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Ýôôåêòèâíîñòü óòèëèçàöèè òåõíîãåííûõ ìèíåðàëüíûõ îáðàçîâàíèé (ÒÌÎ) îãðàíè÷åíà âûñîêèìè òðå­
áîâàíèÿìè ê ôðàêöèîííîìó ñîñòàâó, ìåäèàííûì ðàçìåðàì è äèñïåðñíîñòè èõ ÷àñòèö. Ñóùåñòâåííûìè 
ôàêòîðàìè, ñäåðæèâàþùèìè âíåäðåíèå ýôôåêòèâíîñòè óòèëèçàöèè ìåëêîäèñïåðñíûõ ÒÌÎ, ÿâëÿþòñÿ 
íå ñîâåðøåíñòâî òåõíèêè è òåõíîëîãèè è îòñóòñòâèå äîëæíîé êëàññèôèêàöèè. Æåñòêèå òðåáîâàíèÿ ñòðà­
òèôèêàöèè ïî äèñïåðñèè ìåäèàííûõ ðàçìåðîâ óëàâëèâàåìûõ íàíî÷àñòèö ñûïó÷åãî ìàòåðèàëà ÒÌÎ îá­
óñëîâëåíû íåîáõîäèìîñòüþ ïîèñêà ñïîñîáîâ è òåõíè÷åñêèõ ñðåäñòâ èõ ðåàëèçàöèè, êîòîðûå â óñëîâèÿõ 
âåðîÿòíîñòíîãî ðàñïðåäåëåíèÿ ôèçèêî­ìåõàíè÷åñêèõ, ãåîìåòðè÷åñêèõ, êèíåìàòè÷åñêèõ ïàðàìåòðîâ íà­
íî÷àñòèö áóäóò ýôôåêòèâíûìè. Äëÿ îáåñïå÷åíèÿ êà÷åñòâåííîãî ñûðüÿ â ïðîèçâîäñòâå ìàòåðèàëîâ ñ óíè­
êàëüíûìè ñâîéñòâàìè íåîáõîäèìà òåõíîëîãèÿ, â êîòîðîé óïðàâëÿþùåå âíåøíåå âîçäåéñòâèå íà ïðîöåññ 
êëàññèôèêàöèè ïî äèñïåðñèè ìåäèàííîãî ðàçìåðà áóäåò àâòîìîäåëüíî, ò. å. íåçàâèñèìî îò âåðîÿòíîñò­
íûõ õàðàêòåðèñòèê ôèçèêî­ìåõàíè÷åñêèõ ñâîéñòâ ÒÌÎ.

Ñîçäàíèå ýôôåêòèâíîãî ñïîñîáà è òåõíîëîãèè ãèäðîâèõðåâîé êëàññèôèêàöèè â êèïÿùåì ñëîå íàíî­
÷àñòèö ÒÌÎ è ðàçðàáîòêà ìàòåìàòè÷åñêîãî àïïàðàòà äëÿ ðàñ÷åòà åãî ãåîìåòðè÷åñêèõ è ýíåðãåòè÷åñêèõ 
õàðàêòåðèñòèê îñíîâàíû íà ãèïîòåçå î òîì, ÷òî â äèàïàçîíå êèíåòè÷åñêîé ýíåðãèè ïîñòóïàòåëüíîãî äâè­
æåíèÿ êàïëè æèäêîñòè, îáåñïå÷èâàþùåé ïîëíîå ïîãëîùåíèå íàíî÷àñòèö ñ ìàêñèìàëüíûì äèàìåòðîì èõ 
ãèäðîôîáíîñòè èíåðöèîííûå ñèëû äâèæåíèÿ íàíî÷àñòèö â ïëîñêîñòè êèïÿùåãî ñëîÿ íà ïîðÿäîê áîëüøå 
èíåðöèîííûõ ñèë â íàïðàâëåíèè åãî äâèæåíèÿ. Ïðè ýòîì ìèíèìàëüíûé äèàìåòð ïîëíîñòüþ ïîãëîùàåìûõ 
íàíî÷àñòèö çàâèñèò ëèøü îò âåëè÷èíû óãëîâîé ñêîðîñòè âðàùåíèÿ êàïëè æèäêîñòè.

Ïîñòðîåíà ìàòåìàòè÷åñêàÿ ìîäåëü ãèäðîâèõðåâîé ñòðàòèôèêàöèè ìèêðî­ è íàíî÷àñòèö ÒÌÎ äëÿ îïðå­
äåëåíèÿ îïòèìàëüíûõ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ è ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê ãèäðîâèõðåâîãî ñòðà­
òèôèêàòîðà Âåíòóðè, åãî àýðàòîðà, ïîëîæåíèÿ ïðèåìíûõ áóíêåðîâ. Ïîëó÷åíû óðàâíåíèÿ äâèæåíèÿ êàïëè 
æèäêîñòè â óñëîâèÿõ íåóñòàíîâèâøåãîñÿ ãèäðîäèíàìè÷åñêîãî èíåðöèîííîãî íàäñòîêñîâñêîãî äâèæåíèÿ â 
ïðîöåññå ñòðàòèôèêàöèè â ôóíêöèè êðèòåðèèåâ Ýéëåðà è Ðåéíîëüäàñà. Ïîäòâåðæäåíà çàâèñèìîñòü äèà­
ìåòðà ïîëíîñòüþ ïîãëîùàåìûõ ÷àñòèö êîìïîíåíòîâ ñûïó÷èõ ÒÌÎ îò óãëîâîé ñêîðîñòè âðàùåíèÿ êàïåëü 
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æèäêîñòè â ïðîöåññå ãèäðîâèõðåâîé êëàññèôèêàöèè. Óñòàíîâëåíà çàâèñèìîñòü âðåìåíè ðåëàêñàöèè 
êàïåëü æèäêîñòè ñ èíòåãðèðîâàííûìè â íèõ ìèêðî­ è íàíî÷àñòèöàìè ÒÌÎ â ïðîöåññå ãèäðîâèõðåâîé 
êëàññèôèêàöèè îò èõ ìåäèàííîãî ðàçìåðà. Ïîëó÷åíî óðàâíåíèå äëÿ ðàñ÷åòà ãåîìåòðè÷åñêèõ ïàðàìå­
òðîâ ñòðàòèôèêàòîðà Âåíòóðè îò ïîòðåáíîé ïðîèçâîäèòåëüíîñòè è ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê ãèäðî­
âèõðåâîãî àýðàòîðà. Ïðîâåäåíû èñïûòàíèÿ îïûòíî­ïðîìûøëåííîãî îáðàçöà ãèäðîâèõðåâîãî ñòðàòèôè­
êàòîðà Âåíòóðè ÃÑÂ­350

