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Abstract. Relevance of the study is determined by the decisions taken to increase the production volume of certain 
commercial products from mineral raw materials. The scale, impact and consequences of the projects on developing 
the resource-saving technologies for beneficiation of mineral raw materials are socially significant, and the economic 
growth of mining production complies with the sustainable development goals. The aim of the study is to develop the 
flotation circuit and mode that improve the technological performance of beneficiation of apatite-nepheline ores of the 
Khibiny Massif in the Kola Peninsula. The scientific idea of the work is to develop the flotation circuit, the movement 
of beneficiation products in which ensures a major increase in the content of the recovered component in the rougher 
flotation procedure with a simultaneous increase in dressability of the material. The above condition is met when mixing 
the feedstock with rough concentrate. Recovery of the valuable component from the resulting mixture is accomplished 
in a mode differing from the known ones in that the heat of steam condensation is used to increase water temperature 
in the interphase film between the particle and the bubble. For pulp aeration during flotation, a mixture of air and hot 
steam is used as the gas phase. 
A high recovery of the valuable component in ore flotation according to the developed circuit and mode is facil-
itated by increasing water temperature in wetting films due to the steam condensation heat. A high selectivity of 
flotation with a steam-air mixture can be explained using the concepts of a phonon component of disjoining 
pressure, the value and sign of which are associated with a difference in the dynamic structure of liquid in the 
wetting film and bulk liquid. 
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Introduction. Mineral resources of the RF estimated at 32 trillion US dollars allow the coun-

try's mining industry to hold the leading position in manufacture of most mineral products, con-
stitute about 10 % of its gross domestic product (GDP) and provide the employment for over 
400.000 persons [1].  

According to the forecasts of the leading international consulting companies in Russia, PwC and 
SRK, offering specialized solutions and recommendations for the customers in mining business, sub-
sequent to the growth of the world GDP at 4 % per year, the demand for mining industry products 
should be also maintained [2]. These assessments and the need to develop the national economy be-
came the reason for taking decisions on increasing the production volume of certain types of com-
mercial products from mineral raw materials at the state level.  

Extracting the maximum profit from production activities is one of the main goals underlying 
the performance of an enterprise. Reducing the production cost is one of the main directions in  
the development and rational use of mineral raw materials [3], which can be achieved by attaining 
the maximum completeness of valuable components recovery and selectivity of the flotation process. 
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An increase in the efficiency of mineral separation by flotation can be achieved by constructing the 
optimal technological flotation circuits [4, 5] and applying energy effects on wetting films [6, 7]. 

The aim of the work is to substantiate by the example of apatite-nepheline ores a possibility of 
improving the technological performance using the flotation circuit with rough concentrate recycling 
and the flotation mode with water heating in boundary layers of air bubbles. The set goal is achieved 
by resolving the problems related to the study of the flotation circuit, in which an increase in the 
content of the extractable component in rougher flotation procedure is attained by mixing the feed-
stock with rough concentrate separated from 1/2 of ore, as well as the flotation mode by a mixture of 
air flow supplied for pulp aeration with hot steam. 

Methodology. The object of experimental studies is the apatite-nepheline ore of the Khibiny 
Massif in the Kola Peninsula [8-10]. In the ore sample under study, apatite (> 30 %) and nepheline 
(~40 %) are most common as well as (in descending order) aegirine (~10 %), feldspars, sphene, ti-
tanomagnetite, pyroxenes; hydromicas (~1 %), lepidomelane, rhincolite, kionite, natrolite, rincolite, 
cancrinite, etc., are less frequent. The content of elements in samples of the feed ore and flotation 
products was determined by the chemical analysis and X-ray fluorescence (spectrometer S8 TIGER 
Bruker wave-dispersed type, Germany). The chemical composition of the studied ore sample,  %: 
P2O5 – 11.7; Al2O3 – 13.8; SiO2 – 26.1; Fe2O3 – 4.9; FeO – 0.7; TiO2 – 1.6; MnO – 0.2;  
CaO – 20.3; MgO – 1.4; SrO – 1.2; Fe – 0.9; Na2O – 9.3; K2O – 3.0; Fe – 1.0; V2O5 – 0.08;  
others – 3.82. 

Ore sample was crushed in a closed cycle with a vibratory screen to a fineness of 3 mm. Crushed 
ore weighing 1 kg was ground in a rod mill (rod load 8.7 kg) to a fineness of 52-55 % of the 74 µm 
class at a S:L ratio = 1:0.75. Flotation was conducted in a mechanical-type laboratory flotation ma-
chine with 3 dm3 cell volume designed by the OAO “Geopribor” at liquefaction R = 2.54. Pulp aera-
tion was performed by a (68 mm) impeller in the form of a concave disk with four radial blades and 
a hub; at an impeller speed of 1.863 rpm, 1.14 m3/min of air per 1 m3 cell volume got into the pulp. 
Froth product was removed from the flotation cell at a frequency of 23 times per minute through a 
119 mm wide overflow weir by a mechanical skimmer. 

During flotation, the air entering the flotation machine for pulp aeration was mixed with hot 
steam (≥ 104°C). The impeller of the flotation machine disperses the cocurrent flows of air and steam 
into bubbles filled with steam. When the bubbles filled with steam come into contact with minerals, 
water temperature in the wetting film separating them increases due to the heat of steam condensation. 
Temperature effect on the result of particle sticking to the bubble leads to a change in the isotherm of 
structural forces. It is caused by rearrangement of water structure in a thin film and a corresponding 
change in its stability (equilibrium thickness) with increasing temperature. 

