â ðîçðîáö³ ÷èñåëüíî-àíàë³òè÷íèõ ìåòîä³â ³ç
ñêëàäíîþ ëîã³÷íîþ ñòðóêòóðîþ, àëå âîíè ìà-
þòü ïîð³âíÿíî ç êóñêîâî-ð³çíèöåâèìè ìåòîäà-
ìè âèùèé ïîðÿäîê òî÷íîñò³ é ìîæëèâ³ñòü ïîáó-
äîâè àëãîðèòì³â ç àäàïòàö³ºþ çà ïîðÿäêàìè àï-
ðîêñèìàö³¿ [12,13]. Ç ïîãëÿäó îá÷èñëåííÿ öåé
ï³äõ³ä â³äð³çíÿºòüñÿ äåÿêîþ ãðîì³çäê³ñòþ, àëå â³í
ïîêàçóº ñâîºð³äíèé åòàëîí äëÿ ïîð³âíÿííÿ ç
³íøèìè ïðàêòè÷íèìè ìåòîäàìè. Ðàçîì ç òèì,

çâàæàþ÷è íà òå, ùî îá÷èñëþâàëüíèé åêñïåðè-
ìåíò çä³éñíþºòüñÿ íà áàãàòîïðîöåñîðí³é ñèñòåì³,
ìîæíà ñòâåðäæóâàòè, ùî îáñòàâèíà, ÿêà ñòðè-
ìóâàëà ðîçâèòîê ÷èñåëüíî-àíàë³òè÷íîãî ï³äõî-
äó, òåïåð âòðà÷àº ñâîþ àêòóàëüí³ñòü. Ó çâ’ÿçêó ç
öèì ó äàí³é ðîáîò³ íàáóëà ïîäàëüøîãî ðîçâèòêó
³äåÿ ðîçðîáêè ñõåì ï³äâèùåíîãî ïîðÿäêó òî÷-
íîñò³ íà îñíîâ³ ÷èñåëüíî-àíàë³òè÷íîãî ï³äõîäó
äî îá÷èñëåíü øèðîêîãî êëàñó äîñë³äæóâàíèõ çà-
äà÷.

Ìåòà äîñë³äæåííÿ

Ìåòà äîñë³äæåííÿ ïîëÿãàº â ðîçðîáö³ ÷èñ-
ëîâîãî ðîçâ’ÿçêó çàäà÷³ ìåòàëóðã³éíî¿ òåïëîô³çè-
êè íà îñíîâ³ çàñòîñóâàííÿ áàãàòîïðîöåñîðíèõ
ñèñòåì. Îêðåìó óâàãó íåîáõ³äíî ïðèä³ëèòè ÷è-
ñåëüíî-àíàë³òè÷íèì àëãîðèòìàì ðîçâ’ÿçóâàííÿ
ïîñòàâëåíèõ çàäà÷. Á³ëüø âèñîêå ïðèñêîðåííÿ
îá÷èñëåíü ïîð³âíÿíî ç ê³íöåâî-ð³çíèöåâèì
ï³äõîäîì âèêîíàòè çà ðàõóíîê çàñòîñóâàííÿ àíà-
ë³òè÷íèõ ðîçâ’ÿçê³â, ÿê³ äîçâîëÿþòü ïðîâîäèòè
îá÷èñëåííÿ îäíî÷àñíî òà ïàðàëåëüíî çà âñ³ìà
÷àñîâèìè øàðàìè áåç âèêîðèñòîâóâàííÿ êîìá³-
íîâàíî¿ ïàì’ÿò³. Äëÿ âèêîíàííÿ îá÷èñëþâàëü-
íèõ åêñïåðèìåíò³â íà îñíîâ³ çàñòîñóâàííÿ áàãà-
òîïðîöåñîðíî¿ îá÷èñëþâàëüíî¿ ñèñòåìè çàïðî-
ïîíóâàòè ïàêåò ïðèêëàäíèõ ïðîãðàì (ÏÏÏ), ùî
ðåàë³çóº ðîçâ’ÿçîê êîåô³ö³ºíòíèõ îáåðíåíèõ çà-
äà÷ òåïëîïðîâ³äíîñò³ ìåòîäîì ìàòåìàòè÷íîãî
ìîäåëþâàííÿ. ÏÏÏ ðîçðîáèòè ç óðàõóâàííÿì
âèìîã îá’ºêòíî-îð³ºíòîâàíîãî ïðîãðàìóâàííÿ.
Ïðè öüîìó ðîçâ’ÿçîê êîåô³ö³ºíòíèõ çàäà÷ çâî-
äèòè äî çàäà÷ îïòèìàëüíîãî êåðóâàííÿ, àëãîðèò-
ìè îá÷èñëþâàííÿ ÿêèõ çàêëàñòè â ïàêåò³. Òà-
êîæ ÏÏÏ ïîâèíåí âêëþ÷àòè áëîê â³çóàë³çàö³¿
äàíèõ.

Îñíîâí³ ðåçóëüòàòè äîñë³äæåííÿ

Ðîçãëÿäàºòüñÿ ðîçâ’ÿçîê êðàéîâî¿ çàäà÷³ äëÿ
ð³âíÿííÿ òåïëîïðîâ³äíîñò³. Íåõàé ïîòð³áíî çíàé-
òè ôóíêö³þ, ÿêà îïèñóºòüñÿ ð³âíÿííÿì âèãëÿäó:
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      .,tu,,tu,x,u 121000    (2)

Ïîáóäóºìî ð³âíîì³ðíó ñ³òêó, êðîê ÿêî¿
â³äïîâ³äíî:

.,Dt;,Dx 001010101    (3)

Íåõàé ïîñë³äîâíèé àëãîðèòì ðåàë³çóºòüñÿ
çà íåÿâíîþ ñõåìîþ ìåòîäîì ïðîãîíêè. Òîä³ ï³ñëÿ
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äèñêðåòèçàö³¿ ð³âíÿííÿ (1) îòðèìóþòü ÑËÀÐ
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Äîñèòü ïðîñòèé òà çðó÷íèé ïîñë³äîâíèé
ñïîñ³á ðîçâ’ÿçêó ð³çíèöåâî¿ êðàéîâî¿ çàäà÷³ (4)–
(6) ÿâëÿº ñîáîþ îäèí ³ç âàð³àíò³â ìåòîäó âèêëþ-
÷åííÿ íåâ³äîìèõ çà ñõåìîþ Ãàóñà é ìàº íàçâó
ìåòîäó ïðîãîíêè. Ìàëå ÷èñëî àðèôìåòè÷íèõ
îïåðàö³é, à òàêîæ äîñèòü ñëàáêà ÷óòëèâ³ñòü äî
îá÷èñëþâàëüíèõ ïîõèáîê ðîáëÿòü ïðîãîíêó äóæå
çðó÷íèì çàñîáîì äëÿ ðåàë³çàö³¿ ïîñë³äîâíèõ îá-
÷èñëþâàëüíèõ àëãîðèòì³â.

Íàâåäåìî äåÿê³ àñïåêòè îá÷èñëþâàëüíîãî
õàðàêòåðó ïðè êîìï’þòåðíîìó ìîäåëþâàíí³. Ïðè
ðîçâ’ÿçóâàíí³ íåñòàö³îíàðíèõ çàäà÷ çà äîïîìî-
ãîþ íåÿâíèõ (àáî ÿâíèõ) ìåòîä³â ðîçðàõóíêè
çàâæäè âåäóòüñÿ çà ÷àñîâèìè øàðàìè ïîñë³äîâ-
íî. ßêùî âñÿ ³íôîðìàö³ÿ ïðî ñóñ³äí³é øàð ïî-
ì³ùàºòüñÿ â îïåðàòèâíó ïàì’ÿòü, òî îñîáëèâèõ
óñêëàäíåíü íå âèíèêàº. Àëå, ÿêùî çàäà÷à º íà-
ñò³ëüêè âåëèêîþ, ùî íå â³äïîâ³äàº âèêëàäåí³é
ðàí³øå óìîâ³, òî äîâîäèòüñÿ êîðèñòóâàòèñÿ êîì-
á³íîâàíîþ ïàì’ÿòòþ. ×àñ ïåðåíåñåííÿ ³íôîð-
ìàö³¿ ç ïîâ³ëüíî¿ ïàì’ÿò³ â îïåðàòèâíó º ïðî-
ïîðö³éíèì ÷èñëó òî÷îê ó øàð³. ×àñ çíàõîäæåí-
íÿ ðîçâ’ÿçêó çàäà÷³ íà ÷åðãîâîìó øàð³ òàêîæ º
ïðîïîðö³éíèé ÷èñëó òî÷îê ó øàð³. Àëå ïåð³îä
âèêîíàííÿ îäí³º¿ îïåðàö³¿ çíà÷íî ìåíøèé â³ä
ñåðåäíüîãî çíà÷åííÿ ÷àñó ïåðåñèëàííÿ îäèíèö³
³íôîðìàö³¿ ç ïîâ³ëüíî¿ ïàì’ÿò³ â îïåðàòèâíó.
Òîìó ïðè ïîä³áíîìó îá÷èñëåíí³ âåëèêà ÷àñòèíà
÷àñó áóäå â³äâîäèòèñÿ íà îðãàí³çàö³þ ïåðåñèëàíü,

òîáòî âèòðà÷àòèñü íåïðîäóêòèâíî. Îòæå, âèíè-
êàº òàêå ïèòàííÿ: ÷è ìîæíà ÿêèìîñü ÷èíîì
ï³äâèùèòè åôåêòèâí³ñòü âèêîðèñòàííÿ êîìï’þ-
òåðíî¿ ïàì’ÿò³ ïðè ðîçâ’ÿçóâàíí³ çàçíà÷åíîãî
êëàñó çàäà÷? À ÿêùî º ìîæëèâ³ñòü, òî ÿê?
Â³äïîâ³ä³ íà çàïèòàííÿ ìîæíà îòðèìàòè ïðè
á³ëüø äåòàëüíîìó âèâ÷åíí³ ãðàôà àëãîðèòìó ðîç-
â’ÿçêó ïîñòàâëåíî¿ çàäà÷³. Ïî-ïåðøå, î÷åâèäíî,
ùî òàêó ïðîáëåìó ìîæíà âèð³øèòè çà ðàõóíîê
ïàðàëåëüíîãî ïðîöåñîðà. À ïî-äðóãå, îñîáëèâîñò³
ðîçïàðàëåëþâàííÿ çàäà÷³ ïîâèíí³ áóòè òàêèìè,
ùîá ÷àñ â³äïîâ³äíèõ îá÷èñëåíü ³ îáðîáêà äàíèõ
â îïåðàòèâí³é ïàì’ÿò³ áóëè á á³ëüøèìè çà ÷àñ,
ÿêèé â³äâîäèòüñÿ íà ïåðåñèëàííÿ äàíèõ. Íà-
ðåøò³, äëÿ òîãî, ùîá ïîçáóòèñÿ â³ä âèêîðèñòàí-
íÿ êîìá³íîâàíî¿ ïàì’ÿò³ ïðè ðîçâ’ÿçóâàíí³ çà-
äà÷³ (1), íåîáõ³äíî çàñòîñóâàòè äî òàêîãî ð³âíÿí-
íÿ àáî ÷èñåëüíî-àíàë³òè÷íèé ï³äõ³ä, àáî îäèí ³ç
ìåòîä³â ìàòåìàòè÷íî¿ ô³çèêè, íàïðèêëàä, ³íòåã-
ðàëüíå ïåðåòâîðåííÿ Ëàïëàñà çà ÷àñîì.