Êëþ÷åâûå ñëîâà: óòèëèçàöèÿ; ñòðàòèôèêàöèÿ; êëàññèôèêàöèÿ; ãèäðîâèõðåâàÿ ãåòåðîêîàãóëÿöèÿ; òðóáà Âåíòóðè; 
êðèòåðèè Ðåéíîëüäà è Ýéëåðà; ìåëêîäèñïåðñíûå òåõíîãåííûå îòõîäû; ãîðíî­ìåòàëëóðãè÷åñêîå ïðîèçâîäñòâî; ìè­
íåðàëüíûå îáðàçîâàíèÿ; ìåëêîäèñïåðñíûå ÒÌÎ

Numerous studies show that the efficiency of recycling of technogenic or man­made mineral formations (TMF) 
is limited by high requirements for fractional composition, median sizes and their particles dispersion. Crucial 
factor constraining the implementation of recycling efficiency of finely dispersed technogenic mineral formations 
(TMF) is a weak sufficiency of technique and technology and their classification. Strict stratification requirements 
for the median sizes dispersion of absorbed nanoparticles of a bulk TMF material specify the necessity of the 
search for the methods and technical means of their implementation, which, under the conditions of proba­
bility distribution of physical and mechanical, geometric, kinematic parameters of nanoparticles, can effectively 
implement them. To ensure high­quality raw materials in the production of materials with unique properties it 
is necessary to find the technology in which the controlling external influence on the classification process of 
median size dispersion will be self­similar, i.e. independent of probabilistic characteristics of TMF physical and 
mechanical properties. 

The creation of the effective method and technology of hydrovortex classification in a TMF particles fluidized 
bed and the development of mathematical tools for calculating its geometric and energy characteristics are 
based on a hypothesis that: in the range of kinetic energy of the translational motion of a liquid droplet ensuring 
the complete absorption of nanoparticles with maximum diameter of their hydrophobic behavior the inertial forces 
of nanoparticles motion in the plane of a fluidized bed by an order of magnitude more than the inertial forces in the 
direction of its motion. Herewith the minimum diameter of totally absorbed nanoparticles depends only on the 
value of the angular velocity of liquid droplet rotation. 

A mathematical model of hydrovortex stratification of TMF micro­and nanoparticles has been developed to 
determine the optimum geometrical parameters and energy characteristics of a hydrovortex Venturi stratifier, 
its aerator and the position of the receiving hoppers. Equations of the liquid droplet motion under the conditions 
of unsteady hydrodynamic inertial suprastock motion in the process of stratification in the function of Euler and 
Reynolds numbers have been obtained. The dependence of the diameter of totally absorbed particles of bulk 
TMF components on the angular velocity of liquid droplets rotation in the process of hydrovortex classification 
has been confirmed. The dependence of the relaxation time of liquid droplets with TMF micro­ and nanoparticles 
integrated in them in the process of hydrovortex classification on their median size has been set up. An equation for 
calculating geometrical parameters of a Venturi stratifier on the required performance and energy characteristics of a 
hydrovortex aerator has been obtained. The tests of the commercial prototype of a hydrovortex Venturi classifier 
GKV­280 have been carried out
 
Key words: Recycling; stratification; classification; hydrovortex heterocoagulation; Venturi pipe; Reynolds and Euler num­
bers; fine technogenic waste; mining and metallurgical production; mineral formations; fine technogenic mineral formations

Ââåäåíèå. Êîíêóðåíòîñïîñîáíîñòü ãîðíî­
ìåòàëëóðãè÷åñêîãî êîìïëåêñà (ÃÌÊ) ÐÔ 

îñíîâàíà íà âíåäðåíèè ñîâðåìåííîãî âûñî­
êîòåõíîëîãè÷íîãî îáîðóäîâàíèÿ äëÿ ïðîèç­
âîäñòâà èçäåëèé è ìàòåðèàëîâ ñ óíèêàëüíûìè 
ôóíêöèîíàëüíûìè ñâîéñòâàìè. Â çíà÷èòåëü­
íîé ñòåïåíè ýòî êàñàåòñÿ òåõíîëîãè÷åñêèõ ïå­
ðåäåëîâ ïîäãîòîâêè, êëàññèôèêàöèè èñõîäíî­
ãî ñûðüÿ, ñóùåñòâåííî âëèÿþùèõ íà êà÷åñòâî 
êîíå÷íîãî ïðîäóêòà. Îäíèì èç ïóòåé ïîâûøå­
íèÿ ýôôåêòèâíîñòè êëàññèôèêàöèè ÿâëÿåòñÿ 
ñîçäàíèå ìåíåå ýíåðãîåìêèõ ðàçäåëèòåëüíûõ 

àïïàðàòîâ è ñîâåðøåíñòâîâàíèå ñòðóêòóðû è 
òåõíîëîãèè ïîäãîòîâêè è ðàçäåëåíèÿ èñõîä­
íîãî ñûðüÿ [10; 13].

