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Ñíèæåíèå� êà÷åñòâà� çîëîòîñîäåðæàùèõ� ðóä� õàðàêòåðíî� äëÿ� âñåõ� ñòðàí,� âåäóùèõ� äîáû÷ó� çîëîòà.� Âñ¸�
÷àùå�â�îòðàáîòêó�âîâëåêàþòñÿ�ìåñòîðîæäåíèÿ�ñ�íèçêèì�ñîäåðæàíèåì�öåííîãî�êîìïîíåíòà�è�ñëîæíûì�
âåùåñòâåííûì�ñîñòàâîì,�äëÿ�ïåðåðàáîòêè�ðóä�êîòîðûõ�ïðèìåíÿþòñÿ,�â�îñíîâíîì,�ãèäðîìåòàëëóðãè÷å
ñêèå�ìåòîäû�îáîãàùåíèÿ,�íàïðèìåð�êó÷íîå�âûùåëà÷èâàíèå.�Ïðèìåíåíèå�öèàíèäà�íàòðèÿ,�à�òàêæå�åãî�
çàìåíèòåëåé�ÿâëÿåòñÿ�ýêîëîãè÷åñêè�íåáåçîïàñíûì�ìåòîäîì.�Â�ýòîì�àñïåêòå�àêòóàëüíî�ðàçâèòèå�ãðàâè
òàöèîííûõ�ìåòîäîâ�îáîãàùåíèÿ,�òàêèõ�êàê�îòñàäêà�â�öåíòðîáåæíîì�ïîëå.�Ðàçðàáîòàíû�äâå�ìàòåìàòè÷å
ñêèå�ìîäåëè,�ïîçâîëÿþùèå�ïðîãíîçèðîâàòü�çíà÷åíèÿ�ñîäåðæàíèÿ�è�èçâëå÷åíèÿ�öåííîãî�êîìïîíåíòà�â�
ïðîäóêòàõ�îáîãàùåíèÿ�öåíòðîáåæíîé�îòñàäî÷íîé�ìàøèíû�(ÖÎÌ)�ïðè�èçìåíåíèè�ðåãóëèðóåìûõ�òåõíîëî
ãè÷åñêèõ�ïàðàìåòðîâ,�à�èìåííî:�ñêîðîñòè�âðàùåíèÿ�îòñàäî÷íîé�êàìåðû,�àìïëèòóäû�è�÷àñòîòû�ïóëüñàöèè�
ïîäâèæíîãî�äíèùà�è�ðàñõîäà�ïîäðåø¸òíîé�âîäû.�Ìàòåìàòè÷åñêèå�ìîäåëè�ïîñòðîåíû�ìåòîäîì�ðåãðåñ
ñèîííîãî�àíàëèçà.�Â�êà÷åñòâå�èñõîäíûõ�äàííûõ�äëÿ�ïîñòðîåíèÿ�ìîäåëåé�ïðèíÿòû�ðåçóëüòàòû�íàòóðíûõ�
èñïûòàíèé�ïðîìûøëåííîãî�îáðàçöà�öåíòðîáåæíîé�îòñàäî÷íîé�ìàøèíû�êîíñòðóêöèè�ÀÎ�«Èðãèðåäìåò»�
íà�çîëîòîèçâëåêàòåëüíûõ�ôàáðèêàõ�(ÇÈÔ).�Â�ðåçóëüòàòå�ìàòåìàòè÷åñêîãî�ìîäåëèðîâàíèÿ�ðàíæèðîâà
íû�ïî�ñòåïåíè�âëèÿíèÿ�íà�ïðîöåññ�îáîãàùåíèÿ�ðåãóëèðóåìûå�òåõíîëîãè÷åñêèå�ïàðàìåòðû�ÖÎÌ,�âûÿâ
ëåíà�ìîäåëü,�ïîçâîëÿþùàÿ�ñ�ìåíüøåé�îøèáêîé�ïðîãíîçèðîâàòü�çíà÷åíèÿ�òåõíîëîãè÷åñêèõ�ïàðàìåòðîâ�
îáîãàùåíèÿ�(èçâëå÷åíèÿ�öåííîãî�êîìïîíåíòà�â�êîíöåíòðàò)�ïðè�èçìåíåíèè�íàñòðàèâàåìûõ�ïàðàìåòðîâ�
îáîãàùåíèÿ�â�ÖÎÌ.�Îáúåêò èññëåäîâàíèÿ�–�öåíòðîáåæíî�îòñàäî÷íûé�ìåòîä�îáîãàùåíèÿ�çîëîòîñîäåð
æàùèõ�ðóä.�Ïðåäìåò èññëåäîâàíèÿ�–�ìàòåìàòè÷åñêîå�ìîäåëèðîâàíèå�ïðîöåññà�îáîãàùåíèÿ�çîëîòîñî
äåðæàùåé�ðóäû�â�ÖÎÌ.�Öåëü èññëåäîâàíèÿ�–�îïðåäåëèòü�è�ðàíæèðîâàòü�ïî�ñòåïåíè�âëèÿíèÿ�íà�ïðîöåññ�
îáîãàùåíèÿ� ðåãóëèðóåìûõ� òåõíîëîãè÷åñêèõ� ïàðàìåòðîâ� ÖÎÌ� ñ� âûÿâëåíèåì� ìîäåëè,� ïîçâîëÿþùåé� ñ�
ìåíüøåé�îøèáêîé�ïðîãíîçèðîâàòü�çíà÷åíèÿ�òåõíîëîãè÷åñêèõ�ïàðàìåòðîâ�îáîãàùåíèÿ.�Ìåòîäîëîãèÿ 
èññëåäîâàíèÿ –�îïðåäåëåíèå�âçàèìîñâÿçè�ìåæäó�çàâèñèìîñòÿìè�ñîäåðæàíèÿ�è�èçâëå÷åíèÿ�çîëîòà�
â�ïðîäóêòû�îáîãàùåíèÿ�è�ðåãóëèðóåìûìè�òåõíîëîãè÷åñêèìè�ïàðàìåòðàìè�ÖÎÌ.�Ìåòîäû èññëåäîâà
íèÿ –�ìåòîä�ðåãðåññèîííîãî�àíàëèçà,�ìàòåìàòè÷åñêîãî�ìîäåëèðîâàíèÿ

