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Ðàññìîòðåíû çàâèñèìîñòè âëèÿíèÿ êðóïíîñòè èçìåëü÷åííîãî ìàòåðèàëà è åãî 
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ðîöåññ äåçèíòåãðàöèè, â îñîáåííîñòè òîíêîå èçìåëü÷åíèå, òðåáóåò 
çíà÷èòåëüíûõ çàòðàò ýíåðãèè. Îáùàÿ ýíåðãèÿ, ïîòðåáëÿåìàÿ ìåëüíè-

öåé äåëèòñÿ íà äâå îñíîâíûå ÷àñòè. Ïåðâàÿ, ïîëåçíî ïîòðåáëÿåìàÿ ýíåðãèÿ, — 
íåïîñðåäñòâåííî íàïðàâëåíà íà èçìåíåíèå ãðàíóëîìåòðè÷åñêîãî ñîñòàâà èç-
ìåëü÷àåìîãî ìàòåðèàëà è ðàñêðûòèå ñðîñòêîâ ìèíåðàëîâ, à âòîðàÿ, — òåðÿå-
ìàÿ ÷àñòü, — ðàñõîäóåòñÿ íà ïåðåìåøèâàíèå ìàòåðèàëà â çîíå èçìåëü÷åíèÿ, 
èçíîñ ôóòåðîâêè è ò.ä. 

Èíòåðåñ â ïåðâóþ î÷åðåäü ïðåäñòàâëÿåò îïðåäåëåíèå ýíåðãèè íåïîñðåäñò-
âåííî íàïðàâëåííîé íà ðàñêðûòèå ñðîñòêîâ ïðè èçìåíåíèè ãðàíóëîìåòðè÷å-
ñêîãî ñîñòàâà. 

Ðàññìîòðèì èçâåñòíûå ãèïîòåçû çàêîíà èçìåëü÷åíèÿ — Ðåáèíäåðà, Ðèòòèí-
ãåðà, Êèðïè÷åâà-Êèêà, Áîíäà, Õóêêè. 

Â îáùåì âèäå èõ ìîæíî ñôîðìóëèðîâàòü òàê — ýíåðãèÿ èçìåëü÷åíèÿ ïðî-
ïîðöèîíàëüíà âíîâü îáðàçîâàííîé ïîâåðõíîñòè è îáúåìó èçìåëü÷åííîãî ìàòå-
ðèàëà. Â ýòîì ñëó÷àå âûðàæåíèå ñïðàâåäëèâîå äëÿ èçìåëü÷åíèÿ åäèíèöû îáú-
åìà ÷àñòèö ìàòåðèàëà ðàçìåðîì îò l1 äî l2 ìîæíî ïðåäñòàâèòü â âèäå 
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ãäå kn — ðàáîòà ïëàñòè÷åñêèõ äåôîðìàöèé íà åäèíèöó ïëîùàäè ïîâåðõíîñòè;  
ky — ðàáîòà óïðóãèõ äåôîðìàöèé íà åäèíèöó îáúåìà ìàòåðèàëà. 

Ðàññìîòðèì êóáèê õðóïêîãî ìàòåðèàëà ñ ðåáðîì (l1), êîòîðûé íåîáõîäèìî 
ðàçðóøèòü äî êóáèêîâ ðàçìåðîì l2 < l1 (ðèñ. 1). Ïðèêëàäûâàÿ íàãðóçêó â íà-
ïðàâëåíèè ïåðïåíäèêóëÿðíîì ñòîðîíå êóáèêà, îòäåëèì ñëîé òîëùèíîé l2. Çà-
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Ñóììàðíàÿ ðàáîòà ñèë ïëàñòè÷åñêèõ 
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Òåïåðü ê êàæäîìó èç ïîëó÷åííûõ 
ñëîåâ ïðèëîæèì íàãðóçêó â ïåðïåíäè-
êóëÿðíîì íàïðàâëåíèè. Îòêîëåì îò 
êàæäîãî ñëîÿ ñòîëáèêè è îïðåäåëèì 
äëÿ êàæäîãî ðàáîòó ñèë ïëàñòè÷åñêèõ è 
óïðóãèõ äåôîðìàöèé. Ðàáîòà ïëàñòè÷å-
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Òåïåðü áóäåì ðàçðóøàòü ñòîëáèêè, îáùåå êîëè÷åñòâî êîòîðûõ ( )1
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äëÿ êàæäîãî ñòîëáèêè ðàáîòà ñèë ïëàñòè÷åñêèõ äåôîðìàöèé ðàâíà 
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Ñóììàðíàÿ ðàáîòà ïîëó÷èòñÿ óìíîæåíèåì ýòèõ êîëè÷åñòâ íà 
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Ñóììèðóÿ âñå ïðîèçâåäåííûå ðàáîòû, ïîëó÷èì, ÷òî ðàáîòà ñèë ïëàñòè÷å-
ñêèõ äåôîðìàöèé íå çàâèñèò îò ïîñëåäîâàòåëüíîñòè ðàçðóøåíèÿ è ðàâíà 
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Îáùàÿ ýíåðãèÿ íåîáõîäèìàÿ äëÿ ðàçðóøåíèÿ êóáèêà îò ðàçìåðà l1 äî l2 ðàâíà 
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Ó÷èòûâàÿ, ÷òî èñõîäíûé è èçìåëü÷åííûé ìàòåðèàë ñîäåðæèò ÷àñòèöû ðàç-
ëè÷íîãî ðàçìåðà, òî íà èçìåëü÷åíèå 1 ì3 ìàòåðèàëà çàòðà÷èâàåòñÿ ýíåðãèÿ 
ðàâíàÿ 