Ïðèìåíåíèå íàíîðàçìåðíûõ ÷àñòèö â 
êà÷åñòâå ìîäèôèöèðóþùèõ äîáàâîê, â êà÷å­
ñòâå èíäèâèäóàëüíîãî ìàòåðèàëà îòêðûâàåò 
íîâûå âîçìîæíîñòè ïðèìåíåíèÿ èçâåñòíûõ 
âåùåñòâ. Òàê, èñïîëüçîâàíèå íàíîïîðîøêîâ 
äëÿ ðåàëèçàöèè íîâîãî êîìïëåêñà ôóíêöèî­
íàëüíûõ ñâîéñòâ íå èìååò àëüòåðíàòèâû ïðè 
ñîçäàíèè òóãîïëàâêèõ äèñïåðñíî­óïðî÷íåí­
íûõ êîìïîçèöèîííûõ ìàòåðèàëîâ [1]. 
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Âîçâðàòíàÿ íàíîñîäåðæàùàÿ ãëèíîçåì­
íàÿ ïûëü â ïîäîáíîì ñëó÷àå ïðåäñòàâëÿåò 
ñîáîé îáîðîòíûé áàëëàñò, ìàññîâàÿ äîëÿ êî­
òîðîãî äîñòèãàåò 7…14 % îò îáùåãî êîëè÷å­
ñòâà ïîëó÷àåìîãî ãëèíîçåìà. Ãîäîâîé îáúåì 
ïðîèçâîäñòâà ãëèíîçåìà â Ðîññèéñêîé Ôå­
äåðàöèè îöåíèâàåòñÿ â 11,5 ìëí ò, ò. å. ìàñ­
ñà îáîðîòíîé ãëèíîçåìíîé ïûëè ñîñòàâëÿåò 
çíà÷èìóþ âåëè÷èíó [9; 12]. 

Ïî ïðîãíîçàì èññëåäîâàòåëåé, åæåãîä­
íûé ðîñò ïîòðåáíîñòè êîìïîçèöèîííûõ ìà­
òåðèàëîâ, øèðîêî ïðèìåíÿåìûõ â ÃÌÊ ÐÔ, 
ñîñòàâèò íå ìåíåå 8 % ê 2025 ã. Îäíàêî èõ 
êà÷åñòâî íàïðÿìóþ çàâèñèò îò òîãî, íàñêîëü­
êî êà÷åñòâåííû èñïîëüçóåìûå êîìïîíåíòû, 
ëåãèðóþùèå äîáàâêè è, â ïåðâóþ î÷åðåäü, 
äèñïåðñèÿ èõ ôðàêöèîííîãî ñîñòàâà [7; 11]. 
Ñóùåñòâåííûì íåäîñòàòêîì èñïîëüçóåìûõ 
ñðåäñòâ êëàññèôèêàöèè ÿâëÿåòñÿ íèçêàÿ ýô­
ôåêòèâíîñòü ôîðìèðîâàíèÿ óçêîãî äèàïàçî­
íà óëàâëèâàåìûõ ôðàêöèé ÷àñòèö ìèêðî­ è 
íàíîðàçìåðà.

Îáúåêò è ìåòîäû èññëåäîâàíèÿ. Ïðåäëî­
æåííàÿ â òðóäàõ ðÿäà àâòîðîâ [2; 3] ãðàôîàíà­
ëèòè÷åñêàÿ ìîäåëü ãèäðîâèõðåâîé èíåðöè­
îííîé îðòîêèíåòè÷åñêîé ãåòåðîêîàãóëÿöèè, 
êîòîðàÿ ïîäòâåðäèëà ñóùåñòâåííîå îòëè÷èå 
ìåõàíèçìà âçàèìîäåéñòâèÿ òâåðäîé ÷àñòèöû 
è êàïëè æèäêîñòè â ïðîöåññå ñòîëêíîâåíèÿ, 
âëèÿíèå óãëîâîé ñêîðîñòè âðàùåíèÿ êàïëè 
æèäêîñòè è íà êèíåìàòè÷åñêèå ïàðàìåòðû 
âçàèìîäåéñòâèÿ, è íà ýíåðãåòè÷åñêèå õàðàê­
òåðèñòèêè, â äàííîé ñòàòüå èñïîëüçîâàíà äëÿ 
ñîçäàíèÿ ìàòåìàòè÷åñêîé ìîäåëè ãèäðîâèõ­
ðåâîé êëàññèôèêàöèè ÷àñòèö êîìïîíåíòîâ 
ÒÌÎ (òåõíîãåííûõ ìèíåðàëüíûõ ÷àñòèö) ïî 
ôðàêöèÿì ñ çàäàííîé äèñïåðñèåé.

Äëÿ àáñîëþòíî ãèäðîôîáíûõ ÷àñòèö, êà­
êîâûìè ÿâëÿþòñÿ íàíî÷àñòèöû, â òîì ÷èñëå 
ÒÌÎ ñ äèàìåòðîì ÷àñòèö 6·10­6 ì, ìàòåìàòè­
÷åñêè è ýêñïåðèìåíòàëüíî ïîäòâåðæäåíà ãè­
ïîòåçà î ïðÿìîé êîððåëÿöèè ìèíèìàëüíîãî 
äèàìåòðà ïîëíîñòüþ ïîãëîùàåìûõ òâåðäûõ 
÷àñòèö ñ óãëîâîé ñêîðîñòüþ âðàùåíèÿ êàïåëü 
æèäêîñòè ïðè ãèäðîâèõðåâîé èíåðöèîííîé 
êèíåìàòè÷åñêîé ãåòåðîêîàãóëÿöèè [2]. 

Äëÿ ïðàêòè÷åñêîãî ðåøåíèÿ çàäà÷è óòè­
ëèçàöèè íàíî÷àñòèö ÒÌÎ ïðåäëîæåíî óíè­
âåðñàëüíîå óñòðîéñòâî ãèäðîâèõðåâîé êëàñ­
ñèôèêàöèè, îáåñïå÷èâàþùåå èõ ðàçäåëåíèå 
ïî ôðàêöèÿì, çàäàííûì ìåäèàííûì ðàçìå­
ðîì è äèñïåðñèåé. 

Êîíñòðóêòèâíî ãèäðîâèõðåâîé ñòðàòè­
ôèêàòîð Âåíòóðè âêëþ÷àåò â ñåáÿ ïíåâìî­

òðàíñïîðòíûé òðóáîïðîâîä äëÿ âåðòèêàëüíî­
ãî ïåðåìåùåíèÿ ÷àñòèö ñûïó÷èõ ìàòåðèàëîâ 
ÒÌÎ è óñòðîéñòâî äëÿ ãèäðîâèõðåâîãî ðàç­
äåëåíèÿ ÷àñòèö ïî ôðàêöèÿì çà ñ÷åò èõ èíåð­
öèîííîé ãåòåðîêîàãóëÿöèè âðàùàþùèìèñÿ 
êàïëÿìè æèäêîñòè, ñîñòîÿùåå èç òðóáû Âåí­
òóðè ïî îñè êîòîðîé â êðèòè÷åñêîì ñå÷åíèè 
óñòàíîâëåí àýðàòîð ñ âèõðåâûìè ôîðñóíêà­
ìè, à ïî ïåðèìåòðó – ïðèåìíûé êîëüöåâîé 
áóíêåð. Íà ðèñ. 1. ïðèâåäåíà ïðèíöèïèàëü­
íàÿ ñõåìà ãèäðîâèõðåâîãî ñòðàòèôèêàòîðà 
Âåíòóðè.