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü, ðåãðåññèîííûé àíàëèç, ìåòîä íàèìåíüøèõ êâàäðàòîâ, ãðàâèòàöèîííûé 
ìåòîä îáîãàùåíèÿ, öåíòðîáåæíàÿ îòñàäî÷íàÿ ìàøèíà, îáîãàùåíèå çîëîòîñîäåðæàùåãî ñûðüÿ, èíòåíñèôèêàöèÿ 
ïðîöåññà îáîãàùåíèÿ, ïîëåçíûå èñêîïàåìûå, äîáû÷à è ïåðåðàáîòêà ñûðüÿ, îòâàëüíûå õâîñòû
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Decreasing�ore�grades�is�a�common�challenge�for�every�gold�mining�country�in�the�world.�Deposits�of�lowgrade�
and�complex�ores�are�increasingly�brought�into�production.�These�ores�are�typically�treated�by�hydrometallur
gical�methods,�for�example,�heap�leaching.�Meanwhile,�the�use�of�cyanide�and�its�alternatives�poses�a�risk�for�
the�environment.�Thus,�the�development�of�gravity�methods�including�jigging�in�a�centrifugalfield�is�becoming�
an�attractive�option�of�lowgrade�and�complex�ore�processing.�Two�mathematical�models�have�been�developed�
using�the�regression�method�to�predict�grade�and�recovery�characteristics�of�the�products�of�a�centrifugal�jigging�
machine�(CJM)�with�variable�process�parameters�including�jig�chamber�rotational�speed,�pulsation�frequency�
and�vibration�amplitude�of�a�movable�cone,�underscreenwater�flow�rate.�The�models�are�based�on�the�results�
of�the�field�trials�of�a�pilot�centrifugal�jigging�machine�designed�by�JSC�Irgiredmet�at�existing�goldprocessing�
plants.�Mathematical�modelling�provided�a�means�of�the�process�parameters�ranking�according�to�their�impact�
on�the�separation�process.�A�model�has�been�identified�that�ensures�a�more�accurate�prediction�of�the�separation�
process�variables�(metal�recovery�in�concentrate)�when�the�CJM’s�adjustable�parameters�are�changed.�The ob
ject of the study�is�the�centrifugal�jigging�method�of�goldbearing�ore�separation.�The scope of the study�is�math
ematical�modelling�of�goldbearing�ore�separation�using�CJM.�The objective of the study� is�the�determination�
and�ranking�of�the�CJM’s�process�parameters�according�to�their�impact�on�the�separation�process,�identification�
of�a�model�that�ensures�a�more�accurate�prediction�of�the�separation�process�variables.�The methodology of the 
study� involves�finding�the�correlation�between�gold�grade/gold�recovery�into�the�separation�products�and�the�
CJM’s�adjustable�parameters.�The method of the study�is�regression�analysis

Key words: mathematical model, regression analysis, method of least squares, gravity separation, centrifugal jigging ma
chine, goldbearing material separation, separation process intensification

Ââåäåíèå. Ìèíåðàëüíîñûðüåâûå� áàçû�
ñòðàí,�âåäóùèõ�äîáû÷ó�è�ïåðåðàáîòêó�ïî

ëåçíûõ� èñêîïàåìûõ,� ïîñòîÿííî� èçìåíÿþòñÿ�
[1;�8;�9;�10;�11],�â�ñâÿçè�ñ�÷åì�äëÿ�ïîääåðæà
íèÿ�è�óâåëè÷åíèÿ�îáú¸ìîâ�äîáû÷è�è�ïåðåðà
áîòêè� ñûðüÿ�íàðÿäó�ñ�íàðàùèâàíèåì�ïðîèç
âîäñòâåííûõ� ìîùíîñòåé� ñîâåðøåíñòâóþòñÿ�
è� îñâàèâàþòñÿ� íîâûå� òåõíîëîãè÷åñêèå� ïðî
öåññû� îáîãàùåíèÿ� ðóä� è� ïåñêîâ,� â� êîòîðûõ�
áîëüøîå� âíèìàíèå� óäåëÿåòñÿ� ïðîãíîçèðî
âàíèþ� ïîëó÷àåìûõ� òåõíîëîãè÷åñêèõ� ïîêàçà
òåëåé� îáîãàùåíèÿ,� â�òîì� ÷èñëå�ïðè�ïîìîùè�
ìåòîäîâ�ìàòåìàòè÷åñêîãî�ìîäåëèðîâàíèÿ.�

Îáúåêò èññëåäîâàíèÿ� –� öåíòðîáåæíî�
îòñàäî÷íûé�ìåòîä�îáîãàùåíèÿ�çîëîòîñîäåð
æàùèõ�ðóä.

Ïðåäìåò èññëåäîâàíèÿ� –� ìàòåìàòè÷å
ñêîå� ìîäåëèðîâàíèå� ïðîöåññà� îáîãàùåíèÿ�
çîëîòîñîäåðæàùåé�ðóäû�â�ÖÎÌ.

Öåëü èññëåäîâàíèÿ –�îïðåäåëèòü�è�ðàí
æèðîâàòü� ïî� ñòåïåíè� âëèÿíèÿ� íà� ïðîöåññ�
îáîãàùåíèÿ� ðåãóëèðóåìûõ� òåõíîëîãè÷åñêèõ�
ïàðàìåòðîâ�ÖÎÌ�ñ�âûÿâëåíèåì�ìîäåëè,�ïî
çâîëÿþùåé�ñ�ìåíüøåé�îøèáêîé�ïðîãíîçèðî
âàòü� çíà÷åíèÿ� òåõíîëîãè÷åñêèõ� ïàðàìåòðîâ�
îáîãàùåíèÿ.