 
 

Èëëþñòðàöèÿ ðàçäåëåíèÿ ÷àñòèö 
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Îáîáùåííóþ çàâèñèìîñòü êîëè÷åñòâà ýíåðãèè îò êðóïíîñòè èçìåëü÷åíèÿ 
ïðåäñòàâèì â âèäå ôîðìóëû Õóêêè 

( )f l

dE k

dl e
= − , (4) 

ãäå k — êîýôôèöèåíò çàâèñÿùåé îò ïðî÷íîñòè ìàòåðèàëà; f(l) — ýêñïåðèìåí-
òàëüíî îïðåäåëåííàÿ ôóíêöèÿ êðóïíîñòè. 

Ó÷èòûâàÿ, ÷òî íàøè èíòåðåñû â äàííîé ðàáîòå îãðàíè÷åíû òîíêèì èçìåëü-
÷åíèåì, ïðèìåì f(l) = 2, ÷òî ïðèâåäåò ê çàâèñèìîñòè Ðèòòèíãåðà, à êîýôôèöè-
åíò k ìîæíî îïðåäåëèòü ÷åðåç èíäåêñ ðàáîòû Áîíäà — w (ýíåðãèþ çàòðà÷åí-
íóþ íà èçìåëü÷åíèå 1 òîííû ìàòåðèàëà «áåñêîíå÷íîãî» ðàçìåðà äî êðóïíîñòè 
0,1 ìì) k = 100w. ×èñëåííûå çíà÷åíèÿ èíäåêñà w Áîíäà èçìåðåíû äëÿ ìíîãèõ 
òèïîâ ðóä è ëåãêî ýêñòðàïîëèðóþòñÿ ñ ïîìîùüþ êîýôôèöèåíòà êðåïîñòè ïî 
øêàëå ïðîô. Ïðîòîäúÿêîíîâà (1). 

Â ÷àñòíîñòè äëÿ êâàðöà wk = 14,05 êÂò ÷/ò, äëÿ ñâèíöîâî-öèíêîâîé ðóäû  
wp = 12,75 êÂò ÷/ò, è ñîîòâåòñòâåííî äëÿ êâàðöà kk = 1405, äëÿ ñâèíöîâî-
öèíêîâîé ðóäû kp = 1275 
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Äèôôåðåíöèàëüíûå ãðàíóëîìåòðè÷åñêèå õàðàêòåðèñòèêè ìîãóò áûòü âçÿòû 
â âèäå ðàçëè÷íûõ ôóíêöèé ðàñïðåäåëåíèÿ. 

Ïðåäïî÷òèòåëüíåå èñïîëüçîâàòü ýêñïîíåíöèàëüíî-ñòåïåííóþ çàâèñèìîñòü 
Ðîçèíà-Ðàìëåðà, ïðåäñòàâëåííóþ â âèäå 

100 ,
nblR e−=  (6) 

ãäå ( )lγ  — âûõîä âåðõíåãî êëàññà, %; l — êðóïíîñòü ÷àñòèö, ìêì; b è l — ïî-

ñòîÿííûå õàðàêòåðèçóþùèå êðóïíîñòü ñâîéñòâà èçìåëü÷àåìîãî ìàòåðèàëà è 
óñëîâèÿ ðàçìîëà. 

Ïðîäèôôåðåíöèðîâàâ óðàâíåíèå (6) è âçÿâ âûõîä êëàññîâ ( )lγ  â äîëÿõ 
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Çàìåíèâ â ôîðìóëå (8) èíòåãðàëû íà ñóììû ìîæíî ïîëó÷èòü ÷èñëåííûå ðå-
çóëüòàòû óäîáíûå äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ. 

Ïîðÿäîê èíòåãðèðîâàíèÿ â ôîðìóëå ìîæíî èçìåíèòü, èçìåíèâ è ïðåäå-
ëû èíòåãðèðîâàíèÿ. Ðåçóëüòàò ïî ñóììàðíîé çàòðà÷åííîé ýíåðãèè áóäåò 
òîò æå, îäíàêî ýòî äàñò âîçìîæíîñòü îïðåäåëåíèÿ ýíåðãèè íåîáõîäèìîé 
äëÿ ïîëó÷åíèÿ ÷àñòíîãî âûõîäà êàæäîé êðóïíîñòè êàê «ïî ïëþñó» òàê è «ïî 
ìèíóñó». 