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ãèäðîâèõðåâîãî 
ñòðàòèôèêàòîðà Âåíòóðè /

Fig. 1. A schematic diagram of a hydrovortex Venturi 
stratifier

Ñòðàòèôèêàòîð Âåíòóðè ñîäåðæèò çàãðó­
çî÷íûé ïèòàòåëü 1, óñòàíîâëåííûé íàä êîë­
ëåêòîðîì 5 ñòðàòèôèêàòîðà. Â ñìåñèòåëüíîé 
êàìåðå 3 óñòàíîâëåíû ïîðèñòàÿ ãàçîðàñïðå­
äåëèòåëüíàÿ ïåðåãîðîäêà 2 è ïàòðóáîê 4 äëÿ 
ïîäà÷è ñæàòîãî âîçäóõà è ôîðìèðîâàíèÿ íà 
âõîäå â êîëëåêòîð 5 êèïÿùåãî ñëîÿ ñûïó÷å­
ãî ìàòåðèàëà ÒÌÎ. Íåïîñðåäñòâåííî ïåðåä 
âõîäîì â òðóáó Âåíòóðè 10 óñòàíîâëåí õîíåé­
êîìá 6 äëÿ âûðàâíèâàíèÿ ñêîðîñòè äâèæåíèÿ 
÷àñòèö ñûïó÷åãî ìàòåðèàëà ïî âñåìó ñå÷å­
íèþ ïíåâìîòðàíñïîðòíîãî òðóáîïðîâîäà. 
Â êðèòè÷åñêîì ñå÷åíèè ó òðóáû Âåíòóðè ïî 
åå îñè óñòàíîâëåí ãèäðîâèõðåâîé àýðàòîð ñ 
ôîðñóíêàìè 8, à ïî åãî ïåðèìåòðó ðàñïîëî­
æåí êîëëåêòîð ñòðàòèôèêàöèè 9 ñ áóíêåðàìè 
7 ñáîðà ÷àñòèö êîìïîíåíòîâ ÒÌÎ ïî ôðàêöè­
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ÿì, íà âûõîäå èç òðóáû Âåíòóðè óñòàíîâëåí 
áóíêåð 11 äëÿ îòõîäîâ, íå ñîîòâåòñòâóþùèõ 
ðàçìåðàì êëàññèôèêàöèè.

Ñòðàòèôèêàòîð Âåíòóðè ðàáîòàåò ñëå­
äóþùèì îáðàçîì. Ñûïó÷èé ìàòåðèàë ÷àñòèö 
ÒÌÎ èç çàãðóçî÷íîãî ïèòàòåëÿ 1 íåïðåðûâ­
íî íàïðàâëÿþò â ñìåñèòåëüíóþ êàìåðó 3, â 
êîòîðóþ ÷åðåç ïàòðóáîê 4 ÷åðåç ïîðèñòóþ 
ãàçîðàñïðåäåëèòåëüíóþ ïåðåãîðîäêó 2 ïîä 
ñëîé ÒÌÎ ïîäàþò ñæàòûé ãàç. Ñæàòûì ãàçîì 
ñûïó÷èé ìàòåðèàë àýðèðóþò äî ïñåâäîñæè­
æåííîãî ñîñòîÿíèÿ è ïîäàþò ÷åðåç âõîäíîé 
êîëëåêòîð 5 ïíåâìîòðàíñïîðòíîãî òðóáî­
ïðîâîäà 3, âûðàâíèâàþùèé õîíåéêîìá 6 íà 
âõîä â òðóáó Âåíòóðè 10. Êàïëè æèäêîñòè, çà­
êðó÷åííûå âîêðóã ñîáñòâåííîé îñè â ãèäðî­
âèõðåâûõ ôîðñóíêàõ àýðàòîðà 8, ñìà÷èâàþò 
÷àñòèöû ñûïó÷åãî ìàòåðèàëà, íàõîäÿùåãîñÿ â 
ñîñòîÿíèè êèïÿùåãî ñëîÿ. Êèíåòè÷åñêàÿ ýíåð­
ãèÿ è ñêîðîñòü âðàùåíèÿ êàïåëü æèäêîñòè, 
îáåñïå÷èâàþò ãàðàíòèðîâàííóþ êîàãóëÿöèþ 
÷àñòèö ñûïó÷åãî ìàòåðèàëà ÒÌÎ ñ çàðàíåå 
çàäàííûì ìèíèìàëüíûì äèàìåòðîì. 

Òðàåêòîðèÿ äâèæåíèÿ íàíî÷àñòèö ÒÌÎ 
îïðåäåëÿåòñÿ èíåðöèîííûì âçàèìîäåéñòâè­
åì íàíî÷àñòèö, âðàùàþùèõñÿ êàïåëü æèäêî­
ñòè è ïîòîêîì ýíåðãèè êèïÿùåãî ñëîÿ.

Ðåçóëüòàòû èññëåäîâàíèé. Äëÿ ïî­
ñòðîåíèÿ ìàòåìàòè÷åñêîé ìîäåëè íåóñòà­
íîâèâøåãîñÿ ãèäðîäèíàìè÷åñêîãî âçàè­
ìîäåéñòâèÿ êàïëè æèäêîñòè ñ ÷àñòèöàìè 
êîìïîíåíòîâ â óñëîâèÿõ áîëüøèõ ÷èñåë 
Ðåéíîëüäñà ïðèìåì äîïóùåíèå, ÷òî â ïðî­
öåññå äâèæåíèÿ êàïëÿ æèäêîñòè ñîõðàíÿåò 
ñôåðè÷åñêóþ ôîðìó d

÷
 òîé æå ïëîòíîñòè, 

÷òî è æèäêîñòü êàïëè, ó êîòîðîé àýðîäèíà­
ìè÷åñêèå õàðàêòåðèñòèêè äâèæåíèÿ â ãàçî­
âîé ñðåäå ñîîòâåòñòâóþò ôàêòè÷åñêèì õà­
ðàêòåðèñòèêàì äâèæåíèÿ êàïåëü ïðè òåõ æå 
÷èñëàõ Ðåéíîëüäñà. Äèàìåòð d

÷
 ïðèíÿòîé 

ñôåðè÷åñêîé ÷àñòèöû áóäåì ñ÷èòàòü àýðî­
äèíàìè÷åñêèì äèàìåòðîì êàïëè.