Íàëè÷èå� ìàòåìàòè÷åñêîé� ìîäåëè� äëÿ�
îáîãàòèòåëüíîãî� àïïàðàòà� èëè� ïðîöåñ
ñà� èãðàåò� îñîáóþ� ðîëü� íå� òîëüêî� íà� ñòàäèè�
ýêñïëóàòàöèè,� íî� è� ïðè� ïðîâåäåíèè� íàó÷
íîèññëåäîâàòåëüñêèõ� è� ïðîåêòíûõ� ðàáîò,� è�
ïîçâîëÿåò� ïîëó÷àòü� ìàêñèìàëüíûå� ïîêàçà
òåëè�îáîãàùåíèÿ�(ñîäåðæàíèå�è�èçâëå÷åíèå�

öåííîãî�êîìïîíåíòà�â�ïðîäóêòû�îáîãàùåíèÿ)�
ïóò¸ì� ìàòåìàòè÷åñêîãî� îïðåäåëåíèÿ� îïòè
ìàëüíûõ�ðåãóëèðóåìûõ�ïàðàìåòðîâ�îáîðóäî
âàíèÿ�[3].

Ñ�êîíöà�80õ�ãã.�ïðîøëîãî�ñòîëåòèÿ�ïðè
îáðåëî� èçâåñòíîñòü� öåíòðîáåæíîîòñàäî÷
íîå�îáîãàùåíèå,�ðåàëèçóåìîå�â�öåíòðîáåæ
íîîòñàäî÷íûõ� ìàøèíàõ,� êîòîðûå� ðàáîòàþò�
ïî� ïðèíöèïó� âîçäåéñòâèÿ� íà� îáîãàùàåìóþ�
ñìåñü�âîñõîäÿùèõ�è�íèñõîäÿùèõ�ïóëüñàöèé�ñ�
îäíîâðåìåííûì� íàëîæåíèåì� öåíòðîáåæíûõ�
ñèë.

Â� ÀÎ� «Èðãèðåäìåò»� ðàçðàáîòàí� îïûò
íîïðîìûøëåííûé� îáðàçåö� öåíòðîáåæíîé�
îòñàäî÷íîé�ìàøèíû�ñ�ìàêñèìàëüíîé�ðàñ÷¸ò
íîé�ïðîèçâîäèòåëüíîñòüþ�15�ò/÷,�íà�êîòîðîì�
ïðîâåäåíû�íàòóðíûå�èñïûòàíèÿ�íà�ÇÈÔ.

Äëÿ� ðàçðàáîòêè� ìàòåìàòè÷åñêèõ� ìîäå
ëåé�â�êà÷åñòâå�èñõîäíûõ�äàííûõ�ïðèíÿòû�ðå
çóëüòàòû�èñïûòàíèé�íà�ÇÈÔ�1�è�ÇÈÔ�2.�Ïðè�
èñïûòàíèÿõ� â� ïðîìûøëåííûõ� óñëîâèÿõ� íà�
ÇÈÔ� 1� èñõîäíûì� ïèòàíèåì� ÿâëÿëñÿ� âåñüìà�
òðóäíîîáîãàòèìûé�ìàòåðèàë�ñ�êðàéíå�íåáëà
ãîïðèÿòíûì� âåùåñòâåííûì� ñîñòàâîì� –� îò
âàëüíûå�õâîñòû�öèàíèðîâàíèÿ�ôàáðèêè.�Ïðå
îáëàäàþùèì� ðàçìåðîì� ìèíåðàëüíûõ� ç¸ðåí�
áûë�êëàññ�êðóïíîñòè�ìèíóñ�0,125�ìì�–�92,7�%,�
à�âûõîä�íàèáîëüøåãî�ðàçìåðà�êëàññà�êðóïíî
ñòüþ�+0,5�ìì�ñîñòàâëÿë�0,02�%.�Ñîäåðæàíèå�
çîëîòà� çà� âðåìÿ� ïðîâåäåíèÿ� èññëåäîâàíèé�
èçìåíÿëîñü�îò�0,64�äî�0,91�ã/ò.�Ó÷èòûâàÿ,�÷òî�
èñõîäíàÿ� ðóäà� ïðîõîäèò� ìíîãîñòàäèàëüíîå�
äðîáëåíèå� è� îáîãàùåíèå,� à� òàêæå� ïðîöåññ�
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öèàíèðîâàíèÿ,�ìîæíî�ñêàçàòü,�÷òî�â� õâîñòàõ�
ÇÈÔ�1�ñâîáîäíîãî�çîëîòà�íåò.

Èñõîäíûì�ïèòàíèåì�ÖÎÌ�íà�ÇÈÔ�2�áû
ëè� îòâàëüíûå� õâîñòû� êðóïíîñòüþ� 79…83� %�
ôðàêöèè� ìèíóñ� 0,074� ìì,� ïðåäñòàâëåííûå�
ñëèâîì� ãèäðîöèêëîíîâ,� ïîëó÷åííîãî� ïîñëå�
äâîéíîé� êëàññèôèêàöèè� â� íèõ� ñëèâà� ñïè
ðàëüíûõ�êëàññèôèêàòîðîâ,�â� êîòîðûå�ïîñòó
ïàëè� õâîñòû� ãðàâèòàöèè� ÇÈÔ.� Ñîäåðæàíèå�
çîëîòà�â�èñõîäíîì�ïèòàíèè�ÖÎÌ�ñîñòàâëÿëî�
0,27…0,83�ã/ò,�çîëîòî�ïðàêòè÷åñêè�ïîëíîñòüþ�
ñâÿçàíî�ñ�ñóëüôèäàìè,�êîòîðûå�ïðåäñòàâëå
íû�áîëüøåé�÷àñòüþ�ïèðèòîì.