Çã³äíî ç ÷èñåëüíî-àíàë³òè÷íèì ï³äõîäîì ó
êîæíîìó âóçë³ ( pxx ) ñ³òêîâî¿ îáëàñò³ ðîçâ’ÿ-
çîê çàäàíîãî ð³âíÿííÿ øóêàºòüñÿ â êëàñ³ àíàë³-
òè÷íèõ ôóíêö³é, ÿê³ äîïóñêàþòü éîãî ïîäàííÿ ó
âèãëÿä³ ðÿäó Òåéëîðà, òîáòî:
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íåâ³äîì³ òåéëîð³âñüê³ êîìïîíåíòè øóêàíî¿
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Ï³ñëÿ ï³äñòàíîâêè ðÿäó (9) ó ñï³ââ³äíîøåí-
íÿ (7), âèêîðèñòîâóþ÷è ìåòîä íåâèçíà÷åíèõ
êîåô³ö³ºíò³â, îäåðæèìî ñèñòåìó äèôåðåíö³àëü-
íèõ íàñë³äê³â ó ôîðì³ ñèñòåìè çâè÷àéíèõ äèôå-
ðåíö³àëüíèõ ð³âíÿíü (ÑÇÄÐ). Ðîçãëÿäàþ÷è îò-
ðèìàíå ñï³ââ³äíîøåííÿ ÿê ðåêóðåíòíå çà âåëè-
÷èíîþ n, ìîæåìî çàïèñàòè â³äïîâ³äí³ íàñë³äêè.
Òîä³ çàãàëüíèé ðîçâ’ÿçîê ð³âíÿííÿ (1) íàáóâàº
âèãëÿäó:
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(10)

Íåîáõ³äíî â³äçíà÷èòè, ùî îá÷èñëþâàëüíà
ñèñòåìà ìîæå âèêîðèñòîâóâàòèñÿ ³ äëÿ çá³ëüøåí-
íÿ îáñÿãó äîñòóïíî¿ îïåðàòèâíî¿ ïàì’ÿò³. Òàê, ³ç
çá³ëüøåííÿì â N ðàç³â ÷èñëà ïðîöåñîð³â, ó
ñò³ëüêè æ çá³ëüøóºòüñÿ é îáñÿã äîñòóïíî¿ îïå-
ðàòèâíî¿ ïàì’ÿò³. Öÿ îáñòàâèíà ñòàº âåëüìè ñóò-
òºâîþ ï³ä ÷àñ ðîçâ’ÿçêó áàãàòîâèì³ðíèõ çàäà÷,
êîëè âèíèêàþòü ïðîáëåìè ç ïàì’ÿòòþ îá÷èñëþ-
âàëüíîãî ñåðåäîâèùà (ñâîï³íã òà ³í.). Òîìó äëÿ
á³ëüø ïîâíîãî àíàë³çó åôåêòèâíîñò³ ðîçðîáëå-
íî¿ áàãàòîïðîöåñîðíî¿ ñèñòåìè áóëî çä³éñíåí³
îá÷èñëþâàëüí³ åêñïåðèìåíòè ïðè ìîäåëþâàíí³
áàãàòîâèì³ðíèõ çàäà÷.

Ðîçãëÿíåìî îñîáëèâ³ñòü êîíñòðóþâàííÿ
ñõåì ðîçùåïëåííÿ äëÿ ðîçïîä³ëåíîãî ìîäåëþ-
âàííÿ ïðèêëàäíèõ çàäà÷. Äëÿ òîãî, ùîá ç’ÿâèëà-
ñÿ ìîæëèâ³ñòü ïåðåõîäó äî ñóòòºâî á³ëüø ñêëàä-
íèõ àëãîðèòì³â, íåîáõ³äíî ðîçðîáëåíó ìåòîäî-
ëîã³þ ïîñòàâèòè íà ôóíäàìåíòàëüíó òåîðåòè÷íó
îñíîâó. Äëÿ öüîãî ìîæíà âèêîðèñòàòè ð³çíèöåâ³
ñõåìè ðîçùåïëåííÿ ÿê îäèí ³ç íàéá³ëüø âàæëè-
âèõ çàñîá³â ìîäåëþâàííÿ áàãàòîâèì³ðíèõ íåñòà-
ö³îíàðíèõ çàäà÷ ìàòåìàòè÷íî¿ ô³çèêè. Ð³çíèöåâ³
ñõåìè ðîçùåïëåííÿ – öå îäèí ç âàæëèâèõ çà-
ñîá³â ðîçðàõóíêó áàãàòîâèì³ðíèõ íåñòàö³îíàðíèõ
çàäà÷ ìàòåìàòè÷íî¿ ô³çèêè. Ð³÷ ó ò³ì, ùî ð³çíè-
öåâ³ ñõåìè, â ÿêèõ ÷èñëî àðèôìåòè÷íèõ ä³é,
ïîòð³áíèõ äëÿ ïåðåõîäó ì³æ ÷àñîâèìè øàðàìè,
ïðîïîðö³éíå ÷èñëó íåâ³äîìèõ çíà÷åíü øóêàíèõ
ôóíêö³é, ïðèéíÿòî íàçèâàòè åêîíîì³÷íèìè.
Â³äîìî, ùî îá÷èñëåííÿ çà ÿâíèìè ñõåìàìè äóæå
ïðîñò³. ßê³ñòü àðèôìåòè÷íèõ ä³é ó íèõ íå ï³äëÿ-
ãàº óäîñêîíàëåííþ. Ïðîòå, áóäó÷è åêîíîì³÷íîþ,
ÿâíà ñõåìà º ñò³éêîþ ò³ëüêè ïðè æîðñòêîìó ¿¿
îáìåæåíí³ íà êðîê ñ³òêè ó ÷àñ³. Ð³çíèöåâ³ ñõåìè
ðîçùåïëåííÿ íà îñíîâ³ ñóêóïíîñò³ ïðîïîçèö³é,
íå çîâñ³ì åêâ³âàëåíòíèõ îäíà îäí³é, àëå òàêèõ,
ùî ìàþòü ñòåðåîòèïíó ìåòó çâåñòè çàäà÷ó òðè-
âèì³ðíîãî ïîøèðåííÿ îáëàñò³ çàëåæíîñò³ äî
ïîñë³äîâíîñò³ ñõåì, âêëþ÷àþòü íåâ³äîì³ âåëè-
÷èíè, ÿê³ ä³þòü ïîïåðåì³ííî çà êîîðäèíàòíèìè

íàïðÿìêàìè ³ çâîäÿòü ðîçâ’ÿçîê òàêèõ çàäà÷ äî
ñêàëÿðíèõ ïðîãîíîê. Òîìó ð³çíèöåâà ñõåìà ðîç-
ùåïëåííÿ ââàæàºòüñÿ åêîíîì³÷íîþ ³, áåçóìîâ-
íî, ñò³éêîþ, òîáòî í³áè ïîºäíóº â ñîá³ ïåðåâàãè
ÿâíî¿ ³ íåÿâíî¿ ñõåì.

Çàñòîñóâàííÿ ÷èñëîâî-àíàë³òè÷íèõ ðîçâ’ÿç-
ê³â äîçâîëÿº äëÿ êîæíîãî ÷àñîâîãî øàðó ïðîâî-
äèòè îá÷èñëåííÿ îäíî÷àñíî â áóäü-ÿêèé ìîìåíò,
à, îòæå, íå âèìàãàº îðãàí³çàö³¿ ïåðåñèëàííÿ
³íôîðìàö³¿ ç ïîâ³ëüíî¿ ïàì’ÿò³ â îïåðàòèâíó,
òîáòî âèêëþ÷àºòüñÿ ì³æïðîöåñîðíèé îáì³í äà-
íèìè. Öèì ³ ïîÿñíþºòüñÿ ñóòòºâå ïðèñêîðåííÿ
ðîçâ’ÿçóâàííÿ òèõ çàäà÷, ÿê³ ìîäåëþâàëèñÿ çà
äîïîìîãîþ ÷èñåëüíî-àíàë³òè÷íèõ ìåòîä³â.

Íèí³ íàáóëè çíà÷íîãî ïîøèðåííÿ ð³çí³
ïðîãðàìí³ ïðîäóêòè, ÿê³ ÷àñòî íàçèâàþòü ïàêå-
òàìè àáî êîìïëåêñàìè ïðîãðàì. Ó äàí³é ðîáîò³
éäåòüñÿ ïðî ïàêåò ïðèêëàäíèõ ïðîãðàì, ïðèçíà-
÷åíèé äëÿ îáðîáêè òåïëîô³çè÷íèõ åêñïåðèìåíò³â
îáåðíåíèìè ìåòîäàìè. Îñíîâíà ìåòà ñòâîðåí-
íÿ ÏÏÏ – öå íàäàííÿ ïðàêòè÷íî¿ äîïîìîãè
äîñë³äíèêîâ³ íà âñ³õ åòàïàõ îáðîáêè òåïëîô³çè÷-
íîãî åêñïåðèìåíòó îáåðíåíèìè ìåòîäàìè çà
äîïîìîãîþ ïåðñîíàëüíîãî îá÷èñëþâàëüíîãî
êëàñòåðà. ÏÏÏ âèêîðèñòîâóºòüñÿ ïðè ïëàíóâàíí³
é îáðîáö³ ðåçóëüòàò³â òåïëîô³çè÷íîãî åêñïåðè-
ìåíòó îáåðíåíèìè ìåòîäàìè. Ðîçðîáëåí³ àëãî-
ðèòìè, âèêîðèñòàí³ â ÏÏÏ, äîñèòü ïðîñòî ïå-
ðåáóäîâóþòüñÿ íà ðîçâ’ÿçîê ³íøèõ êîåô³ö³ºíò-
íèõ ³ ãðàíè÷íèõ ÎÇÒ.

Âèñíîâêè

Ðîçãëÿíóòèé ó äàí³é ðîáîò³ ï³äõ³ä äî ÷è-
ñåëüíî-àíàë³òè÷íî¿ êîíöåïö³¿ â³çóàë³çàö³¿ âåê-
òîð³â ó ðîçâ’ÿçêàõ äîçâîëÿº îòðèìàòè áóäü-ÿê³
íåîáõ³äí³ äàí³ äëÿ ïîáóäîâè ãëàäêèõ ãðàô³ê³â àáî
³çîë³í³é íà â³äïîâ³äíèõ ñ³òêàõ. Ìàêñèìàëüí³ æ
ïàðàëåëüí³ ôîðìè àëãîðèòìó ñòàíîâëÿòü ïðåä-
ìåò îñîáëèâîãî ³íòåðåñó, îñê³ëüêè âèçíà÷àþòü
ì³í³ìàëüíî ìîæëèâèé ÷àñ ðåàë³çàö³¿ àëãîðèòìó
â³çóàë³çàö³¿.