Ñ ó÷åòîì ðàâíîìåðíîñòè ðàñïðåäåëå­
íèÿ íàíî÷àñòèö êîìïîíåíòîâ â êèïÿùåì ñëîå 
äèñêðåòíîñòü òðàåêòîðèé èäåíòè÷íûõ ÷àñòèö 
áóäåò îïðåäåëÿòüñÿ èõ ïîãëîùåíèåì â êðàé­
íèõ òî÷êàõ òðóáû Âåíòóðè, ò. å. ñîîòâåòñòâåí­
íî ïî ïåðèìåòðó äèàìåòðà àýðàòîðà d

à
 è ïî 

ïåðèìåòðó äèàìåòðà d = 0,8 d
Â
. Äëÿ ïîñòðî­

åíèÿ ñèñòåìû óðàâíåíèé äâèæåíèÿ íàíî÷à­
ñòèö êîìïîíåíòîâ â ñâåòå ïðåäëîæåííîé ãè­
ïîòåçû ââåäåì ïîíÿòèÿ àýðîäèíàìè÷åñêîãî 
äèàìåòðà è ïëîòíîñòè íàíî÷àñòèö è ïðåäñòà­
âèì èõ â âèäå

  (1)

Óðàâíåíèå äâèæåíèÿ i­é ÷àñòèöû ïðè åå 
ïîëíîì ïîãëîùåíèè êàïëåé æèäêîñòè â ïðî­
åêöèè íà îñü 0r â ïëîñêîñòè ðàñïîëîæåíèÿ 
ãèäðîâèõðåâûõ ôîðñóíîê àýðàòîðà â ñîîòâåò­
ñòâèè ñ êëàññè÷åñêèì óðàâíåíèåì Íüþòîíà 
çàïèøåì â âèäå 

   (2)

ãäå  – ñèëà ñîïðîòèâëåíèÿ 

äâèæåíèþ ÷àñòèöû êîìïîíåíòû ÒÌÎ â ñòðà­
òèôèêàòîðå Âåíòóðè; 

ki – êîýôôèöèåíò ñîïðîòèâëåíèÿ i­é ÷à­
ñòèöû;

idS  – äèàìåòð i­é ÷àñòèöû, ì; 
ρ

ã
 – ïëîòíîñòü ãàçà, êã/ì3;

iVS – ñêîðîñòü i­é ÷àñòèöû, ì/ñ.

Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà äâèæåíèÿ êàïëè 
æèäêîñòè ñ èíòåãðèðîâàííîé â íåå ÷àñòèöåé 
êîìïîíåíòà ÒÌÎ è äåéñòâóþùèå íà íåå ñèëû 
â óñëîâèÿõ ãèäðîâèõðåâîé êëàññèôèêàöèè / 

Fig. 2. A schematic diagram of a liquid droplet motion with 
a TMF component particle integrated into it and the forces 

affecting it under the conditions of hydrovortex 
classification

Óðàâíåíèå äâèæåíèÿ i­é ÷àñòèöû â ïðî­
åêöèè íà îñü 0z èìååò âèä

   (3)

ãäå F
Ai 

– ñèëà Àðõèìåäà, íàïðàâëåííàÿ âíèç, 
äåéñòâóþùàÿ íà i­þ ÷àñòèöó, ÿâëÿþùàÿñÿ 
àíàëîãîì ñèëû òÿæåñòè,

                                 
; 

F
Ci

 – ñèëà ñîïðîòèâëåíèÿ Ñòîêñà, îáó­
ñëîâëåííàÿ âÿçêîñòüþ âîçäóõà è ôèçè÷åñêè­
ìè ñâîéñòâàìè êîìïîíåíòîâ èñõîäíîãî ñû­

ðüÿ,                                 
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F
Äi – ñèëà äàâëåíèÿ ñæàòîãî ãàçà, ñîçäà­

þùåãî êèïÿùèé ñëîé,                                       

C
ñi – êîýôôèöèåíò ñèëû äàâëåíèÿ ñæàòî­

ãî ãàçà, ñîçäàþùåãî êèïÿùèé ñëîé äåéñòâó­
þùèé íà i­þ ÷àñòèöó;

V
ã
, Vzi – ñêîðîñòü ñæàòîãî ãàçà, ñîçäàþ­

ùåãî êèïÿùèé ñëîé è âåðòèêàëüíàÿ ñîñòàâ­
ëÿþùàÿ ñêîðîñòè i­þ ÷àñòèöû, ì/ñ;

g – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/c2;
φi – êîýôôèöèåíò ôîðìû ÷àñòèöû â çà­

êîíå Ñòîêñà;
µ – êîýôôèöèåíò äèíàìè÷åñêîé âÿçêî­

ñòè âîçäóõà, êã/ìñ. 
Òàêèì îáðàçîì, óðàâíåíèå âåðòèêàëü­

íîãî ïåðåìåùåíèÿ â ïðîåêöèè íà îñü 0z i­é 
÷àñòèöû êîìïîíåíòîâ èñõîäíîãî ñûðüÿ ïîä 
äåéñòâèåì óïðàâëÿåìîãî íàïðàâëåííîãî ïî­
òîêà âîçäóõà ñ ó÷åòîì äåéñòâèÿ ñèë Ñòîêñà, 
Àðõèìåäà è ñèëû äàâëåíèÿ ñæàòîãî ãàçà, ñîç­
äàþùåãî êèïÿùèé ñëîé, ìîæåò áûòü ïðåä­
ñòàâëåíî â âèäå 

 (4)

Âûðàæåíèå (4) ïðåäñòàâëÿåò ñîáîé 
óðàâíåíèå ãèäðîäèíàìè÷åñêè íåóñòàíîâèâ­
øåãîñÿ ðåæèìà èíåðöèîííîãî äâèæåíèÿ êàï­
ëè æèäêîñòè äî è ïîñëå êîàãóëÿöèè íàíî÷à­
ñòèöû êîìïîíåíòà ÒÌÎ

   (5)

ãäå                                          

Óðàâíåíèå Áóññèíåñêà ïîçâîëÿåò îïðå­
äåëèòü âðåìÿ ðåëàêñàöèè êàê êàïëè æèäêîñòè, 
òàê è íàíî÷àñòèöû, è ñâÿçûâàåò åãî ñ êîýôôè­
öèåíòîì ñîïðîòèâëåíèÿ. Ïðè ýòîì êîýôôè­
öèåíò ñîïðîòèâëåíèÿ â óðàâíåíèè Áóññèíåñêà 
ñîîòâåòñòâóåò ki   â óðàâíåíèè (2).