Â�ðàçðàáîòàííûõ�è�ñðàâíèâàåìûõ�ìàòå
ìàòè÷åñêèõ�ìîäåëÿõ�îñíîâíûìè�ïîêàçàòåëÿ
ìè,�îïðåäåëÿþùèìè�êà÷åñòâî�ïðîöåññà�îáî
ãàùåíèÿ,�ÿâëÿþòñÿ�ñîäåðæàíèå�è�èçâëå÷åíèå�
öåííîãî� êîìïîíåíòà� â� êîíöåíòðàò,� êîòîðûå�
èçìåíÿþòñÿ� ïóò¸ì� ðåãóëèðîâàíèÿ� íàñòðàè
âàåìûõ�òåõíîëîãè÷åñêèõ�ïàðàìåòðîâ�ÖÎÌ.�

Ê�ðåãóëèðóåìûì�òåõíîëîãè÷åñêèì�ïàðà
ìåòðàì� ïðè� îáîãàùåíèè� ïîëåçíîãî� èñêîïà
åìîãî� â� öåíòðîáåæíîé� îòñàäî÷íîé� ìàøèíå�
îòíîñÿòñÿ:�

Ñîäåðæàíèå� çîëîòà� â� ïðîäóêòàõ� îáîãà
ùåíèÿ� îïðåäåëÿëîñü� ìåòîäîì� ïðîáèðíîãî�
àíàëèçà.

èõ� ïî� çíà÷èìîñòè� (ñòåïåíè�
âëèÿíèÿ�íà�èíòåíñèôèêàöèè�ðåãóëèðóåìûìè�
òåõíîëîãè÷åñêèìè�ïàðàìåòðàìè�ÖÎÌ).

Âûáîð ñïîñîáà ïîñòðîå íèÿ çàâèñèìî
ñòåé. Ïðè� âûáîðå� ìåòîäà� ïîñòðîåíèÿ� ìà
òåìàòè÷åñêèõ� ìîäåëåé� ó÷èòûâàëñÿ� îáú¸ì�
äàííûõ,� ïîëó÷åííûõ� ïîñëå� ïðîâåäåíèÿ� íà
òóðíûõ�èñïûòàíèé�ÖÎÌ.�Òàê,�äëÿ�ïîñòðîåíèÿ�
èìèòàöèîííûõ� ìîäåëåé� èëè�ìîäåëåé� â� âèäå�
äèôôåðåíöèàëüíûõ� óðàâíåíèé� òðåáóåòñÿ�
áîëüøîé� ìàññèâ� äàííûõ� [7],� ïîýòîìó� ïî
ñòðîåíèå�ìîäåëåé�îñóùåñòâëÿëîñü�ìåòîäîì�
ðåãðåññèîííîãî� àíàëèçà,� îñíîâîé� êîòîðîãî�
ÿâëÿåòñÿ� ìåòîä� íàèìåíüøèõ� êâàäðàòîâ.� Ðå
ãðåññèîííûå� ìîäåëè� óñïåøíî� ïðèìåíÿþòñÿ�
ïðè� ïîñòðîåíèè� ìàòåìàòè÷åñêèõ� ìîäåëåé�
îáîãàòèòåëüíûõ� àïïàðàòîâ,� â� òîì� ÷èñëå� äëÿ�
ãðàâèòàöèîííîãî�îáîãàùåíèÿ�[5].�

Íàðÿäó�ñ�÷àñòîòîé�âðàùåíèÿ�îòñàäî÷íîé�
êàìåðû,� ÷àñòîòîé� è� àìïëèòóäîé� êîëåáàíèé�
ïîäâèæíîãî� êîíóñà� â� ìàòåìàòè÷åñêèå�ìîäå
ëè�÷åòâåðòûì�çíà÷èìûì�ïàðàìåòðîì�ïðèíÿò�
ðàñõîä�ïîäðåø¸òíîé� âîäû�êàê� âàæíûé� ðåãó
ëèðóåìûé� òåõíîëîãè÷åñêèé� ïàðàìåòð� îòñà
äî÷íûõ�ìàøèí�[10].�Ñîäåðæàíèå�è�èçëå÷åíèå�
çîëîòà� â� êîíöåíòðàò� è� õâîñòû� â� óðàâíåíèÿõ�
ðåãðåññèè� îáîçíà÷åíû� êàê� y1� è� y2� ñîîòâåò
ñòâåííî,� à� ðåãóëèðóåìûå� òåõíîëîãè÷åñêèå�
ïàðàìåòðû�–�êàê�õ1,�ãäå�i = 1(1)4.

Ñóòü� íàõîæäåíèÿ� êîýôôèöèåíòîâ� óðàâ
íåíèÿ� ðåãðåññèè� ìåòîäîì� íàèìåíüøèõ� êâà
äðàòîâ� (ÌÍÊ)� çàêëþ÷àåòñÿ� â� ïîèñêå� òàêèõ�
êîýôôèöèåíòîâ� óðàâíåíèÿ� ðåãðåññèè,� ïðè�
êîòîðûõ� ñóììà� êâàäðàòîâ� ïðîãíîçèðóåìûõ�
çíà÷åíèé� (îøèáîê)� îò� ïîëó÷åííûõ� íàòóðíûì�
ïóò¸ì�äàííûõ�áóäåò�ìèíèìàëüíà�[11].�

Ïî�ðåçóëüòàòàì�íàòóðíûõ�èñïûòàíèé�ïî
ëó÷åíû� çíà÷åíèÿ� ñîäåðæàíèÿ� è� èçâëå÷åíèÿ�
çîëîòà�â�ïðîäóêòû�îáîãàùåíèÿ�ÖÎÌ�ïðè�êîí
êðåòíûõ� ðåãóëèðóåìûõ� òåõíîëîãè÷åñêèõ� ïà
ðàìåòðàõ�õ

i�
(òàáë.�1).�

Ïðè� îáîãàùåíèè� ìàòåðèàëà� â� ÖÎÌ� íà�
ïîëó÷àåìûå� çíà÷åíèÿ� ñîäåðæàíèÿ� è� èçâëå
÷åíèÿ� çîëîòà� â� êîíöåíòðàò�è�õâîñòû�(ó

1
� è� ó

2
)

�

êðîìå� ðåãóëèðóåìûõ� òåõíîëîãè÷åñêèõ� ïà
ðàìåòðîâ� (õ�

14
)� âëèÿþò� è� äðóãèå� ôàêòîðû,�

íàïðèìåð� õàðàêòåðèñòèêè� èñõîäíîãî� ïèòà
íèÿ,� êðóïíîñòü� è� âûñîòà� èñêóññòâåííîé� ïî
ñòåëè� ÖÎÌ,� óäåëüíàÿ� íàãðóçêà� ïî� òâ¸ðäîìó�
è�ïóëüïå�è�äð.�Â�äàííîì�ñëó÷àå�â�óðàâíåíèÿ�
ðåãðåññèé� âêëþ÷àþò� òîëüêî� îñíîâíûå� ðåãó
ëèðóåìûå�òåõíîëîãè÷åñêèå�ïàðàìåòðû�ÖÎÌ,�
îñòàëüíûå�ïðèíèìàþòñÿ�êàê�ïîñòîÿííûå.

Â� îïèñûâàåìûõ� ìàòåìàòè÷åñêèõ� ìîäå
ëÿõ� ðåãðåññèÿ� –� ýòî� ïðîãíîçèðîâàíèå� çíà
÷åíèé� ñîäåðæàíèÿ� è� èçâëå÷åíèÿ� ïðè� îïðå
äåë¸ííûõ� ïàðàìåòðàõ� ÷àñòîòû� âðàùåíèÿ�
îòñàäî÷íîé� êàìåðû,� ÷àñòîòû� è� àìïëèòóäû�
êîëåáàíèé,�ðàñõîäà�ïîäðåø¸òíîé�âîäû.�

Äëÿ� áîëüøåé� àäàïòèâíîñòè� ëèíåéíîé�
ðåãðåññèè� è� ìèíèìèçàöèè� ñðåäíåêâàäðà
òè÷íîé� îøèáêè� ìîæåò� âûãëÿäåòü� öåëåñî
îáðàçíî�âêëþ÷åíèå�â�óðàâíåíèÿ�ìàêñèìàëü
íîãî�êîëè÷åñòâà�ýêñïåðèìåíòàëüíûõ�äàííûõ�
èç�òàáë.�1.�Îäíàêî�â�ýòîì�ñëó÷àå�ìîäåëè�áó
äóò� èäåàëüíî� îïðåäåëÿòü� y

1
� è� y

2
� òîëüêî� äëÿ�

óêàçàííîãî� â� òàáëèöå� ìàññèâà� äàííûõ.� Ïðè�
ïîëó÷åíèè� íîâûõ,� ôàêòè÷åñêè� ïîëó÷åííûõ�
çíà÷åíèÿ� ñîäåðæàíèÿ� è� èçâëå÷åíèÿ� áóäóò�
ñóùåñòâåííî�îòëè÷àòüñÿ�îò�ïðîãíîçèðóåìûõ�
çíà÷åíèé,� ïîëó÷åííûõ� ïðè� ïîìîùè� óðàâíå
íèé�ðåãðåññèè.
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Òàáëèöà�1�/�Table�1�

Ðåçóëüòàòû èñïûòàíèé ÖÎÌ íà ÇÈÔ 1 è 2 / Results of the CJM’s trials at Plant 1 and Plant 2

ÇÈÔ / 
Plant

 Ìîäåëü ïî ñîäåðæàíèþ 
öåííîãî êîìïîíåíòà / 

Grade model

Ìîäåëü ïî èçâëå÷åíèþ 
öåííîãî êîìïîíåíòà /

Recovery model

1

0,68 0,63 12,5 87,5 95 200 18 10

0,78 0,7 5,9 94,1 85 200 24 10

0,88 0,63 15,9 84,1 115 200 12 10

0,92 0,65 25,9 74,1 125 200 12 10

2,2 1,3 19,3 80,7 150 200 9 5

1,04 0,71 20,4 79,6 150 200 12 10

0,9 0,6 20,1 79,9 150 240 12 7

1,21 0,82 29,9 70,1 150 300 14 10

1,23 0,86 31,1 68,9 150 300 14 10

0,9 0,6 17,5 82,5 175 200 12 7

2,2 0,8 20,1 79,9 175 250 9 5

1,07 0,72 28,6 71,4 200 240 14 10

1,3 0,5 26,5 73,5 200 280 9 5

2,56 1,72 18,1 81,9 220 240 12 7

2,64 1,3 22,3 77,7 220 240 12 7

2

0,78 0,7 5,54 94,46 85 200 24 10

0,68 0,63 12,83 87,17 95 200 18 10

0,73 0,68 12,77 87,23 105 200 12 10

0,88 0,63 16 84 115 200 12 10

0,92 0,86 21,1 78,9 125 200 12 10

1,04 0,71 27,55 72,45 150 240 12 10

1,21 0,82 29,76 70,24 150 300 12 14

0,98 0,86 26,64 73,36 150 300 12 14

1,07 0,72 34,3 65,7 200 240 12 14

Èñõîäÿ� èç�ýòîãî,�èñõîäíûé� ìàññèâ� ñëó
÷àéíûì� îáðàçîì� ðàçäåëåí� íà� äâå� ÷àñòè.� Íà�
îäíîé� èç� íèõ� îñóùåñòâëÿëîñü� ïîñòðîåíèå�
ìîäåëè,� íà� âòîðîé� –� ïðîâåðêà� íà� àäåêâàò
íîñòü.