Äëÿ çä³éñíåííÿ îá÷èñëþâàëüíèõ åêñïåðè-
ìåíò³â íà áàç³ çàñòîñóâàííÿ áàãàòîïðîöåñîðíî¿
îá÷èñëþâàëüíî¿ ñèñòåìè ðîçðîáëåíî ïàêåò ïðè-
êëàäíèõ ïðîãðàì, ùî ðåàë³çóº ðîçâ’ÿçîê êîåô³-
ö³ºíòíèõ îáåðíåíèõ çàäà÷ òåïëîïðîâ³äíîñò³ ìå-
òîäîì ìàòåìàòè÷íîãî ìîäåëþâàííÿ. ÏÏÏ ðîç-
ðîáëåíî ç óðàõóâàííÿì âèìîã îá’ºêòíî-îð³ºí-
òîâàíîãî ïðîãðàìóâàííÿ. Ïðè öüîìó îá÷èñëåí-
íÿ êîåô³ö³ºíòíèõ ÎÇÒ çâîäèòüñÿ äî çàäà÷ îïòè-
ìàëüíîãî êåðóâàííÿ, àëãîðèòìè ðîçâ’ÿçêó ÿêèõ
ðåàë³çîâàíî â öüîìó ÏÏÏ. Çàóâàæèìî, ùî ÏÏÏ
òàêîæ âêëþ÷àº áëîê â³çóàë³çàö³¿ äàíèõ.
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Ñòàòüÿ ïîñâÿùåíà ðàñïðåäåëåííîìó ìîäåëèðîâàíèþ âè-
çóàëèçàöèè âåêòîðîâ ðåøåíèé ïðèêëàäíûõ çàäà÷ íà îñíîâå ñõåì
ïîâûøåííîãî ïîðÿäêà òî÷íîñòè. Âûñîêîå óñêîðåíèå âû÷èñëåíèé
ïî ñðàâíåíèþ ñ êîíå÷íî-ðàçíîñòíûì ïîäõîäîì èëëþñòðèðóåòñÿ
èñïîëüçîâàíèåì àíàëèòè÷åñêèõ ðåøåíèé, êîòîðûå ïîçâîëÿþò
ïðîâîäèòü âû÷èñëåíèå îäíîâðåìåííî è ïàðàëëåëüíî ïî âñåì ÷àñî-
âûì ñëîÿì. Ïîêàçàíî, ÷òî íàèáîëåå ïåðñïåêòèâíûì ïîäõîäîì ê
ìàòåìàòè÷åñêîìó ìîäåëèðîâàíèþ ïðèêëàäíûõ çàäà÷ ñëåäóåò
ñ÷èòàòü òîò, êîòîðûé îñíîâûâàåòñÿ íà ÷èñëåííî-àíàëèòè÷åñ-
êèõ ðåøåíèÿõ. Âûÿâëåíî, ÷òî ýôôåêòèâíûì ñðåäñòâîì ðåøåíèÿ
ïðèêëàäíûõ çàäà÷ â ìåòàëëóðãè÷åñêîì ïðîèçâîäñòâå ñ÷èòàþò
ïðèìåíåíèå òåõíîëîãèé ïàðàëëåëüíûõ âû÷èñëåíèé íà ðàñïðåäå-
ëåííûõ ñèñòåìàõ êëàñòåðíîãî òèïà, êîòîðûå èìåþò ñðàâíè-
òåëüíî íåáîëüøóþ ñòîèìîñòü è äîñòàòî÷íî ëåãêî ìàñøòàáè-
ðóþòñÿ êàê ïî êîëè÷åñòâó ïðîöåññîðîâ, òàê è ïî îáúåìó îïåðà-
òèâíîé ïàìÿòè. Ðàññìîòðåííûé â äàííîé ðàáîòå ïîäõîä ê ÷èñ-
ëåííî-àíàëèòè÷åñêîé êîíöåïöèè âèçóàëèçàöèè âåêòîðîâ â ðåøå-
íèÿõ ïðèêëàäíûõ çàäà÷ ïîçâîëÿåò ïîëó÷èòü ëþáûå íåîáõîäèìûå
äàííûå äëÿ ïîñòðîåíèÿ ãëàäêèõ ãðàôèêîâ èëè èçîëèíèé íà ñîîò-
âåòñòâóþùèõ ñåòêàõ. Ìàêñèìàëüíûå æå ïàðàëëåëüíûå ôîðìû
àëãîðèòìà ïðåäñòàâëÿþò ïðåäìåò îñîáåííîãî èíòåðåñà, ïîñêîëü-
êó îïðåäåëÿþò ìèíèìàëüíî âîçìîæíîå âðåìÿ ðåàëèçàöèè àëãî-
ðèòìà âèçóàëèçàöèè. Äëÿ ïðîâåäåíèÿ âû÷èñëèòåëüíûõ ýêñïåðè-
ìåíòîâ íà áàçå ïðèìåíåíèÿ ìíîãîïðîöåññîðíîé âû÷èñëèòåëüíîé
ñèñòåìû ðàçðàáîòàí ïàêåò ïðèêëàäíûõ ïðîãðàìì, êîòîðûé ðå-
àëèçóåò ðåøåíèå êîýôôèöèåíòíûõ îáðàòíûõ çàäà÷ òåïëîïðî-
âîäíîñòè ìåòîäàìè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. Ïàêåò
ïðèêëàäíûõ ïðîãðàìì ðàçðàáîòàí ñ ó÷åòîì òðåáîâàíèé îáúåêò-
íî-îðèåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: ìíîãîïðîöåññîðíàÿ âû÷èñëèòåëüíàÿ
ñèñòåìà, óñêîðåíèå, âèçóàëèçàöèÿ, ðàñïðåäåëåííîå
ìîäåëèðîâàíèå, ÷èñëåííî-àíàëèòè÷åñêîå ðåøåíèå.

NUMERICAL-ANALYTICAL CONCEPTION OF
DECISIONS OF THE APPLIED TASKS BASED ON
CHARTS OF AN INCREASE ORDER OF EXACTNESS

Shvachych G.G., Ivaschenko V.Ð., Ivaschenko O.V.

The article is sanctified to the distributed modeling of visualization
of decisions vectors of the applied tasks based on charts of an increase
order of exactness. Higher acceleration of computation compared with
the finite difference approach is illustrated by the use of analytical
decisions that allow computation simultaneously and in parallel in all
time layers. It is shown that the most promising approach to the
mathematical modeling of applied tasks is one that is based on numerical-
analytic decisions. It has been found that the application of parallel
computing technologies in distributed cluster-type systems, having
relatively low cost and easily scaled both by the number of processors
and by the amount of RAM, is considered as an effective tool in the
processing of applied tasks in metallurgical production. The approach
considered in this work is the numerical-analytical concept of vectors
visualization in the decisions of applied tasks that allows obtaining any
necessary data for the construction of smooth charts or isolines on the
corresponding grids. The maximum parallel forms of the algorithm are
a subject of special interest, as they determine the minimum possible
implementation time of the visualization algorithm. For computing
experiments based on application of multiprocessor computing system
the package of applied programs was developed to implement the decision
of coefficient reverse tasks of heat-conduction by mathematical modeling
method. The application package was developed taking into account
the requirements of object-oriented programming.

Keywords: multiprocessor computer system, acceleration,
visualization, distributed modeling, numerical and analytical de-
cision.
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ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð

Â ðàáîòå ïðåäñòàâëåíû ìàòåìàòè÷åñêèå è àëãîðèòìè÷åñêèå îñíîâû ðàñ÷åòà ñòàòè-

÷åñêèõ õàðàêòåðèñòèê ïðîöåññà ìíîãîêîìïîíåíòíîé ðåêòèôèêàöèè ñ ó÷åòîì ïîä-

âèæíûõ óïðàâëÿþùèõ âîçäåéñòâèé ðàçëè÷íîé èíòåíñèâíîñòè. Òàê êàê ïîäâèæíîå

óïðàâëåíèå çàêëþ÷àåòñÿ â ïåðåêëþ÷åíèè èëè ïåðåðàñïðåäåëåíèè ïîòîêà ïèòàíèÿ

ìåæäó êîíòàêòíûìè óñòðîéñòâàìè êîëîííû, òî èíòåíñèâíîñòü òàêîãî âîçäåéñòâèÿ

îïðåäåëÿåòñÿ õàðàêòåðèñòèêàìè ïîñòóïàþùåãî íà ðàçäåëåíèå ñûðüÿ. Ðåøåíà çàäà-

÷à ðàñ÷åòà ôàçîâîãî ñîñòàâà ïèòàíèÿ, äîëåé è ýíòàëüïèé êàæäîé èç ôàç, îáùåé

ýíòàëüïèè ïèòàíèÿ íà îñíîâàíèè èçìåðèòåëüíîé èíôîðìàöèè î òåìïåðàòóðå, ðàñ-

õîäå, ñîñòàâå ñûðüÿ è äàâëåíèÿ â ëèíèè ïîäà÷è åãî â êîëîííó. Àëãîðèòì ðåøåíèÿ

ñîäåðæèò äâà èòåðàöèîííûõ öèêëà. Âíåøíèé öèêë ïðåäíàçíà÷åí äëÿ ðàñ÷åòà äîëè

æèäêîé ôàçû â ïèòàíèè, âíóòðåííèé ïîçâîëÿåò îïðåäåëèòü ñîñòàâû ïàðîâîé è

æèäêîé ôàç ñ èñïîëüçîâàíèåì ìîäåëè ôàçîâîãî ðàâíîâåñèÿ. Ïðè ðàñ÷åòàõ ýíòàëü-

ïèè æèäêîé ôàçû èñïîëüçóþòñÿ êîýôôèöèåíòû àêòèâíîñòè êîìïîíåíòîâ, ÷òî îáåñ-

ïå÷èâàåò ïðèìåíèìîñòü àëãîðèòìà ïðè ìîäåëèðîâàíèè àçåîòðîïíûõ ñìåñåé. Òåî-

ðåòè÷åñêè îáîñíîâàí âûáîð êà÷åñòâåííûõ íà÷àëüíûõ ïðèáëèæåíèé èñêîìûõ âå-

ëè÷èí, ÷òî ïîçâîëÿåò îòêàçàòüñÿ îò òðóäîåìêèõ ìåòîäîâ èòåðàöèîííûõ ðàñ÷åòîâ â

ïîëüçó ìåòîäà ïðîñòûõ èòåðàöèé. Ðåçóëüòàòû èìèòàöèîííîãî ìîäåëèðîâàíèÿ, ïðî-

âåäåííîãî ñ èñïîëüçîâàíèåì ïðåäñòàâëåííîãî àëãîðèòìà íà ïðèìåðàõ ðåêòèôèêà-

öèîííûõ êîëîíí äëÿ ðàçäåëåíèÿ áèíàðíîé ñìåñè ìåòàíîë-âîäà è äåñÿòèêîìïî-

íåíòíîé ñìåñè ïðîäóêòîâ ñèíòåçà ìåòèëòðåòáóòèëîâîãî ýôèðà (ÌÒÁÝ), äîêàçûâà-

þò, ÷òî èñïîëüçîâàíèå òåìïåðàòóðû ïèòàíèÿ â êà÷åñòâå èíòåíñèâíîñòè ïîäâèæíî-

ãî âîçäåéñòâèÿ íà ïðîöåññ ðåêòèôèêàöèè îáåñïå÷èâàåò íåîáõîäèìóþ òåïëîâóþ

íàãðóçêó êîëîííû.

Êëþ÷åâûå ñëîâà: ïîäâèæíîå óïðàâëåíèå, ïðîöåññ ìíîãîêîìïîíåíòíîé ðåêòèôèêà-

öèè, ýíòàëüïèÿ ñìåñè, ÌÒÁÝ.