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî­
êàçàëè, ÷òî ñèëà ñîïðîòèâëåíèÿ âîçðàñòàåò 
ñóùåñòâåííî íåëèíåéíî ñ ðîñòîì ÷èñëà Ðåé­
íîëüäñà íà ó÷àñòêå íàäñòîêñîâñêîãî äâèæå­
íèÿ â îòëè÷èå îò åå ëèíåéíîãî ðîñòà ïðè ÷èñ­
ëàõ Re < 1 è ïðè îäíîâðåìåííîì óìåíüøåíèè 
âðåìåíè ðåëàêñàöèè (τ), ÷òî ñóùåñòâåííî 
óñëîæíÿåò íàõîæäåíèå åãî ôàêòè÷åñêîé âå­
ëè÷èíû, ïðåïÿòñòâóÿ ïðèìåíåíèþ êëàññè÷å­
ñêèõ óðàâíåíèé ñòîêñîâñêîãî äâèæåíèÿ ïðè 
êîàãóëÿöèè [4; 5].

Ïîñêîëüêó â óðàâíåíèè (2)  àýðîãèäðî­
äèíàìèêè êàïëè æèäêîñòè â ãîðèçîíòàëüíîé 

ïëîñêîñòè ñòðàòèôèêàòîðà Âåíòóðè ñóùå­
ñòâåííî ïåðåìåííîé âåëè÷èíîé ÿâëÿåòñÿ 
êîýôôèöèåíò ñîïðîòèâëåíèÿ ãàçîâîé ñðåäû 
äâèæåíèþ êàïëè æèäêîñòè ki, óñòàíîâèì åãî 
çàâèñèìîñòü îò ôèçè÷åñêèõ âåëè÷èí, õàðàê­
òåðèçóþùèõ ãèäðîäèíàìè÷åñêèé ïðîöåññ 
èíåðöèîííîãî äâèæåíèÿ êàïëè æèäêîñòè ïîä 
äåéñòâèåì óñêîðåíèÿ ñ íà÷àëüíîé ñêîðîñòüþ 
V

0
 â ôîðìå áåçðàçìåðíîãî ñèìïëåêñà â óñëî­

âèÿõ óñòàíîâèâøåãîñÿ äâèæåíèÿ.
Óðàâíåíèå çàâèñèìîñòè êîýôôèöèåíòà 

ki îò íåçàâèñèìûõ ïåðåìåííûõ â âèäå áåçðàç­
ìåðíîé ñòåïåííîé çàâèñèìîñòè ïðåäñòàâèì 
â âèäå 

 

 (6)

Ñ ó÷åòîì óðàâíåíèé (2) è (3) ïîëîæåíèÿ 
Â. À. Âåíèêîâà î ïîäîáèè ñëîæíûõ ñèñòåì 
ïîëó÷èì èíäèêàòîðû ïîäîáèÿ π ôèçè÷åñêîãî 
ïðîöåññà óñòàíîâèâøåãîñÿ àýðîãèäðîäèíà­
ìè÷åñêîãî äâèæåíèÿ êàïëè æèäêîñòè â ãàçî­
âîé ñðåäå ïðè áîëüøèõ ÷èñëàõ Ðåéíîëüäñà 

 

    

(7)

Òàêèì îáðàçîì, óðàâíåíèå (6) â êðèòåðè­
àëüíîé ôîðìå ïðèìåò âèä 

    (8)

×èñëåííûå çíà÷åíèÿ êîýôôèöèåíòà 
ïðîïîðöèîíàëüíîñòè Ñ è ïîêàçàòåëè ñòåïåíè 
a, b, c â óðàâíåíèè (8) îïðåäåëÿåì èç óðàâíå­
íèÿ óñòàíîâèâøåãîñÿ äâèæåíèÿ êàïëè æèäêî­
ñòè â ãàçîâîé ñðåäå

     (9)

Óðàâíåíèå, ñâÿçûâàþùåå ìåæäó ñîáîé 
êðèòåðèè Ýéëåðà, Ðåéíîëüäñà è êîýôôèöè­
åíò àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ k

i
, 

ïðè äâèæåíèè êàïëè æèäêîñòè â ãàçîâîé ñðå­
äå ïîëó÷èì â âèäå

     (10)

.
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Ïîñëå ïðåîáðàçîâàíèé îòíîñèòåëüíî ÷èñ­
ëà Ðåéíîëüäñà ïîëó÷èì óðàâíåíèå äëÿ îïðåäå­
ëåíèÿ âðåìåíè ðåëàêñàöèè äèñïåðñíîé ñèñòå­
ìû «êàïëÿ æèäêîñòè – ìèêðî÷àñòèöà ÒÌÎ» 

    (11)