Ïîñòðîåíèå ðåãðåññèîííûõ ìîäåëåé. 
Ïåðåä� íà÷àëîì� ïîñòðîåíèÿ� ðåãðåññèâíûõ�
ìîäåëåé� íåîáõîäèìî� ïðîâåñòè� ðàñ÷åò� ïàð
íûõ� êîýôôèöèåíòîâ� êîððåëÿöèè� � ìåæäó�

íåçàâèñèìûìè� ïåðåìåííûìè� ,� … � è� âû
õîäíûìè�ïàðàìåòðàìè� �è� �ïî�ôîðìóëå

(1)

ãäå� � è� � ñðåäíèå� çíà÷åíèÿ� âåëè÷èí,� äëÿ�
êîòîðûõ�ðàññ÷èòûâàåòñÿ�êîýôôèöèåíò;

�è� �–�èõ�ñðåäíåêâàäðàòè÷åñêèå�îòêëî
íåíèÿ�ñîîòâåòñòâåííî.��
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Òàáëèöà�2�/�Table�2�

Ðåçóëüòàòû ðàñ÷¸òà ïàðíûõ êîýôôèöèåíòîâ / Calculation of the pair coefficients

Ïîêàçàòåëü/
Parameter

×àñòîòà âðàùåíèÿ 
îòñàäî÷íîé êàìåðû,

ìèí1, x
1 

/ Jig 
chamber rotational 

speed, min1, x1

×àñòîòà êîëåáàíèé 
ïîäâèæíîãî êîíóñà,
ìèí1, x

2 
/ Movable 

cone pulsation 
frequency, min1, x2

Äëèíà õîäà 
ïîäâèæíîãî

 êîíóñà, ìì, x3 / 
Movable cone 
stroke length, 

mm, x3

Ðàñõîä ïîäðåø¸òíîé 
âîäû, ì3/÷, x4 / 

Underscreenwater 
flow rate, m3/h, x

4

Êîíöåíòðàò (y
1
)/

Concentrate (y
1
) 0,69 0,63 0,24 0,71 0,44 0,6 0,54 0,247

Õâîñòû (y
2
)/

Tailings (y
2
) 0,47 0,63 0,13 0,71 0,2 0,6 0,25 0,247

Ñóììà� èçâëå÷åíèÿ� â� êîíöåíòðàò� è� õâî
ñòû� ðàâíà� 100� %.� Ñîîòâåòñòâåííî,� ýòè� äâå�
âåëè÷èíû� âçàèìîçàâèñèìû,� ÷òî� âûðàæàåòñÿ�
â�ñîâïàäåíèè�çíà÷åíèé�êîýôôèöèåíòîâ�êîð
ðåëÿöèè�îòëè÷àÿñü�ïðè�ýòîì�çíàêîì.

Èç�òàáë.�2�âèäíî,�÷òî�ïàðíûå�êîýôôèöè
åíòû�êîððåëÿöèè�ïîäòâåðæäàþò�íàëè÷èå�çàâè
ñèìîñòè�ìåæäó�âûõîäíûìè�è�âõîäíûìè�ïàðà
ìåòðàìè.�Â�ìîäåëè�ïî�ñîäåðæàíèþ�ïðè�ýòîì�
áîëüøèíñòâî�êîýôôèöèåíòîâ�ìåíåå�0,5,�÷òî�
ìîæåò�ñâèäåòåëüñòâîâàòü�î�íåëèíåéíîñòè�çà
âèñèìîñòè�ìåæäó�èññëåäóåìûìè�ïàðàìåòðà
ìè.�Â�ìîäåëè�ïî�èçâëå÷åíèþ�ïðîñëåæèâàåòñÿ�
äîìèíèðîâàíèå� ÷àñòîòû� êîëåáàíèé� ïîäâèæ
íîãî�êîíóñà�íàä�îñòàëüíûìè�ïàðàìåòðàìè.�

Êîíñòðóèðîâàíèå� ðåãðåññèîííîé� ìîäå
ëè� îñóùåñòâëÿëîñü� â� âèäå� óïðîù¸ííîãî� ðÿ

äà� Âèíåðà,� îáùàÿ� ôîðìóëà� êîòîðîãî� ìîæåò�
áûòü�ïðåäñòàâëåíà�â�âèäå

ãäå�� ��îïðåäåëÿþò�ïîðÿäîê�ìîäåëè.�
Ââèäó� îãðàíè÷åííîãî� ÷èñëà� îïûòîâ,� à�

òàêæå�â�ñâÿçè�ñ�òåì,�÷òî�êîëè÷åñòâî�íàáëþ
äåíèé� íåçíà÷èòåëüíî� ïðåâîñõîäèò� ÷èñëî�
ïàðàìåòðîâ,� ñëîæíîñòü� ìîäåëè� áûëà� îãðà
íè÷åíà�ïåðâûì�è�âòîðûì�ïîðÿäêîì� äëÿ�ìî
äåëåé� ïî� ñîäåðæàíèþ� è� èçâëå÷åíèþ� ñîîò
âåòñòâåííî.