Ïîñòàíîâêà ïðîáëåìû
Ïðîöåññ ðåêòèôèêàöèè, øèðîêî ïðèìåíÿ-

åìûé â ðàçëè÷íûõ îòðàñëÿõ ïðîìûøëåííîñòè
äëÿ ðàçäåëåíèÿ æèäêèõ ñìåñåé, õàðàêòåðèçóåòñÿ
âûñîêîé ýíåðãî¸ìêîñòüþ è ñåáåñòîèìîñòüþ ïðî-
äóêòîâ. Ðàçäåëåíèå îáåñïå÷èâàåòñÿ ìíîãîêðàò-
íûìè ÷àñòè÷íûìè èñïàðåíèÿìè è êîíäåíñàöè-
ÿìè ôàç íà êîíòàêòíûõ óñòðîéñòâàõ àïïàðàòà,
÷òî îáóñëàâëèâàåò åãî âûñîêóþ ðàñïðåäåë¸ííîñòü
êàê îáúåêòà óïðàâëåíèÿ. Ñèñòåìû óïðàâëåíèÿ
òàêèì îáúåêòîì äîëæíû ó÷èòûâàòü åãî îñîáåí-
íîñòè è îáåñïå÷èâàòü íåîáõîäèìóþ èíòåíñèâ-
íîñòü òåïëî- è ìàññîîáìåíà â íóæíîå âðåìÿ â
íóæíîì ìåñòå àïïàðàòà. Ýòî äîñòèæèìî èñïîëü-
çîâàíèåì ïîäâèæíûõ óïðàâëÿþùèõ âîçäåéñòâèé,
îòëè÷èå êîòîðûõ îò òðàäèöèîííûõ ñîñòîèò â

ïåðåìåùåíèè èñòî÷íèêà âåùåñòâà è ýíåðãèè â
ïðîñòðàíñòâåííîé îáëàñòè óñòàíîâêè [1].

Òàê êàê èññëåäîâàíèÿ òåõíîëîãè÷åñêèõ îñ-
íîâ ïîäâèæíîãî óïðàâëåíèÿ ïðîâîäÿòñÿ ñ èñ-
ïîëüçîâàíèåì ìåòîäîâ ìàòåìàòè÷åñêîãî ìîäå-
ëèðîâàíèÿ, òî ðàçðàáîòêà àäåêâàòíîé ìàòåìà-
òè÷åñêîé ìîäåëè è ïîñòðîåíèå ýôôåêòèâíûõ àë-
ãîðèòìîâ ðàñ÷åòà ðåêòèôèêàöèîííûõ êîëîíí ñ
ó÷åòîì ïîäâèæíûõ óïðàâëÿþùèõ âîçäåéñòâèé
ÿâëÿåòñÿ àêòóàëüíîé íàó÷íîé çàäà÷åé.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Èçìåíåíèå òî÷êè íàíåñåíèÿ âîçäåéñòâèÿ

ïî âûñîòå ðåêòèôèêàöèîííîé êîëîííû ìîæåò
îñóùåñòâëÿòüñÿ ïóòåì ïåðåêëþ÷åíèÿ ïîòîêà ïè-
òàíèÿ ñ îäíîé òàðåëêè íà äðóãóþ [2] èëè ïåðå-
ðàñïðåäåëåíèÿ ñûðüÿ ìåæäó äâóìÿ òàðåëêàìè [3].
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Èíòåíñèâíîñòü òàêîãî ïîäâèæíîãî âîçäåéñòâèÿ
îïðåäåëÿåòñÿ ðàñõîäîì, ñîñòàâîì è òåìïåðàòó-
ðîé ïîäàâàåìîé íà ðàçäåëåíèå ñìåñè.

Â îñíîâó ðàçðàáàòûâàåìîãî ìàòåìàòè÷åñêî-
ãî îáåñïå÷åíèÿ ïîëîæåíî ïðèâåäåííîå â ðàáî-
òàõ [4] è [5] îïèñàíèå ðåêòèôèêàöèîííîé êî-
ëîííû, â êîòîðîì òåìïåðàòóðà ïèòàíèÿ, îïðå-
äåëÿþùàÿ òåïëîñîäåðæàíèå ïîäàâàåìûõ íà ðàç-
äåëåíèå ïîòîêîâ, â áàëàíñîâûå óðàâíåíèÿ êîí-
òàêòíûõ óñòðîéñòâ è âñåé ðåêòèôèêàöèîííîé
óñòàíîâêè íå âõîäèò â ÿâíîì âèäå. Àëãîðèòìû
ðàñ÷åòà ýíòàëüïèé, íåîáõîäèìûå äëÿ èññëåäî-
âàíèÿ âëèÿíèÿ òåìïåðàòóðû ïèòàíèÿ íà êà÷å-
ñòâî ïðîäóêòîâ ðàçäåëåíèÿ, òðåáóþò óòî÷íåíèÿ.

Â çàâèñèìîñòè îò òåìïåðàòóðû, ñûðüåâîé
ïîòîê ìîæåò ïîäàâàòüñÿ â êîëîííó â âèäå íåäî-
ãðåòîé èëè êèïÿùåé æèäêîñòè, êîíäåíñèðóþ-
ùåãîñÿ èëè ïåðåãðåòîãî ïàðà, ïàðîæèäêîñòíîé
ñìåñè. Â ëþáîì ñëó÷àå åãî âîçìîæíî ðàçäåëèòü
íà æèäêóþ è ïàðîâóþ ôàçû, êàæäàÿ èç êîòîðûõ
òàêæå áóäåò õàðàêòåðèçîâàòüñÿ ðàñõîäîì, ñîñòà-
âîì è ýíòàëüïèåé. Äàííûå õàðàêòåðèñòèêè, çà-
âèñÿùèå îò òåìïåðàòóðû ïèòàíèÿ, ÿâëÿþòñÿ íå-
èçâåñòíûìè âåëè÷èíàìè è òðåáóþò ðàñ÷åòîâ ïðè
îïðåäåëåíèè îáùåé ýíòàëüïèè ïèòàíèÿ [6].

Òàê êàê æèäêàÿ è ïàðîâàÿ ôàçû â ïèòàíèè
íàõîäÿòñÿ â ñîñòîÿíèè ðàâíîâåñèÿ, òî îñíîâó
ðàçðàáàòûâàåìîãî àëãîðèòìà ñîñòàâëÿþò ðàñ÷å-
òû ðàâíîâåñíûõ êîíöåíòðàöèé, òåìïåðàòóð êè-
ïåíèÿ è êîíäåíñàöèè ôàç [7]. Ïîäàâàåìûå íà
ðàçäåëåíèå ñìåñè ÿâëÿþòñÿ íåèäåàëüíûìè è,
÷àñòî, àçåîòðîïíûìè. Èñêîìûå õàðàêòåðèñòèêè
ïèòàíèÿ íåîáõîäèìî ðàññ÷èòûâàòü ñ ó÷åòîì òåï-
ëîâîãî ýôôåêòà ñìåøåíèÿ [8] ñ èñïîëüçîâàíè-
åì êîýôôèöèåíòîâ àêòèâíîñòè êîìïîíåíòîâ
ñìåñè.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Öåëüþ ðàáîòû ÿâëÿåòñÿ ïîâûøåíèå ýôôåê-

òèâíîñòè ïîäâèæíîãî óïðàâëåíèÿ ïðîöåññîì
ðåêòèôèêàöèè çà ñ÷¸ò ïîñòðîåíèÿ è èíòåãðàöèè
â èñïîëüçóåìûå ìàòåìàòè÷åñêîå è àëãîðèòìè-
÷åñêîå îáåñïå÷åíèÿ àëãîðèòìà ðàñ÷åòà õàðàêòå-
ðèñòèê ïèòàíèÿ.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè íåîá-
õîäèìî ðåøèòü ñëåäóþùèå çàäà÷è:

1. Ðàçðàáîòàòü àëãîðèòì ðàñ÷åòà õàðàêòåðè-
ñòèê ïîòîêà ñûðüÿ, ïîäàâàåìîãî íà ðàçäåëåíèå
â êîëîííó, íà îñíîâàíèè èíôîðìàöèè î ðàñõî-
äå, ñîñòàâå è òåìïåðàòóðå ïèòàíèÿ.

2. Ñ èñïîëüçîâàíèåì ðàçðàáîòàííîãî àëãî-
ðèòìà èññëåäîâàòü õàðàêòåð èçìåíåíèé ïàðàìåò-
ðîâ ñûðüÿ â ïðîöåññå åãî íàãðåâà èëè îõëàæäå-
íèÿ íà ïðèìåðàõ ðåêòèôèêàöèîííûõ êîëîíí äëÿ
ðàçäåëåíèÿ áèíàðíîé ñìåñè ìåòàíîë-âîäà è
ìíîãîêîìïîíåíòíîãî ïðîäóêòà ñèíòåçà ìåòèëò-

ðåòáóòèëîâîãî ýôèðà (ÌÒÁÝ).
Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâà-

íèÿ
Ïîñòóïàþùèé íà ðàññìàòðèâàåìîå êîíòàê-

òíîå óñòðîéñòâî ðåêòèôèêàöèîííîé êîëîííû
ïîòîê ïèòàíèÿ F , ñîñòàâ êîòîðîãî fx , ìîæåò
èìåòü ðàçëè÷íûå ôàçîâûå ñîñòîÿíèÿ: íåäîãðå-
òàÿ æèäêîñòü, êèïÿùàÿ æèäêîñòü, ïàðîæèäêîñ-
òíàÿ ñìåñü, êîíäåíñèðóþùèéñÿ ïàð, ïåðåãðåòûé
ïàð. Â îáùåì ñëó÷àå, åãî ìîæíî óñëîâíî ðàçäå-
ëèòü íà æèäêóþ è ïàðîâóþ ôàçû, êàæäàÿ èç êî-
òîðûõ õàðàêòåðèçóåòñÿ ñâîèìè ðàñõîäîì, ñîñòà-
âîì è ýíòàëüïèåé.

Ìåæäó ôàçàìè ïàðîæèäêîñòíîé ñìåñè ñó-
ùåñòâóåò ðàâíîâåñèå, ïðè ýòîì èõ ñîñòàâû (îáî-
çíà÷åíû êàê Fx  è Fy ) ñâÿçàíû ìåæäó ñîáîé
çàâèñèìîñòüþ:

 fFF Pxyy ,
* .  (1)

Êàæäûé èç ôàçîâûõ ïîòîêîâ â ïèòàíèè
èìååò ñâîþ ýíòàëüïèþ, çàâèñÿùóþ îò åãî òåì-
ïåðàòóðû, ñîñòàâà, à òàêæå äàâëåíèÿ â ëèíèè
ïîäà÷è ñûðüÿ:
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Îáùàÿ ýíòàëüïèÿ ïèòàíèÿ ïðîïîðöèîíàëü-
íà äîëÿì êàæäîé ôàçû â ïîòîêå ñûðüÿ:

  ,Hzhzh FFf  1   (4)

à êîëè÷åñòâî òåïëà, âíîñèìîå â êîëîííó ðàñ-
ñ÷èòûâàåìûì ïîòîêîì ïèòàíèÿ, ñîñòàâèò:

  .HzhzFhFQ FFff  1   (5)