Ó÷èòûâàÿ, ÷òî êðèòåðèè Ðåéíîëüäñà è 
Ýéëåðà ôóíêöèîíàëüíî ñâÿçàíû ìåæäó ñî­
áîé, à ãëàâíîå íåïðåðûâíî è ñóùåñòâåííî 
èçìåíÿþòñÿ ïî äëèíå èíåðöèîííîãî ïðîáåãà 
êàïëè æèäêîñòè â óñëîâèÿõ íàäñòîêñîâñêîãî 
ðåæèìà, ðàññìîòðèì âîçìîæíîñòü ðåøåíèÿ 
çàäà÷è ïîñðåäñòâîì îñðåäíåíèÿ êèíåìà­
òè÷åñêèõ ïàðàìåòðîâ. Êëàññè÷åñêàÿ òåîðèÿ 
ãèäðîäèíàìè÷åñêîãî äâèæåíèÿ â óñëîâèÿõ 
óñòàíîâèâøåãîñÿ ðåæèìà ïîçâîëÿåò â êâàäðà­
òóðàõ ïîëó÷àòü âûðàæåíèÿ äëÿ âðåìåíè ðåëàê­
ñàöèè êàïåëü æèäêîñòè è ÷àñòèö êîìïîíåíòîâ 
â çàâèñèìîñòè îò êèíåìàòè÷åñêèõ ïàðàìåòðîâ 
òå÷åíèÿ. Â òðóäå «Ìåõàíèêà àýðîçîëåé» [5] 
ïîëó÷åíî âûðàæåíèå äëÿ èçìåíåíèÿ âðåìåíè 
ðåëàêñàöèè ïðè áîëüøèõ ÷èñëàõ Ðåéíîëüäñà 
ïóòåì îñðåäíåíèÿ èõ çíà÷åíèé. 

Â ýòîé ñâÿçè ïîëó÷èì âûðàæåíèå äëÿ 
ñðåäíåãî çíà÷åíèÿ êîýôôèöèåíòà ñîïðîòèâ­
ëåíèÿ â óðàâíåíèè (4) 

     (12)

Ïîñëå ñîîòâåòñòâóþùèõ ïðåîáðàçîâà­
íèé ïîëó÷èì âûðàæåíèå äëÿ ñðåäíåãî çíà÷å­
íèÿ âðåìåíè ðåëàêñàöèè äèñïåðñíîé ñèñòå­
ìû «êàïëÿ æèäêîñòè – ìèêðî÷àñòèöà ÒÌÎ» 

    (13)

Èç óðàâíåíèÿ (13) âèäíî, ÷òî ñðåäíåå âðå­
ìÿ ðåëàêñàöèè êàïåëü æèäêîñòè ñ èíòåãðèðî­
âàííûìè â íèõ êîìïîíåíòàìè ÒÌÎ ÿâëÿåòñÿ 
ôóíêöèåé êâàäðàòà äèàìåòðà êàïåëü æèäêî­
ñòè, ÷òî ïîçâîëÿåò èñïîëüçîâàòü äàííûé ôàêò 
äëÿ ðàçðàáîòêè òåõíîëîãèè ýôôåêòèâíîé 
êëàññèôèêàöèè ìåëêîäèñïåðñíûõ ñûïó÷èõ 
ÒÌÎ.

Ïðåäëîæåííûé âàðèàíò ïîýòàïíîãî 
îñðåäíåíèÿ çíà÷åíèé êîýôôèöèåíòà ñîïðî­
òèâëåíèÿ äâèæåíèÿ êàïëè æèäêîñòè â ãàçîâîé 
ñðåäå è âðåìåíè ðåëàêñàöèè ïîçâîëÿåò ñ äî­
ñòàòî÷íîé ñòåïåíüþ òî÷íîñòè èñïîëüçîâàòü 
óðàâíåíèå êëàññè÷åñêîé àýðîãèäðîäèíàìè­
êè óñòàíîâèâøåãîñÿ äâèæåíèÿ êàïëè æèäêî­
ñòè â äèàïàçîíå ÷èñåë Ðåéíîëüäñà äî 104 íà 
äëèíå ñâîáîäíîãî èíåðöèîííîãî ïðîáåãà êà­
ïåëü æèäêîñòè â ãàçîâîé ñðåäå.

Óðàâíåíèå äëÿ ðàñ÷åòà äèàìåòðà ñòðà­
òèôèêàòîðà Âåíòóðè â êðèòè÷åñêîì ñå÷åíèè 
ðàñïîëîæåíèÿ âõîäíîãî êîëëåêòîðà ñòðàòè­
ôèêàöèè è ãèäðîâèõðåâûõ ôîðñóíîê àýðàòî­
ðà ñ ó÷åòîì ïðåäëîæåííîé ìàòåìàòè÷åñêîé 
ìîäåëè â ñòàòüå «Ýôôåêòèâíàÿ ëîêàëèçàöèÿ 
âçðûâîâ óãîëüíîé ïûëè ñ èñïîëüçîâàíèåì 
ãèäðîâèõðåâîé êîàãóëÿöèè» [2] ïîëó÷èì â 
âèäå

    (14)

Êîîðäèíàòû âõîäíîãî êîëëåêòîðà ñòðà­
òèôèêàöèè áóíêåðà ñáîðà ÷àñòèö êîìïî­
íåíòîâ ÒÌÎ ñ çàäàííûìè ïàðàìåòðàìè ìå­
äèàííîãî äèàìåòðà è åãî äèñïåðñèè dm, σm 
ñîîòâåòñòâåííî äëÿ âåðõíåé è íèæíåé åãî 
ãðàíèö, îïðåäåëÿåì ïî ôîðìóëàì: 

(15)

 (16)

Íà ðèñ. 3...5 ïðåäñòàâëåíû ðåçóëüòàòû 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé è èõ ñðàâ­

íåíèå ñ ðåçóëüòàòàìè ðàñ÷åòîâ ïî ïðåäëî­
æåííîé ìàòåìàòè÷åñêîé ìîäåëè. 
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Ðèñ. 3. Çàâèñèìîñòü ñðåäíåãî âðåìåíè ðåëàêñàöèè êàïëè æèäêîñòè ñ èíòåãðèðîâàííîé â íåå ÷àñòèöåé êîìïîíåíòà 
ÒÌÎ îò ìåäèàííîãî äèàìåòðà: 1 – óãîëü; 2 – îêèñü êðåìíèÿ; 3 – îêèñü àëþìèíèÿ; Re

0
=4·10­6, ì /

Fig. 3. The dependence of the mean relaxation time of a liquid droplet with a TMF component particle integrated into 
it on a median diameter: 1 – coal; 2 – silicon oxide; 3 – aluminum oxide; Re