Îáðàáîòêà� ðåçóëüòàòîâ� èñïûòàíèé� îñó
ùåñòâëÿëàñü� ïî� ïðåäñòàâëåííîìó� ñëåäóþ
ùåìó�àëãîðèòìó:

,��������������������������������(2)

Ñõåìà àëãîðèòìà îáðàáîòêè ðåçóëüòàòîâ èñïûòàíèé / Algorithm for processing of the study results
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Ïðè�ïðîâåäåíèè�îöåíîê�êîíå÷íûå�ìîäå
ëè�äîëæíû:

–�êàê�ìîæíî�ëó÷øå�îïèñûâàòü�èñõîäíóþ�
âûáîðêó.� Äëÿ� ýòîãî�ïðèìåíÿåòñÿ� êîýôôèöè
åíò�äåòåðìèíàöèè�R2�ñ�ó÷¸òîì,�÷òî� ,�
äëÿ�÷åãî�â�êðèòåðèé�âêëþ÷åíà�âåëè÷èíà� ;

–�áûòü�áëèçêè�ê�ðåçóëüòàòàì�èñïûòàíèé,�
äëÿ�÷åãî� íåîáõîäèìî�ðàññ÷èòàòü�ñóììó�êâà
äðàòîâ� îòêëîíåíèé� ïðîãíîçíûõ� âåëè÷èí� îò�
èñòèííûõ,�äëÿ�÷åãî�è�áûëî�îòîáðàíî�ïî�îäíî
ìó�îïûòó,�êîòîðûå�íå�ïðèíèìàëèñü�âî�âíèìà
íèå� ïðè� ðàñ÷åòå� êîýôôèöèåíòîâ� óðàâíåíèÿ�
ðåãðåññèè.

Êðèòåðèé� äëÿ� îöåíêè� ïîëó÷àåìûõ� ðå
ãðåññèîííûõ�ìîäåëåé�(I)�îïðåäåëåí�ïî�ôîð
ìóëå�

ãäå� �è� �âåñîâûå�êîýôôèöèåíòû;
,� �–� çíà÷åíèå,�ðàññ÷èòàííîå�íà�

îñíîâàíèè�ìîäåëè� äëÿ� äàííûõ� èç� ïðîâåðî÷
íîé�âûáîðêè;

� –� èñòèííîå� çíà÷åíèå� ïàðàìåòðà� èç�
ïðîâåðî÷íîé�âûáîðêè.�

Êîýôôèöèåíòû� � è� � ïîçâîëÿþò� èçìå
íÿòü� ìîäåëè� êàê� â� ñòîðîíó� óâåëè÷åíèÿ� ïðî
ãíîñòè÷åñêîé� ñïîñîáíîñòè,� òàê� è� â� ñòîðîíó�
óâåëè÷åíèÿ�àäàïòèâíîñòè�ìîäåëè.�Öåëåñî
îáðàçíî�ïðèíÿòü� �è� �ðàâíûìè�0,5.

Êîíå÷íûé� ðåçóëüòàò� àëãîðèòìà� è� ïîëó
÷åíèå� óðàâíåíèé� ðåãðåññèè� ñ� ìèíèìàëüíûì�

Èç� èòîãîâîãî� óðàâíåíèÿ� ðåãðåññèè� ïî�
èçâëå÷åíèþ� âèäíî,� ÷òî� ïðîöåññ� ýôôåêòèâ
íîñòè� îáîãàùåíèÿ� â� ÖÎÌ� íå� çàâèñèò� îò� ïå
ðåìåííîé� �(ðàñõîä�ïîäðåø¸òíîé�âîäû),�÷òî�
ñîîòâåòñòâóåò�äàííûì�êîððåëÿöèîííîãî�àíà
ëèçà�(êîýôôèöèåíò� �=�0,274).�

Âåðîÿòíîñòè� äëÿ� êîýôôèöèåíòîâ� ðå
ãðåññèè� óðàâíåíèÿ,� îïðåäåëåííûå� ïðè� ïî
ìîùè� ðàñ÷åòà� tñòàòèñòèêè,� ðàâíû� ñîîòâåò
ñòâåííî�è�ìîãóò�áûòü�ïðåäñòàâëåíû�â��òàáë.�3.

,���������������������(3)

Ïðè�ýòîì� ,�÷òî�ãîâîðèò�î�âûñî
êîì�êà÷åñòâå�ïîëó÷åííîé�ìîäåëè.�

Óðàâíåíèå�ðåãðåññèè�äëÿ�ìîäåëè�ïî�èç
âëå÷åíèþ

.������(4)

.��������������������������������������������������(5)��

Ïðè�ýòîì� ,�÷òî�ãîâîðèò�î�âûñî
êîì�êà÷åñòâå�ïîëó÷åííîé�ìîäåëè.�

çíà÷åíèåì� êðèòåðèÿ� � è� � � äëÿ�
ìîäåëåé�ïî�ñîäåðæàíèþ�è�èçâëå÷åíèþ�ñîîò
âåòñòâåííî,� ÷òî� ñîâåòñòâóåò� óðàâíåíèþ� ðå
ãðåññèè�äëÿ�ìîäåëè�ïî�ñîäåðæàíèþ:

Òàáëèöà�3�/�Table�3

Âåðîÿòíîñòè äëÿ êîýôôèöèåíòîâ ðåãðåññèè / Probabilities for the regression coefficients

 Ìàòåìàòè÷åñêàÿ ìîäåëü ïî ñîäåðæàíèþ/
Mathematical model of grade

Ìàòåìàòè÷åñêàÿ ìîäåëü ïî èçâëå÷åíèþ/
Mathematical model of recovery

Çíà÷åíèå êîýôôè
öèåíòà ðåãðåññèè / 

Regression coefficient 

Çíà÷åíèå âåðîÿòíîñòè 
äëÿ êîýôôèöèåíòà 

ðåãðåññèè / Regression 
coefficient probability

Çíà÷åíèå êîýôôè
öèåíòà ðåãðåññèè / 

Regression coefficient 

Çíà÷åíèå êîýôôèöèåíòà 
ðåãðåññèè / Regression 

coefficient

b0 1,18 5,5*107 0,74 0,05

b
1

12,49 1,95*106 1,38 0,02

b
2

3 0,00064 0,27 0,35

b3 17,8 1,07*107 1,14 0,04

b
4

1,25 0,002 1,24 0,04

b
5

2,68 0,1 1,94 0,05

b6 1,64 0,0003 0,27 0,39

b
7

8,72 1,09*105 0,47 0,6
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b
8

15,53 1,4*105 1,31 0,22

b
9

3 0,0004 0,26 0,38

b10 6,75 0,0005

b
11

1,66 0,12

b
12

10,15 7,22*105

b13 0,51 0,021

b
14

5,21 0,0013

Îêîí÷àíèå�òàáë.�3

Êàê�âèäíî�èç�òàáë.�3,�çíà÷åíèÿ�áîëüøåé�
÷àñòè�âåðîÿòíîñòåé�ìåíüøå�0,05,�÷òî�ãîâîðèò�
î� çíà÷èìîñòè� ïîëó÷åííûõ� êîýôôèöèåíòîâ�
óðàâíåíèÿ�ðåãðåññèè.