Íåèçâåñòíûìè âåëè÷èíàìè (5) ÿâëÿþòñÿ
êîíöåíòðàöèè è æèäêîé Fx , è ïàðîâîé ôàçû

Fy  ïèòàíèÿ, à òàêæå äîëè êàæäîé èç ýòèõ ôàç

z .
Ïðè ðàñ÷¸òå ýíòàëüïèè ïèòàíèÿ ïåðâîî÷å-

ðåäíîé çàäà÷åé ÿâëÿåòñÿ îïðåäåëåíèå òåìïåðà-
òóðû êèïåíèÿ æèäêîé ñìåñè ñîñòàâà fx , à òàê-
æå òåìïåðàòóðû êîíäåíñàöèè ïàðîîáðàçíîé ñìå-
ñè òàêîãî æå ñîñòàâà. Åñëè òåêóùàÿ òåìïåðàòóðà
ïîòîêà ïèòàíèÿ ft  ìåíüøå èëè ðàâíà òåìïåðà-
òóðå êèïåíèÿ, òî 1z . Ïàðîâàÿ ôàçà â ïèòàíèè
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îòñóòñòâóåò, ñîñòàâ æèäêîé ôàçû ñîîòâåòñòâóåò
ñîñòàâó ïèòàíèÿ, à ýíòàëüïèÿ ïèòàíèÿ îïðåäå-
ëÿåòñÿ ñîãëàñíî âûðàæåíèþ (2), â êîòîðîì

i,fi xx  .
Åñëè конfкип ttt  , òî ïèòàíèå ïîäàåòñÿ

íà ìîäåëèðóåìóþ òàðåëêó â ïàðîæèäêîñòíîì
âèäå. Èñõîäÿ èç óðàâíåíèÿ ìàòåðèàëüíîãî áà-
ëàíñà, êîýôôèöèåíò z  ðàññ÷èòûâàåòñÿ ïî ïðà-
âèëó ðû÷àãà:

.
yx

yx

xy

xy
z

i,Fi,F

i,Fi,f

i,Fi,F

i,fi,F









   (6)

Çàâèñèìîñòè (1) è (6) îáðàçóþò ñèñòåìó,
êîòîðàÿ ïîçâîëÿåò äëÿ êàæäîãî çíà÷åíèÿ z  îï-
ðåäåëèòü ñîñòàâû ðàâíîâåñíûõ æèäêîñòíîé è
ïàðîâîé ôàç, à òàêæå òåìïåðàòóðó, ïðè êîòîðîé
íàõîäèòñÿ ðàññìàòðèâàåìàÿ ïàðîæèäêîñòíàÿ
ñìåñü ñ òàêèì ôàçîâûì ðàñïðåäåëåíèåì:
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(7)

Âíåøíèé èòåðàöèîííûé ïðîöåññ àëãîðèò-
ìà ðàñ÷åòà ýíòàëüïèè ïèòàíèÿ, êîòîðîå ïîäàåò-
ñÿ â êîëîííó â ïàðîæèäêîñòíîì âèäå, ïðåäíàç-
íà÷åí äëÿ óòî÷íåíèÿ âåëè÷èíû z , â òî âðåìÿ
êàê âíóòðåííèé – äëÿ ðåøåíèÿ ñèñòåìû (7).
Åñëè ðàññ÷èòàííàÿ äëÿ íîâîãî ïðèáëèæåíèÿ z
òåìïåðàòóðà t  ñîâïàäàåò ñ íåîáõîäèìîé òî÷íî-
ñòüþ ñ òåìïåðàòóðîé ïîòîêà ïèòàíèÿ ft , òî íà
îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ïî ôîðìó-
ëàì (2)–(4) âûïîëíÿåòñÿ ðàñ÷åò ýíòàëüïèè ïà-
ðîæèäêîñòíîé ñìåñè.

Íà÷àëüíîå ïðèáëèæåíèå èñêîìîé âåëè÷è-
íû z  ïðåäëàãàåòñÿ îïðåäåëÿòü ïóòåì ëèíåàðè-
çàöèè çàâèñèìîñòè, ñîåäèíèâ òî÷êè òåìïåðàòóð
íà÷àëà êèïåíèÿ ( 1z ) è íà÷àëà êîíäåíñàöèè
( 0z ) îòðåçêîì ïðÿìîé:

,
tt

tt
z

кипкон

fкон




0   (8)

ãäå конt  è кипt  – ðàññ÷èòàííûå íà îñíîâàíèè
àëãîðèòìîâ ôàçîâîãî ðàâíîâåñèÿ òåìïåðàòóðû
êîíäåíñàöèè ïàðîîáðàçíîé è êèïåíèÿ æèäêîé
ñìåñè ñîñòàâà fx .

Íà îñíîâàíèè íà÷àëüíîãî ïðèáëèæåíèÿ
âåëè÷èíû 0z  ïðîâîäÿòñÿ ðàñ÷åòû ñîñòàâîâ ðàâ-
íîâåñíûõ ïàðîâîé è æèäêîé ôàç â ïèòàíèè (7),
à òàêæå òåìïåðàòóðû òàêîé ñìåñè 0t . Åñëè 0t

ñîîòâåòñòâóåò ft  ñ íåîáõîäèìîé òî÷íîñòüþ, òî
çàäà÷à ðåøåíà. Â èíîì ñëó÷àå íåîáõîäèìî óòî÷-
íåíèå z  è ïîâòîðåíèå ðàñ÷åòîâ. Ïðè èñïîëüçî-
âàíèè ìåòîäà ïðîñòûõ èòåðàöèé (ñ óãëîâûì êî-
ýôôèöèåíòîì b ) âûðàæåíèå äëÿ ðàñ÷åòà íîâî-
ãî ïðèáëèæåíèÿ z :

     ,,k,  tztbzz f
kkkk

21
111   (9)

Óäà÷íûé âûáîð íà÷àëüíîãî ïðèáëèæåíèÿ
êîýôôèöèåíòà z  (8) ïîçâîëÿåò îáåñïå÷èòü âû-
ñîêóþ ñõîäèìîñòü èòåðàöèîííûõ ðàñ÷åòîâ. Â
ñëó÷àå ðàñõîäÿùåãîñÿ èòåðàöèîííîãî ïðîöåññà
íåîáõîäèìî èçìåíèòü çíà÷åíèå óãëîâîãî êîýô-
ôèöèåíòà b , èëè, âîñïîëüçîâàâøèñü ìåòîäîì
Íüþòîíà, ðàññ÷èòûâàòü îïòèìàëüíûå åãî çíà-
÷åíèÿ íà êàæäîé èòåðàöèè.

Ñèñòåìà óðàâíåíèé (7), ðåøåíèå êîòîðîé
ïðîâîäèòñÿ âî âíóòðåííåì èòåðàöèîííîì öèê-
ëå, ñîäåðæèò  12  n  íåèçâåñòíóþ – êîíöåíò-
ðàöèè êîìïîíåíòîâ â æèäêîé è ïàðîâîé ôàçàõ
ïèòàíèÿ. Êîíöåíòðàöèè ïîñëåäíèõ, n-ûõ êîì-
ïîíåíòîâ ôàç îïðåäåëÿþòñÿ ñîãëàñíî ïîëîæå-
íèþ, ÷òî ñóììà ìîëÿðíûõ êîíöåíòðàöèé â ëþ-
áîì ìàòåðèàëüíîì ïîòîêå ðàâíà 1.

Ðåøåíèå òàêîé ñèñòåìû âîçìîæíî òîëüêî
â ñëó÷àå êà÷åñòâåííûõ íà÷àëüíûõ ïðèáëèæåíèé,
äëÿ âûáîðà è îáîñíîâàíèÿ êîòîðûõ ðàññìîòðå-
íà ðåêòèôèêàöèîííàÿ êîëîííà ðàçäåëåíèÿ áè-
íàðíîé ñìåñè ìåòàíîë-âîäà. Ïèòàíèå ñîäåðæèò,
ê ïðèìåðó, 30% ìåòàíîëà, à åãî òåìïåðàòóðà ñî-
ñòàâëÿåò 820Ñ. Íà ðèñ. 1 ïðåäñòàâëåíû êðèâûå
êèïåíèÿ è êîíäåíñàöèè áèíàðíîé ñìåñè ìåòà-
íîë-âîäà – èçîáàðû xt   è yt  , ïîñòðîåííûå
äëÿ àòìîñôåðíîãî äàâëåíèÿ.

Íèæíÿÿ êðèâàÿ HDFAJ íîñèò íàçâàíèå
êðèâîé êèïåíèÿ, ïîä íåé ðàñïîëàãàåòñÿ îáëàñòü
ñóùåñòâîâàíèÿ æèäêîé ôàçû. Âåðõíÿÿ êðèâàÿ
HBGCJ – êðèâàÿ êîíäåíñàöèè, íàä íåé ðàñïî-
ëîæåíà îáëàñòü ïåðåãðåòîãî ïàðà. Ìåæäó îáåè-
ìè êðèâûìè íàõîäèòñÿ îáëàñòü ñîñóùåñòâîâà-
íèÿ ðàâíîâåñíûõ æèäêîñòè è ïàðà, ãåòåðîãåí-
íàÿ îáëàñòü. Âñÿêàÿ ñìåñü â ýòîé îáëàñòè ÿâëÿ-
åòñÿ ïàðîæèäêîñòíîé è ñîäåðæèò îäíîâðåìåí-
íî äâå ôàçû.

Êàê âèäíî èç ðèñ. 1, êîíöåíòðàöèè ìåòà-
íîëà â ôàçàõ ïðè óâåëè÷åíèè äîëè ïàðà â ïàðî-
æèäêîñòíîì ïèòàíèè ñíèæàþòñÿ: â æèäêîé ôàçå
îò fx  ïðè 1z  äî  fy*x  ïðè 0z  ïî êðèâîé
AFD; â ïàðîâîé ôàçå îò  fx*y  ïðè 1z  äî
ïðè  ïî êðèâîé CGB. Äèàãðàììû ñîñòîÿíèÿ äëÿ
ðàçëè÷íûõ ñìåñåé èìåþò ðàçëè÷íûé âèä, îäíà-
êî, êîíå÷íûå òî÷êè êðèâûõ âñåãäà ñîâïàäàþò ñ
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íà÷àëüíîé è ðàâíîâåñíûìè êîíöåíòðàöèÿìè.
Åñëè ó÷àñòîê êðèâîé AFD çàìåíèòü îòðåç-

êîì ïðÿìîé AD è ïðèíÿòü äîïóùåíèå, ÷òî èç-
ìåíåíèå âåëè÷èíû z  ñìåùàåò òî÷êó ñîñòîÿíèÿ
æèäêîé ôàçû âäîëü îòðåçêà ðàâíîìåðíî, òî
íà÷àëüíîå ïðèáëèæåíèå êîíöåíòðàöèè i-îãî
êîìïîíåíòà â æèäêîé ôàçå ïèòàíèÿ:

    .,**
, iffifiiF xxxzxxx    (10)

Ïîãðåøíîñòè òàêîãî íà÷àëüíîãî ïðèáëèæå-
íèÿ ñòðåìÿòñÿ ê íóëþ íà êîíöàõ äèàïàçîíà

10...z  . Âåëè÷èíà ìàêñèìàëüíîé àáñîëþòíîé
ïîãðåøíîñòè áóäåò çàâèñåòü îò íåëèíåéíîñòè
ó÷àñòêîâ èçîáàð xt   ìåæäó ðàññìàòðèâàåìûìè
êîíöåíòðàöèÿìè.

Äàëåå ñ ïîìîùüþ àëãîðèòìà ðàñ÷åòà ôàçî-
âîãî ðàâíîâåñèÿ îïðåäåëÿåòñÿ ñîñòàâ ïàðîâîé
ôàçû â ïèòàíèè:

 ,,
*

fFF Pxyy 

è, ñîâìåñòíî ñ ýòèì, òåìïåðàòóðà êèïåíèÿ/êîí-
äåíñàöèè òàêîé ïàðîæèäêîñòíîé ñìåñè.