0
=4·10­6, m

Ðèñ. 4. Çàâèñèìîñòü êîîðäèíàòû âõîäíîãî êîëëåêòîðà ñòðàòèôèêàöèè îò ìåäèàííîãî äèàìåòðà ÷àñòèö 
êëàññèôèêàöèè: 1 – óãîëü; 2 – îêèñü êðåìíèÿ; 3 – îêèñü àëþìèíèÿ / Fig. 4. The dependence of the coordinate of an input 

stratification collector on a median diameter of classification particles: 1 – coal; 2 – silicon oxide; 3 – aluminum oxide

Äàííûå ýêñïåðèìåíòàëüíûõ èññëåäîâà­
íèé â ñðàâíåíèè ñ ðàñ÷åòîì ïî ïðåäëîæåí­
íîé ìàòåìàòè÷åñêîé ìîäåëè, ïðèâåäåííîé 
íà ðèñ. 3, ïîäòâåðæäàþò óâåëè÷åíèå âðåìåíè 
ðåëàêñàöèè â ïðîöåññå ãèäðîâèõðåâîé ñòðà­
òèôèêàöèè ÷àñòèö ñ áîëüøèì ìåäèàííûì 
ðàçìåðîì, ÷òî ÿâëÿåòñÿ îäíèì èç êëþ÷åâûõ 
ôàêòîðîâ, îáåñïå÷èâàþùèõ êëàññèôèêàöèþ 
ìèêðî­ è íàíî÷àñòèö ïî äèñïåðñèè èõ ìåäè­
àííûõ äèàìåòðîâ.

Ïðèâåäåííûå íà ðèñ. 4, 5 ðåçóëüòàòû ïî­
êàçûâàþò çàâèñèìîñòü ïîëîæåíèÿ âõîäíîãî 
êîëëåêòîðà ñòðàòèôèêàöèè è åãî ðàçìåðà îò 
ìåäèàííîãî äèàìåòðà êëàññèôèöèðóåìûõ 

ìèêðî­ è íàíî÷àñòèö ÒÌÎ è åãî äèñïåðñèè. 
Óâåëè÷åíèå ìåäèàëüíîãî äèàìåòðà ìîíîòîí­
íî óìåíüøàåò âûñîòó ïîëîæåíèÿ âõîäíîãî 
êîëëåêòîðà ñòðàòèôèêàöèè ïî ïëîñêîñòè ðàñ­
ïîëîæåíèÿ ãèäðîâèõðåâûõ ôîðñóíîê àýðàòî­
ðà è åãî âûñîòó. Òàêèì îáðàçîì, ÷åì ìåíüøå 
ìåäèàííûé äèàìåòð ìèêðî­ è íàíî÷àñòèö 
ïîäëåæèò êëàññèôèêàöèè, òåì áëèæå âõîä­
íîé êîëëåêòîð ñòðàòèôèêàöèè ðàñïîëîæåí â 
ïëîñêîñòè ãèäðîâèõðåâûõ ôîðñóíîê. Óìåíü­
øåíèå äèñïåðñèè ìåäèàííîãî ðàçìåðà ïî­
òðåáíîé ôðàêöèè ìèêðî­ è íàíî÷àñòèö òðå­
áóåò óìåíüøåíèÿ âûñîòû îäíîãî êîëëåêòîðà 
ñòðàòèôèêàöèè.
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Ðèñ. 5. Çàâèñèìîñòü øèðèíû âõîäíîãî êîëëåêòîðà ñòðàòèôèêàòîðà îò äèñïåðñèè ìåäèàííîãî ðàçìåðà ÷àñòèö
êëàññèôèêàöèè: 1 – óãîëü; 2 – îêèñü êðåìíèÿ; 3 – îêèñü àëþìèíèÿ; d

m
 = 2·10­6 ì /

Fig. 5. The dependence of the width of an input stratifier collector on the dispersion of a median size of classified particles: 
1 – coal; 2 – silicon oxide; 3 – aluminum oxide; d

t
 = 2·10­6 m

Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëå­
äîâàíèé ãèäðîâèõðåâîãî ñòðàòèôèêàòîðà 
Âåíòóðè, ïðîâåäåííûõ â «ÑÌÊ­ÒÅÑÒ», ïîä­
òâåðäèëè äîñòàòî÷íóþ äëÿ èíæåíåðíûõ ðàñ­
÷åòîâ ñõîäèìîñòü ñ ïðåäëîæåííîé ìàòåìàòè­
÷åñêîé ìîäåëüþ.

Çàêëþ÷åíèå. Óïðàâëåíèå ñêîðîñòüþ 
âðàùåíèÿ êàïëÿìè æèäêîñòè â ïðîöåññå ãè­
äðîâèõðåâîé êëàññèôèêàöèè ïîçâîëÿåò ýô­
ôåêòèâíî ðàçäåëÿòü íà ôðàêöèè ñ çàäàííîé 
äèñïåðñèåé ìèêðî÷àñòèöû ñ íîìèíàëüíûì 
äèàìåòðîì îò (0,5 – 5)·10­6 ì. Âðåìÿ ðåëàêñà­
öèè êàïåëü æèäêîñòè ñ èíòåãðèðîâàííûìè â 

íèõ ìèêðî­ è íàíî÷àñòèöàìè ÒÌÎ â ïðîöåñ­
ñå ãèäðîâèõðåâîé êëàññèôèêàöèè çàâèñèò îò 
ìåäèàííîãî äèàìåòðà, ÷òî ÿâëÿåòñÿ îñíîâ­
íûì îïðåäåëÿþùèì ôàêòîðîì äîñòèæåíèÿ 
âûñîêîé ýôôåêòèâíîñòè êëàññèôèêàöèè çà 
ñ÷åò óïðàâëåíèÿ äèíàìèêîé èíåðöèîííûõ 
ñèë íåóñòàíîâèâøåãîñÿ ãèäðîâèõðåâîãî 
äâèæåíèÿ äèñïåðñíîé ñèñòåìû «êàïëÿ æèä­
êîñòè – ìèêðî÷àñòèöà ÒÌÎ».

Ãåîìåòðè÷åñêèå ïàðàìåòðû ñòðàòèôè­
êàòîðà Âåíòóðè îïðåäåëÿþòñÿ ïîòðåáíîé 
ïðîèçâîäèòåëüíîñòüþ è ýíåðãåòè÷åñêèìè 
õàðàêòåðèñòèêàìè ãèäðîâèõðåâîãî àýðàòîðà.
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