Â ïåðâîì ñëó÷àå îïðåäåëÿåòñÿ ýíåðãèÿ ðàçðóøåíèÿ âñåõ êðóïíûõ êëàññîâ 
èñõîäíîãî ïðîäóêòà, äàþùèõ îäèí ìåëêèé êëàññ ãîòîâîãî ïðîäóêòà 
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E j Eγ γ
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Âî âòîðîì ñëó÷àå — ýíåðãèÿ ðàçðóøåíèÿ îäíîãî êðóïíîãî êëàññà èñõîäíîãî 
ìàòåðèàëà, äàþùåãî âñå ìåëêèå êëàññû êîíå÷íîãî ïðîäóêòà. Óêàçàííûå ÷àñò-
íûå âåëè÷èíû ýíåðãèè ÿâëÿþòñÿ ñîñòàâíûìè ÷àñòÿìè ñóììàðíîé ýíåðãèè. Èõ 
àíàëèç äàåò ïðåäñòàâëåíèå î ïîêàçàòåëÿõ ðàñïðåäåëåíèÿ ðàñõîäóåìîé íà äå-
çèíòåãðàöèþ ýíåðãèè. 

Â êà÷åñòâå èñõîäíûõ äàííûõ âçÿòû ðåçóëüòàòû ýêñïåðèìåíòîâ ïî èçìåëü÷å-
íèþ êâàðöà è ïîëèìåòàëëè÷åñêîé ðóäû â öåíòðîáåæíîé ìåëüíèöå. 

Ïðèìåíåíèå â ðàñ÷åòàõ ãèïîòåçû Ðèòòèíãåðà ïðåäïîëàãàåò, ÷òî âíîâü îáðà-
çîâàííàÿ ïðè èçìåëü÷åíèè ïîâåðõíîñòü, ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ, ïðîïîð-
öèîíàëüíà äëèòåëüíîñòè ïðîöåññà ðàçìîëà, îïðåäåëÿåìîé êèíåòèêîé èçìåëü-
÷åíèÿ, à ñëåäîâàòåëüíî, è ïîòðåáëÿåìîé ýíåðãèè. 

Äëÿ òîíêîãî èçìåëü÷åíèÿ óäåëüíàÿ ïîâåðõíîñòíàÿ ýíåðãèÿ î÷åíü âàæíûé, à 
÷àñòî åäèíñòâåííî âîçìîæíûé, ïîêàçàòåëü òîíêîñòè èçìåëü÷åíèÿ. 

Äëÿ âû÷èñëåíèÿ òåîðåòè÷åñêîé óäåëüíîé ïîâåðõíîñòè ëþáîãî ïðîäóêòà 
ñëåäóåò îïðåäåëèòü ïîâåðõíîñòü çåðåí êàæäîãî óçêîãî êëàññà êðóïíîñòè, ñ÷è-
òàÿ, ÷òî âñå çåðíà äàííîãî êëàññà èìåþò ñðåäíèé ðàçìåð l. 

Ïîâåðõíîñòü âñåõ çåðåí óçêîãî êëàññà ðàâíà 

46 10 ,S
l

γ
δ

= ⋅
⋅

 ñì (10) 

ãäåγ  — âûõîä äàííîãî êëàññà, äîëè åä.; δ  — óäåëüíûé âåñ ìàòåðèàëà, ã/ñì3;  
l — ñðåäíèé ðàçìåð çåðíà, ìêì, íåçàâèñèìî îò òîãî, ïðåäñòàâëåíû èçìåëü÷àå-
ìûå ÷àñòèöû â ôîðìå êóáà èëè øàðà. 

Ïîñëå ïîëó÷åíèÿ ïîâåðõíîñòè êàæäîãî êëàññà êðóïíîñòè, îáùàÿ óäåëüíàÿ 
ïîâåðõíîñòü âñåõ çåðåí îäíîé âåñîâîé åäèíèöû íàõîäèòñÿ ñóììèðîâàíèåì ÷à-
ñòíûõ çíà÷åíèé 
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Ðàçðàáîòàííàÿ ïðîãðàììà äëÿ ÝÂÌ ïîçâîëÿåò îïðåäåëèòü ïðèðîñò óäåëüíîé 
ïîâåðõíîñòè êàæäîãî êëàññà êðóïíîñòè, à òàêæå ñàìè óäåëüíûå ïîâåðõíîñòè 
êàæäîãî êëàññà èñõîäíîãî è êîíå÷íîãî ïðîäóêòà, ïðè ìèíèìàëüíîì ðàñõîäå 
ýíåðãèè. 
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The curves of the ground material size, particle specific surface and grinding energy demand are analyzed.  
Energy necessary to produce partial yield of each size, either “plus” or “minus,” is found.  
The first case estimation was aimed at energy spent to crush all coarse sizes of original material to produce 

one fine size of end product.  
In the second case, energy spent for crushing one large size of original material to obtain all fine sizes of 

end product was determined.  
The found partial energies are the components of the total energy; their analysis yields distribution of dis-

integration energy.  
The study source data are the data of experimental grinding of quartz and complex ore in centrifugal mills.  
The developed software program allows evaluation of the specific surface increment for each size grade 

particles and the specific surface for each size grade of the original material and end product at energy con-
sumption minimum.  

Key words: grinding, grain size composition, deformation, energy consumption.  
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