Èñõîäÿ èç (7) äàëüíåéøèå óòî÷íåíèÿ êîí-
öåíòðàöèé æèäêîé ôàçû ïèòàíèÿ âîçìîæíî îñó-
ùåñòâëÿòü ìåòîäîì ïðîñòûõ èòåðàöèé:

 
,x

z

yzx
dxx i,F

i,Fi,f
i,Fi,F 















1

  (11)

ãäå d  – óãëîâîé êîýôôèöèåíò âíóòðåííåãî èòå-
ðàöèîííîãî öèêëà.

Ðèñ. 1. Äèàãðàììà ñîñòîÿíèÿ áèíàðíîãî ðàñòâîðà

ìåòàíîë–âîäà

Óñëîâèåì îêîí÷àíèÿ ðàñ÷åòîâ ñîñòàâîâ ôàç
â ïèòàíèè è ïåðåõîäà ê îïðåäåëåíèþ íîâîãî,
óòî÷íåííîãî çíà÷åíèÿ êîýôôèöèåíòà z  ÿâëÿ-
åòñÿ âûïîëíåíèå ñ íåîáõîäèìîé òî÷íîñòüþ óñ-
ëîâèÿ:

 
.x

z

yzxn

i
i,F

i,Fi,f
0

11

1








  (12)

Â ñëó÷àå ñèñòåìû ìåòàíîë–âîäà, êàê âèä-
íî èç ðèñ. 1, ìåíüøèìè ïîãðåøíîñòÿìè õàðàê-
òåðèçóåòñÿ íà÷àëüíîå ïðèáëèæåíèå êîíöåíòðà-
öèé ïàðîâîé ôàçû: ó÷àñòîê êðèâîé êîíäåíñà-
öèè ìåæäó òî÷êàìè B è C ñ âûñîêîé òî÷íîñòüþ
ñîâïàäàåò ñ îòðåçêîì ïðÿìîé, ñîåäèíÿþùèì
äàííûå òî÷êè. Ñèñòåìó (7) âîçìîæíî ïðåîáðà-
çîâàòü ê âèäó:

 














.,

;
1
*

fFF

Ff
F

Pyxx

z

xzx
y

  

(13)

Òîãäà íà÷àëüíûå ïðèáëèæåíèÿ êîíöåíòðà-
öèé ïàðîâîé ôàçû â ñìåñè:

  .xyxzxy f
*
ii,fi,fi,F  .  (14)

Â ýòîì ñëó÷àå ïðîâîäèòñÿ èòåðàöèîííîå
óòî÷íåíèå êîíöåíòðàöèé êîìïîíåíòîâ ïàðîâîé
ôàçû ïàðîæèäêîñòíîé ñìåñè. Óðàâíåíèÿ, àíà-
ëîãè÷íûå (11)–(12), áåç îñîáûõ òðóäíîñòåé âû-
âîäÿòñÿ èç (13).

Â ðåçóëüòàòå ðàáîòû àëãîðèòìà îïðåäåëÿ-
þòñÿ ñîñòàâû ôàç ïàðîæèäêîñòíîé ñìåñè è èõ
ìîëüíûå äîëè â ïîòîêå ïèòàíèÿ. Íà îñíîâàíèè
ïîëó÷åííûõ äàííûõ îïðåäåëÿåòñÿ ýíòàëüïèÿ
ïèòàíèÿ ïî óðàâíåíèÿì (2)–(4). Å¸ ïðîèçâåäå-
íèå íà ðàñõîä ïèòàíèÿ F  ïîçâîëÿåò ðàññ÷èòàòü
êîëè÷åñòâî òåïëà, âíîñÿùåãîñÿ â êîëîííó ðàç-
äåëÿåìîé ñìåñüþ â åäèíèöó âðåìåíè (5).

Ïðèâåäåííûé àëãîðèòì ðåàëèçîâàí íà ïðî-
ãðàììíîì óðîâíå è ïðîâåäåíû èññëåäîâàíèÿ
õàðàêòåðèñòèê ïîòîêîâ ïèòàíèÿ è èõ èçìåíåíèé
âñëåäñòâèå ïðåäâàðèòåëüíîãî íàãðåâà/îõëàæäå-
íèÿ ñûðüÿ ïåðåä ïîäà÷åé â êîëîííó.

Áèíàðíàÿ ñìåñü ìåòàíîë–âîäà ñîãëàñíî
íîðìàì òåõíîëîãè÷åñêîãî ïðîöåññà ñîäåðæèò
0,273 ìîëüíûå äîëè ìåòàíîëà è ïîäà¸òñÿ íà 9-þ
òàðåëêó ðåêòèôèêàöèîííîé êîëîííû [9]. Íà
ðèñ. 2 è 3 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷¸òîâ
õàðàêòåðèñòèê òàêîãî ïîòîêà ïèòàíèÿ ñ òåì äî-
ïóùåíèåì, ÷òî â ëèíèè ïîäà÷è ñûðüÿ â êîëîí-
íó äàâëåíèå ñîîòâåòñòâóåò àòìîñôåðíîìó.

Òåìïåðàòóðà íà÷àëà êèïåíèÿ æèäêîé ñìå-
ñè òàêîãî ñîñòàâà ïðè àòìîñôåðíîì äàâëåíèè
ñîñòàâëÿåò 78,50Ñ, íà÷àëà êîíäåíñàöèè ïàðîîá-
ðàçíîé ñìåñè – 92,850Ñ. Íàãðåâ æèäêîé ñìåñè
äî òåìïåðàòóðû êèïåíèÿ, à òàêæå ïåðåãðåâ ïàðà
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íå òðåáóþò ñóùåñòâåííûõ ýíåðãåòè÷åñêèõ çàò-
ðàò, ó÷àñòêè ýíòàëüïèéíîé êðèâîé èìåþò íå-
çíà÷èòåëüíûé óãîë ïîäú¸ìà. Ñîâåðøåííî äðó-
ãóþ êàðòèíó ïðåäñòàâëÿåò íàãðåâ ñìåñè â äèà-
ïàçîíå òåìïåðàòóð êèïåíèÿ/êîíäåíñàöèè, êîòî-
ðûé ñîïðîâîæäàåòñÿ èñïàðåíèåì ÷àñòè æèäêîé
ôàçû (ðèñ. 2). Çàâèñèìîñòü êîýôôèöèåíòà z  îò
òåìïåðàòóðû ñìåñè ft  íåëèíåéíàÿ, ÷òî îïðåäå-
ëÿåò íåëèíåéíîñòü è ýíòàëüïèéíîé êðèâîé. ×åì
ìåíüøå æèäêîé ôàçû îñòà¸òñÿ â ïàðîæèäêîñò-
íîé ñìåñè, òåì áîëüøåå êîëè÷åñòâî òåïëà íåîá-
õîäèìî çàòðà÷èâàòü äëÿ íàãðåâà ñìåñè.

Ìåòàíîë â ñìåñè ìåòàíîë–âîäà ÿâëÿåòñÿ
ëåãêîêèïÿùèì êîìïîíåíòîì. Ïðè íàãðåâå æèä-
êîé ñìåñè ñâåðõ òåìïåðàòóðû íà÷àëà êèïåíèÿ
ïîÿâèâøàÿñÿ ïàðîâàÿ ôàçà îáîãàùåíà ìåòàíî-
ëîì: 66 ìîë.% â ïàðå ïðè 27,3 ìîë.% â æèäêî-
ñòè íà ìîìåíò íà÷àëà êèïåíèÿ (ðèñ. 3). Ñ óâå-
ëè÷åíèåì äîëè ïàðà â ñìåñè (ñ óìåíüøåíèåì
êîýôôèöèåíòà z ) êîíöåíòðàöèÿ ìåòàíîëà áó-
äåò ïàäàòü êàê â æèäêîé ôàçå, òàê è â ïàðîâîé.
Ïðè äàëüíåéøåì íàãðåâå äî òåìïåðàòóðû, ñîîò-
âåòñòâóþùåé ïîëíîìó èñïàðåíèþ, ïîñëåäíèå
êàïëè æèäêîñòè áóäóò îáîãàùåíû òÿæåëîêèïÿ-
ùèì êîìïîíåíòîì – âîäîé, êîíöåíòðàöèÿ êî-
òîðîé ñîñòàâèò 94 ìîë.% Ñîñòàâ ïàðîâîé ôàçû
â ïàðîæèäêîñòíîé ñìåñè ïðè íàãðåâå ñòðåìèò-
ñÿ ê ïåðâîíà÷àëüíîìó ñîñòàâó æèäêîé ñìåñè.

Ñ öåëüþ ïðîâåðêè ðàáîòîñïîñîáíîñòè àë-
ãîðèòìîâ ïðè ìîäåëèðîâàíèè ìíîãîêîìïîíåí-
òíîé ðåêòèôèêàöèè, à òàêæå èçó÷åíèÿ õàðàêòå-
ðèñòèê àçåîòðîïíûõ ñìåñåé, èññëåäîâàëàñü äå-
ñÿòèêîìïîíåíòíàÿ ñìåñü, ñîñòîÿùàÿ èç ñëåäó-

Ðèñ. 2. Äîëÿ æèäêîé ôàçû z è ýíòàëüïèÿ hf ñìåñè

ìåòàíîë–âîäà â çàâèñèìîñòè îò å¸ òåìïåðàòóðû

Ðèñ. 3. Èçìåíåíèå ñîñòàâîâ æèäêîé (xF) è ïàðîâîé (yF) ôàç

ñìåñè ìåòàíîë–âîäà â ïðîöåññå å¸ íàãðåâà/îõëàæäåíèÿ

Ðèñ. 4. Äîëÿ æèäêîé ôàçû z è ýíòàëüïèÿ hf

äåñÿòèêîìïîíåíòíîé ñìåñè â çàâèñèìîñòè îò å¸

òåìïåðàòóðû

Ðèñ. 5. Èçìåíåíèå êîíöåíòðàöèè ÌÒÁÝ â æèäêîé (xF) è

ïàðîâîé (yF) ôàçàõ äåñÿòèêîìïîíåíòíîé ñìåñè â ïðîöåññå

å¸ íàãðåâà/îõëàæäåíèÿ
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þùèõ êîìïîíåíòîâ: ïðîïàí (0,010053 ìîë. äîëè),
í-áóòàí (0,079121), èçîáóòàí (0,54908), áóòèëåí
(0,088858), öèñ-áóòåí (0,04048), òðàíñ-áóòåí
(0,070099), èçîáóòèëåí (0,004375), ïåíòàí
(0,006143), ìåòàíîë (0,041645) è ìåòèëòðåòáóòè-
ëîâûé ýôèð (ÌÒÁÝ). Ðåçóëüòàòû ðàñ÷åòîâ ïðè-
âåäåíû íà ðèñ. 4, 5.

Äàííàÿ ñìåñü ÿâëÿåòñÿ ïðîäóêòîì ñèíòåçà
ÌÒÁÝ è ïîäâåðãàåòñÿ ðàçäåëåíèþ â ìíîãîòà-
ðåëü÷àòîé ðåêòèôèêàöèîííîé êîëîííå, êîòîðàÿ
èñïîëüçóåòñÿ ÀÎ «Óêðòàòíàôòà» â ã. Êðåìåí÷óã.
Äàâëåíèå äëÿ ðàñ÷åòîâ, ñîãëàñíî ðåãëàìåíòó,
ïðèíèìàëîñü ðàâíûì 9,3 òåõíè÷åñêèì àòìîñôå-
ðàì. Êëþ÷åâûì êîìïîíåíòîì ÿâëÿåòñÿ öåëåâîé
ïðîäóêò – ÌÒÁÝ, êîòîðûé ñðåäè âñåõ êîìïî-
íåíòîâ ñìåñè íàèìåíåå ëåòó÷èé.