Âûâîäû. Àíàëèçèðóÿ� ïîëó÷åííûå� ðå
çóëüòàòû,�ìîæíî�ñäåëàòü�ñëåäóþùèå�âûâîäû:

1)� ìàòåìàòè÷åñêàÿ� ìîäåëü� ïî� ñîäåðæà
íèþ� èìååò� 14� ñëàãàåìûõ,� à� ìàòåìàòè÷åñêàÿ�
ìîäåëü� ïî� èçâëå÷åíèþ� –� 9.� Ñëåäîâàòåëüíî,�
ìàòåìàòè÷åñêàÿ� ìîäåëü� ïî� èçâëå÷åíèþ� ñ�

ìåíüøåé� îøèáêîé� îïðåäåëÿåò� òåõíîëîãè
÷åñêèå� ïàðàìåòðû� îáîãàùåíèÿ� (èçâëå÷åíèÿ�
öåííîãî�êîìïîíåíòà�â�êîíöåíòðàò)�ïðè�èçìå
íåíèè� íàñòðàèâàåìûõ� ïàðàìåòðîâ� îáîãàùå
íèÿ�â�ÖÎÌ;

2)� îïðåäåëåíû� è� ðàíæèðîâàíû� ïî� ñòå
ïåíè�âëèÿíèÿ�íà�ïðîöåññ�îáîãàùåíèÿ�â�ÖÎÌ�
ðåãóëèðóåìûå� òåõíîëîãè÷åñêèå� �ïàðàìåòðû�
(òàáë.�4).�

Òàáëèöà�4�/�Table�4

Ðàíæèðîâàíèå ïàðàìåòðîâ ïî ñòåïåíè âëèÿíèè íà ñîäåðæàíèå è èçâëå÷åíèå çîëîòà â ïðîäóêòû 
îáîãàùåíèÿ ÖÎÌ / Ranking of the process parameters according to their impact on gold grade and recovery 

into the CJM’s separation products

Ìàòåìàòè÷åñêàÿ ìîäåëü ïî ñîäåðæàíèþ /
Mathematical model of grade

Ìàòåìàòè÷åñêàÿ ìîäåëü ïî èçâëå÷åíèþ / 
Mathematical model of recovery

1. Äëèíà õîäà ïîäâèæíîãî êîíóñà, ïðè ýòîì äàííàÿ çàâèñèìîñòü 
íîñèò îáðàòíî ïðîïîðöèîíàëüíûé õàðàêòåð: ÷åì áîëüøå äëèíà õîäà 
ïîäâèæíîãî êîíóñà, òåì ìåíüøå ñòåïåíü êîíöåíòðàöèè/Movable cone 

stroke length; the relationship is inversely proportional: the longer the 
moving cone stroke, the lower the concentration ratio

1. ×àñòîòà âðàùåíèÿ îòñàäî÷íîé êàìåðû, 
ïðè ýòîì äàííàÿ çàâèñèìîñòü íîñèò ïðÿìî 
ïðîïîðöèîíàëüíûé õàðàêòåð/Jig chamber 
rotational speed; the relationship is directly 

proportional

2. Ïðîèçâåäåíèå ÷àñòîòû êîëåáàíèé ïîäâèæíîãî êîíóñà è äëèíû 
õîäà ïîäâèæíîãî êîíóñà, ÷òî ãîâîðèò î âçàèìîçàâèñèìîñòè äàííûõ 

ïàðàìåòðîâ/The product of movable cone pulsation frequency and stroke 
length which indicates that these parameters are interdependent

2. Ïðîèçâåäåíèå ÷àñòîòû êîëåáàíèé ïîäâèæ
íîãî êîíóñà è ÷àñòîòû âðàùåíèÿ îòñàäî÷íîé 
êàìåðû/The product of movable cone pulsation 

frequency and jig chamber rotational speed

3. ×àñòîòà âðàùåíèÿ îòñàäî÷íîé êàìåðû, êîòîðàÿ âõîäèò â óðàâíåíèå 
ðåãðåññèè ñ ïîëîæèòåëüíûì êîýôôèöèåíòîì/Jig chamber rotational 

speed which has a positive coefficient in the regression equation

3. Äëèíà õîäà ïîäâèæíîãî êîíóñà, êîòîðàÿ 
âõîäèò â óðàâíåíèå ðåãðåññèè ñ ïîëîæèòåëü

íûì êîýôôèöèåíòîì/Movable cone stroke 
length which has a positive coefficient in the 

regression equation

Â� îáåèõ� ìàòåìàòè÷åñêèõ� ìîäåëÿõ� ðàñ
õîä�ïîäðåø¸òíîé�âîäû�íå�îêàçûâàåò�âëèÿíèÿ�
íà� ïðîöåññ� îáîãàùåíèÿ� â� ÖÎÌ.� Ïàðíûå� êî
ýôôèöèåíòû�êîððåëÿöèè�ìåíåå�0,5,�÷òî�ñâè

äåòåëüñòâóåò� î� íåëèíåéíîñòè� çàâèñèìîñòåé�
ìåæäó�èññëåäóåìûìè�ðåãóëèðóåìûìè�òåõíî
ëîãè÷åñêèìè�ïàðàìåòðàìè.
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