Êîíöåíòðàöèè ÌÒÁÝ â æèäêîé è ïàðîâîé
ôàçàõ ïðè íàãðåâå èçìåíÿþòñÿ ïðàêòè÷åñêè ëè-
íåéíî, îäíàêî, õàðàêòåð èçìåíåíèé ïðîòèâîïî-
ëîæíûé. Òàê êàê ÌÒÁÝ ÿâëÿåòñÿ òÿæåëîêèïÿ-
ùèì êîìïîíåíòîì, òî ñ óâåëè÷åíèåì äîëè ïàðà
â ñìåñè (ñ óìåíüøåíèåì êîýôôèöèåíòà z ) êîí-
öåíòðàöèÿ ÌÒÁÝ áóäåò âîçðàñòàòü êàê â æèä-
êîé ôàçå, òàê è â ïàðîâîé. Ñîñòàâ ïàðîâîé ôàçû
â ïàðîæèäêîñòíîé ñìåñè ïðè íàãðåâå ñòðåìèò-
ñÿ ê ïåðâîíà÷àëüíîìó ñîñòàâó æèäêîé ñìåñè,
îäíàêî ñíèçó, à íå ñâåðõó, êàê â ñëó÷àå ëåãêèõ
êîìïîíåíòîâ. Íà íàãðåâ äàííîé ïàðîæèäêîñò-
íîé ñìåñè íåîáõîäèìî çàòðàòèòü òåì áîëüøå
òåïëà, ÷åì ìåíüøå ïàðîâîé ôàçû â ñìåñè.

Âûâîäû
Ïðèâåäåííûé àëãîðèòì ïîçâîëÿåò ðàññ÷è-

òûâàòü õàðàêòåðèñòèêè ìíîãîêîìïîíåíòíîé ïà-
ðîæèäêîñòíîé ñìåñè, ïðè ýòîì êîëè÷åñòâî êîì-
ïîíåíòîâ ñóùåñòâåííî íå âëèÿåò íà ÷èñëî èòå-
ðàöèé êàê ïðè îïðåäåëåíèè äîëåé æèäêîé è
ïàðîâîé ôàç z , òàê è ïðè ðàñ÷¸òàõ ôàçîâîãî
ñîñòàâà ïèòàíèÿ.

Èìèòàöèîííûå èññëåäîâàíèÿ, ïðîâåäåííûå
ñ åãî èñïîëüçîâàíèåì íà ïðèìåðàõ áèíàðíîé è
ìíîãîêîìïîíåíòíîé àçåîòðîïíîé ñìåñåé, ïîêà-
çàëè ñóùåñòâåííûå èçìåíåíèÿ õàðàêòåðèñòèê
ïèòàíèÿ ðåêòèôèêàöèîííûõ êîëîíí ïðè èñïà-
ðåíèè ÷àñòè æèäêîé ôàçû.

Èñïîëüçîâàíèå òåìïåðàòóðû ïèòàíèÿ â êà-
÷åñòâå èíòåíñèâíîñòè ïîäâèæíîãî âîçäåéñòâèÿ
íà ïðîöåññ ðåêòèôèêàöèè ïîçâîëÿåò âíîñèòü â
êîëîííó íåîáõîäèìîå êîëè÷åñòâî òåïëà, à, çíà-
÷èò, îáåñïå÷èâàòü îïòèìàëüíûå ðàñõîäû ïàðà è
îðîøåíèÿ ïî âûñîòå êîëîííû è âûñîêîå êà÷å-
ñòâî ïðîäóêòîâ ðàçäåëåíèÿ. Èññëåäîâàíèå ñòà-
òè÷åñêèõ õàðàêòåðèñòèê ðåêòèôèêàöèîííûõ êî-
ëîíí ïî êàíàëó «òåìïåðàòóðà ïèòàíèÿ – ñîñòàâ
êîíå÷íûõ ïðîäóêòîâ» ñ èñïîëüçîâàíèåì ðàçðà-

áîòàííîãî îáåñïå÷åíèÿ ÿâëÿåòñÿ íàïðàâëåíèåì
äàëüíåéøèõ èññëåäîâàíèé â îáëàñòè ïîäâèæíîãî
óïðàâëåíèÿ ïðîöåññàìè ðåêòèôèêàöèè.

Îáîçíà÷åíèÿ
n  – êîëè÷åñòâî êîìïîíåíòîâ â ðàçäåëÿå-

ìîé ñìåñè; x  – ìîëüíàÿ êîíöåíòðàöèÿ êîìïî-
íåíòà â æèäêîé ôàçå; y  – ìîëüíàÿ êîíöåíòðà-
öèÿ êîìïîíåíòà â ïàðîâîé ôàçå; F  – ìîëüíûé
ðàñõîä ïèòàíèÿ, êìîëü/÷; q  – êîýôôèöèåíò
ïåðåðàñïðåäåëåíèÿ ñûðüÿ ìåæäó òàðåëêàìè ïè-
òàíèÿ, êìîëü/êìîëü; Q  – ðàñõîä òåïëà, êÄæ/÷;

h  – òåïëîñîäåðæàíèå (ýíòàëüïèÿ) æèäêîé ôàçû,
êÄæ/êìîëü; H  – òåïëîñîäåðæàíèå (ýíòàëüïèÿ)
ïàðîâîé ôàçû, êÄæ/êìîëü; t  – òåìïåðàòóðà, 0Ñ;
T  – òåìïåðàòóðà, K; z  – äîëÿ æèäêîé ôàçû â
ïèòàíèè, êìîëü/êìîëü; P  – äàâëåíèå, ÌÏà;
  – êîýôôèöèåíò àêòèâíîñòè; R  – óíèâåðñàëü-
íàÿ ãàçîâàÿ ïîñòîÿííàÿ, êÄæ/(êìîëü·K); H  –
 òåïëîòà ñìåøåíèÿ, êÄæ/êìîëü; c  – ìîëÿðíàÿ
òåïëîåìêîñòü ïðè ïîñòîÿííîì äàâëåíèè,
êÄæ/(êìîëü·Ê); r  – ìîëÿðíàÿ òåïëîòà ïàðîîá-
ðàçîâàíèÿ, êÄæ/êìîëü; b , d  – íàñòðîå÷íûå êî-
ýôôèöèåíòû èòåðàöèîííûõ àëãîðèòìîâ.

Íèæíèå èíäåêñû: i  – äëÿ ðàññìàòðèâàåìî-
ãî êîìïîíåíòà ñìåñè; f  – äëÿ ïàðàìåòðîâ ïè-
òàíèÿ; F  – äëÿ ïàðàìåòðîâ æèäêîé è ïàðîâîé
ôàçû ïèòàíèÿ ðàçäåëüíî; x  – äëÿ ïàðàìåòðîâ
æèäêîé ôàçû; y  – äëÿ ïàðàìåòðîâ ïàðîâîé
ôàçû.

Âåðõíèå èíäåêñû: * – äëÿ ðàâíîâåñíûõ ïà-
ðàìåòðîâ; 0 – ïàðàìåòðû íà÷àëüíûõ ðàñ÷åòîâ
èòåðàöèîííîãî ïðîöåññà; k  – íîìåð èòåðàöèè.
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ÐÎÇÐÀÕÓÍÎÊ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÏÀÐÎÐ²ÄÈÍÍÎÃÎ
ÆÈÂËÅÍÍß ÏÐÈ ÐÓÕËÈÂÎÌÓ ÊÅÐÓÂÀÍÍ²
ÏÐÎÖÅÑÀÌÈ ÐÅÊÒÈÔ²ÊÀÖ²¯

Øåéêóñ À.Ð., Ëåâ÷óê ².Ë., Òðèøê³í Â.ß.

Â ðîáîò³ ïðåäñòàâëåí³ ìàòåìàòè÷í³ òà àëãîðèòì³÷í³
îñíîâè ðîçðàõóíêó ñòàòè÷íèõ õàðàêòåðèñòèê ïðîöåñó áàãàòî-
êîìïîíåíòíî¿ ðåêòèô³êàö³¿ ç óðàõóâàííÿì ðóõëèâèõ êåðóþ÷èõ
ä³é ð³çíî¿ ³íòåíñèâíîñò³. Òàê ÿê ðóõëèâå óïðàâë³ííÿ ïîëÿãàº â
ïåðåêëþ÷åíí³ àáî ïåðåðîçïîä³ë³ ïîòîêó æèâëåííÿ ì³æ êîíòàê-
òíèìè ïðèñòðîÿìè êîëîíè, òî ³íòåíñèâí³ñòü òàêîãî âïëèâó
âèçíà÷àºòüñÿ õàðàêòåðèñòèêàìè ñèðîâèíè. Âèð³øåíà çàäà÷à
ðîçðàõóíêó ôàçîâîãî ñêëàäó æèâëåííÿ, ÷àñòîê ³ åíòàëüï³é êîæ-
íî¿ ç ôàç, çàãàëüíî¿ åíòàëüï³¿ æèâëåííÿ íà ï³äñòàâ³ âèì³ðþ-
âàëüíî¿ ³íôîðìàö³¿ ïðî òåìïåðàòóðó, âèòðàòó, ñêëàä ñèðîâèíè
³ òèñê â ë³í³¿ ïîäà÷³ éîãî â êîëîíó. Àëãîðèòì ð³øåííÿ ì³ñòèòü
äâà ³òåðàö³éí³ öèêëè. Çîâí³øí³é öèêë ïðèçíà÷åíèé äëÿ ðîçðà-
õóíêó ÷àñòêè ð³äêî¿ ôàçè â æèâëåíí³, âíóòð³øí³é äîçâîëÿº âèç-
íà÷èòè ñêëàäè ïàðîâî¿ ³ ð³äêî¿ ôàç ç âèêîðèñòàííÿì ìîäåë³
ôàçîâî¿ ð³âíîâàãè. Ïðè ðîçðàõóíêàõ åíòàëüï³¿ ð³äêî¿ ôàçè âèêî-
ðèñòîâóþòüñÿ êîåô³ö³ºíòè àêòèâíîñò³ êîìïîíåíò³â, ùî çà-
áåçïå÷óº ìîæëèâ³ñòü çàñòîñóâàííÿ àëãîðèòìó ïðè ìîäåëþâàíí³
àçåîòðîïíèõ ñóì³øåé. Òåîðåòè÷íî îá´ðóíòîâàíî âèá³ð ÿê³ñíèõ
ïî÷àòêîâèõ íàáëèæåíü øóêàíèõ âåëè÷èí, ùî äîçâîëÿº â³äìîâè-
òèñÿ â³ä òðóäîì³ñòêèõ ìåòîä³â ³òåðàö³éíèõ ðîçðàõóíê³â íà
êîðèñòü ìåòîäó ïðîñòèõ ³òåðàö³é. Ðåçóëüòàòè ³ì³òàö³éíîãî
ìîäåëþâàííÿ, ïðîâåäåíîãî ç âèêîðèñòàííÿì ïðåäñòàâëåíîãî
àëãîðèòìó íà ïðèêëàäàõ ðåêòèô³êàö³éíèõ êîëîí äëÿ ïîä³ëó
á³íàðíî¿ ñóì³ø³ ìåòàíîë–âîäà ³ äåñÿò³êîìïîíåíòíîé ñóì³ø³
ïðîäóêò³â ñèíòåçó ìåòèëòðåòáóòèëîâîãî åô³ðó (ÌÒÁÅ), äî-
âîäÿòü, ùî âèêîðèñòàííÿ òåìïåðàòóðè æèâëåííÿ â ÿêîñò³
³íòåíñèâíîñò³ ðóõëèâîãî âïëèâó íà ïðîöåñ ðåêòèô³êàö³¿ çàáåç-
ïå÷óº íåîáõ³äíå òåïëîâå íàâàíòàæåííÿ êîëîíè.

Êëþ÷îâ³ ñëîâà: ðóõëèâå êåðóâàííÿ, ïðîöåñ
áàãàòîêîìïîíåíòíî¿ ðåêòèô³êàö³¿, åíòàëüï³ÿ ñóì³ø³, ÌÒÁÅ.

THE CALCULATING THE CHARACTERISTICS OF
VAPOR-LIQUID FEED AT THE MOBILE CONTROL OF
RECTIFICATION PROCESSES

Sheikus A.R., Levchuk I.L., Trishkin V.Ya.

The paper presents mathematical and algorithmic bases for
calculating the static characteristics of the multicomponent rectification
process, taking into account the mobile control actions of different
intensity. Since mobile control consists in switching or redistributing
the feed flow between the contact devices of the column, the intensity
of such an impact is determined by the characteristics of the raw
material entering on separation. The problem of calculating the phase
composition of the feed flow, the proportion and enthalpies of each
phase, the total enthalpy of feed based on the measurement information
on temperature, consumption, the composition of the feed and the
pressure in the feeding line is solved. The solution algorithm contains
two iteration cycles. The outer cycle is designed to calculate the
fraction of the liquid phase in the feed, the internal one allows to
determine the compositions of the vapor and liquid phases using the
phase equilibrium model. In calculating the enthalpy of the liquid
phase, the activity coefficients of the components are used, which
ensures the applicability of the algorithm in the modeling of azeotropic
mixtures. The choice of qualitative initial approximations of the
unknown quantities is theoretically justified, which makes it possible
to abandon the laborious methods of iterative calculations in favor of
the fixed-point iteration method. The results of simulation performed
using the presented algorithm on examples of rectification columns
for separating a binary methanol-water mixture and a ten-component
mixture of methyl tert-butyl ether (MTBE) products prove that the
use of the feed temperature as the intensity of the mobile effect on
the rectification process provides the necessary heat load of the column.

Keywords: mobile control, multicomponent rectification
process, enthalpy of mixture, MTBE.
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÷èñëþâàëüíî¿ òåõí³êè Íàö³îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÊÎËÎÌ²ªÖÜ Îëåíà Â³êòîð³âíà – àñèñòåíò êàôåäðè åíåðãåòèêè ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâ-

íèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÊÓÏÐ²ÍÀ Ëàðèñà Îëåêñàíäð³âíà – ñòàðøèé âèêëàäà÷ êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ «Óê-

ðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ËÅÂ×ÓÊ ²ãîð Ëåîí³äîâè÷ – ê.ò.í., äîöåíò, äåêàí ôàêóëüòåòó êîìï’þòåðíèõ íàóê òà ³íæåíåð³¿,

äîöåíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ òåõíîëîã³é òà ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâ-

íèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

MÀËßÂÑÜÊÈÉ Ìèêîëà ²âàíîâè÷ – ê.õ.í., äîöåíò, ïðîôåñîð êàôåäðè çàãàëüíî¿ õ³ì³¿ Íàö³î-

íàëüíîãî äîñë³äíèöüêîãî Ìîñêîâñüêîãî äåðæàâíîãî áóä³âåëüíîãî óí³âåðñèòåòó (ì. Ìîñêâà, Ðîñ³ÿ)
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ÌÓÐÀÂÉÎÂÀ ²ðèíà Ãåíàä³ºâíà – ä.ò.í., çàâ. â³ää³ëîì òåõíîëîã³÷íîãî îáëàäíàííÿ òà ñèñòåì

óïðàâë³ííÿ ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÍÀÑÎÍÎÂÀ Ñâ³òëàíà Ñåðã³¿âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ

«Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÍÀÓÌÅÍÊÎ Íàòàë³ÿ Þð³¿âíà – ê.ò.í., äîöåíò, äîöåíò êàôåäðè ³íôîðìàö³éíèõ ñèñòåì ÄÂÍÇ

«Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÍÀÓÌÅÍÊÎ Òåòÿíà Ñòàí³ñëàâ³âíà – âèêëàäà÷ êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ «Óêðà¿íñü-

êèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÍÅÌ×ÈÍÎÂ Ñåðã³é ²ëë³÷ – ê.ò.í., äîöåíò, äîöåíò êàôåäðè ìàòåð³àëîçíàâñòâà ÄÂÍÇ «Óêðà¿-

íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÎËÅÂÑÜÊÀ Þë³ÿ Áîðèñ³âíà – ê.ô.-ì.í., äîöåíò êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ «Íàö³î-

íàëüíèé ã³ðíè÷èé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÎËÅÂÑÜÊÈÉ Â³êòîð ²ñààêîâè÷ – ä.ò.í., çàâ³äóâà÷ êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ «Óêðà¿-

íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÏÐßÄÊÎ Íàòàë³ÿ Ñåðã³¿âíà – ä.ò.í., ñ.í.ñ. ³íñòèòóòó òåõí³÷íî¿ ìåõàí³êè Íàö³îíàëüíî¿ àêà-

äåì³¿ íàóê Óêðà¿íè òà Äåðæàâíîãî êîñì³÷íîãî àãåíòñòâà Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÐÀÕÌÀÍÎÂ Ñóëåéìàí Ðàõìàíîâè÷ – ê.ò.í., äîöåíò, äîöåíò êàôåäðè òåîðåòè÷íî¿ ìåõàí³êè ³

îïîðó ìàòåð³àë³â Íàö³îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÑÅÌÅÍÎÂ Þð³é Ñòàíèñëàâîâè÷ – ê.ò.í., ñ.í.ñ. â³ää³ëó òåõíîëîã³÷íîãî îáëàäíàííÿ òà ñèñòåì

óïðàâë³ííÿ ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ÑÎËÎÄÊÀ Íàòàë³ÿ Îëåêñàíäð³âíà – ê.ò.í., äîöåíò, íàóêîâèé ñï³âðîá³òíèê â³ää³ëó òåõíîëîã³-

÷íîãî îáëàäíàííÿ òà ñèñòåì óïðàâë³ííÿ ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿-

íè (ì. Äí³ïðî, Óêðà¿íà)

ÑÒÀÍ²ÍÀ Îëüãà Äìèòð³âíà – àñèñòåíò êàôåäðè ³íôîðìàö³éíèõ ñèñòåì ÄÂÍÇ «Óêðà¿íñüêèé

äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÑÒÅÁËßÍÊÎ Ïàâëî Îëåêñ³éîâè÷ – ä. ô.-ì. í., ïðîôåñîð, çàâ³äóâà÷ êàôåäðè âèùî¿ ìàòåìà-

òèêè Äí³ïðîäçåðæèíñüêîãî äåðæàâíîãî òåõí³÷íîãî óí³âåðñèòåòó (ì. Êàì’ÿíñüêå, Óêðà¿íà)

ÑÓÕÀ ²ðèíà Âàëåð³¿âíà – ê.õ.í., äîöåíò, äîöåíò êàôåäðè õ³ì³÷íî¿ òåõíîëîã³¿ âèñîêîìîëåêó-

ëÿðíèõ ñïîëóê ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî,

Óêðà¿íà)

ÑÓÕÈÉ Êîñòÿíòèí Ìèõàéëîâè÷ – ä.ò.í., ïðîôåñîð, äåêàí ôàêóëüòåòó òåõíîëîã³¿ îðãàí³÷íèõ

ðå÷îâèí ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ÒÅÐÍÎÂÀ Êàòåðèíà Â³òàë³¿âíà – àñï³ðàíò, ²íñòèòóò òåõí³÷íî¿ ìåõàí³êè Íàö³îíàëüíî¿ àêà-

äåì³¿ íàóê Óêðà¿íè òà Äåðæàâíîãî êîñì³÷íîãî àãåíòñòâà Óêðà¿íè (²ÒÌ ÍÀÍÓ ³ ÄÊÀÓ) (ì. Äí³ïðî,

Óêðà¿íà)

ÒÎÃÎÁÈÖÜÊÀ Äàð’ÿ Ìèêîëà¿âíà – ä.ò.í., ïðîôåñîð, çàâ. â³ää³ëîì ô³çèêî-õ³ì³÷íèõ ïðîáëåì

ìåòàëóðã³éíèõ ïðîöåñ³â ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿íè (ì. Äí³ïðî,

Óêðà¿íà)
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ÒÐÈØÊ²Í Âëàäèñëàâ ßêîâè÷ – ê.ò.í., äîöåíò, äîöåíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ

òåõíîëîã³é òà ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Ä-

í³ïðî, Óêðà¿íà)

ÓÑ Ñâ³òëàíà Àëüáåðò³âíà – ê.ô.-ì.í., ïðîôåñîð êàôåäðè ñèñòåìíîãî àíàë³çó ³ óïðàâë³ííÿ

Íàö³îíàëüíîãî ã³ðíè÷îãî óí³âåðñèòåòó (ì. Äí³ïðî, Óêðà¿íà)

ÕÎËÊÎÂÑÜÊÈÉ Þð³é Ðîìàíîâè÷ – ê.ò.í., äîöåíò, äîöåíò êàôåäðè êîìï’þòåðíèõ òåõíî-

ëîã³é äèçàéíó ³ ãðàô³êè Íàö³îíàëüíîãî àâ³àö³éíîãî óí³âåðñèòåòó Óêðà¿íè (ì. Êè¿â, Óêðà¿íà)

ÕÓÄßÊÎÂ Îëåêñàíäð Þð³éîâè÷ – ê.ò.í., ñ.í.ñ. â³ää³ëó òåõíîëîã³÷íîãî îáëàäíàííÿ òà ñèñòåì

óïðàâë³ííÿ ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ØÀÏÊÀ ²ðèíà Â³òàë³¿âíà – âèêëàäà÷ êàôåäðè âèùî¿ ìàòåìàòèêè ÄÂÍÇ «Óêðà¿íñüêèé äåð-

æàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿íà)

ØÂÀ×È× Ãåííàä³é Ãðèãîðîâè÷ – ä.ò.í., ïðîôåñîð, çàâ³äóâà÷ êàôåäðè ïðèêëàäíî¿ ìàòåìàòè-

êè òà îá÷èñëþâàëüíî¿ òåõí³êè Íàö³îíàëüíî¿ ìåòàëóðã³éíî¿ àêàäåì³¿ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)

ØÅÉÊÓÑ Àíòîí Ðîìàíîâè÷ – àñï³ðàíò êàôåäðè êîìï’þòåðíî-³íòåãðîâàíèõ òåõíîëîã³é òà

ìåòðîëîã³¿ ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò» (ì. Äí³ïðî, Óêðà¿-

íà)

ØÓÌÅËÜ×²Ê ªâãåí³é ²ãîðîâè÷ – ê.ò.í., ñ.í.ñ. â³ää³ëó òåõíîëîã³÷íîãî îáëàäíàííÿ òà ñèñòåì

óïðàâë³ííÿ ²íñòèòóòó ÷îðíî¿ ìåòàëóðã³¿ ³ì. Ç.². Íåêðàñîâà ÍÀÍ Óêðà¿íè (ì. Äí³ïðî, Óêðà¿íà)
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ÑÎËÎÄÊÀ Í.Î.                     4
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ÈÌÅÍÍÎÉ ÓÊÀÇÀÒÅËÜ
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