To supply steam-air mixture to the flotation cell, a steam pipeline is coaxially inserted into the 
aeration pipe of its impeller unit according to the “pipe in pipe” type (Fig.1, view 1, 2). Through the 
aeration (external) (6.7 mm) pipe, atmospheric air entered the low pressure zone in the pulp created 
by the rotating impeller of the flotation machine, and through the inner pipe (5.3 mm) – aluminum 
steam pipeline – the cocurrent flow of saturated steam arrived. Pipes with air and steam were inserted 
into the hole in the above-impeller disk, on leaving which they mixed forming a steam-air mixture 
with temperature 85.7-94.7 С (temperature was measured using a chromel-copel thermocouple).  

The intensity of water evaporation in the steam generator was controlled by the value  
of operating voltage U applied to the tubular electric heaters (TEH) (Fig.1). In the steady mode, 
UI power supplied to the TEH is spent on producing steam Gsr and heat losses Qloss to the  
environment: 

s loss  UI G x Q  , (1) 

where I is current; Gsx – steam amount and dryness.   
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Steam dryness was determined experimentally (Fig.1) by a change in the mass  
and water temperature from Т1 to Т2 when it is bubbled by steam for time τ. 

Thus, if the heat given off by the steam during condensation is equal,  

 steam 2 loss , p sQ М rx c Т Т Q       

(where ΔМ is the mass of condensate obtained during the experiment; r, vaporization heat; ср, heat 
capacity of water; Тs, Т2, saturation temperature of steam and mixture at the end of experiment) and 
heat obtained by water in a measuring container,  

 water  2 1 1 2 1 1,    p pQ H H M M c Т M c Т     

(Н1, Н2, enthalpy of water at the beginning and end of the experiment; М1, Т1, mass and temperature 
of water at the beginning of the experiment), steam dryness х is determined from the expression: 

 1 2 1 loss
2  2   p

s

c M Т Т Qx Т Т
r M r M

 
      

. 

During the time, heat losses at surface area of heat and mass transfer F and temperature 
difference Δt will be: 

loss τQ kF Т  , 

where k is heat transfer coefficient. Or at water temperature in thermostat Тm 

loss  s тT TQ
k


 . (2) 

2 1 М М М  

Fig.1. Experimental unit for determining steam dryness 
1 – measuring tube with a cooling jacket 2; 3 – measuring container with scales 4; 5 – steam generator boiler 

with steam line 6 and electric superheater 7; 8 – thermocouple; 9 – resistance thermometer; 
10, 11 – rotameters with control valves 
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Taking into account (1) and (2) we shall obtain: 

 air air
steam   .s sUI k T T UI kT kTG

х х х х
 

     (3) 

Steam consumption Gsteam in the presence of air was determined by the weight method (weighing 
with an accuracy to 0.01 g) at complete condensation of steam (Fig.2). Heat transfer coefficient was 
determined on the unit and following the procedure described in [6]. 

Discussion. The need to increase the content of useful components in rougher flotation is 
determined by a relationship between the content of the recovered component in the feedstock, 
its extraction and quality of the concentrate. In practice, this is resolved by the structure of the 
separation cascade [11-13] which is commonly arranged in such a way [14-16], that the necessary 
pulp beneficiation is achieved by rerecycling the middlings. In the canonical circuit [17-19], tail-
ings of primary cleaning and recleaner flotation concentrate [20-22] are recycled to rougher flo-
tation, which leads to an increasing content of recoverable mineral [23, 24]  at the expense of its 
difficult-to-float (persistent) forms. When mixing products of similar composition, but different 
separability, the flotation feed is diluted by persistent forms of the recovered mineral – the recovered 
minerals are distributed according to floatability, which reduces the dressability of the raw material. 
The flotation rate constant of the hard-to-recover forms of a valuable mineral equalizes (or becomes 

smaller) with the flotation rate con-
stant of easily floatable depressed 
minerals, and the separability of the 
mineral mixture decreases. With in-
creasing flow rate of the depressant, 
the flotation rate of difficult-to-float 
forms of the recovered mineral de-
creases faster than the rate of easily 
floatable forms of the depressed 
mineral. Difficult-to-float forms of 
the recovered mineral accumulate in 
middlings circulating in the circuit, 
the yield of which can be hundreds 
of percent of the original feed. 
When mixing products in the cir-
cuit, account should be taken of the 
entropy of the mixture and the en-
tropy associated with inhomogeneity 
of the separation properties [25]. 
Open-cycle-circuits in rougher flo-
tation can be closer to the ideal sepa-
ration cascade than to directing the 
middlings to earlier stages [26]. 

For apatite-nepheline ore flota-
tion the circuit was chosen, in which 
1/2 of the feedstock in the feed of 
rougher flotation process is mixed 
with rough concentrate (recycled) 
recovered from another 1/2 of the 
ore. Such mixing ensures a high 

Fig.2. Experimental setup for determining the steam flow 
1, 2 – mixer design elements; 3, 8-13 – thermocouple; 4 – water supply chamber 

with working channel 5; 6 – condensate collector with separator 7; 14, 16 – rotameter 
with control valves 15, 17; 18 – microcompressor; 19 – electric heater; 

20, 22 – wattmeter; 21 – steam generator 
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concentration of the recovered mineral in 
the rougher flotation feed with a mini-
mum amount of circulating material (di-
lution). From the viewpoint of the theory 
of cascades, in this case, the flotation cir-
cuit becomes closer to the ideal cascade, 
i.e., the probability of an ideal separation 
of a mixture of minerals increases [25, 26]. 
After mixing the feedstock with rough 
concentrate, the flotation with steam-air 
mixture was run for three minutes. 

In the first series of experiments, the 
impact of two heating agent flows on the 
heat transfer coefficient was studied: 
cooling water (simulating pulp flow 
through the flotation cell) and steam-air 
mixture (simulating gas used to aerate 
pulp in the flotation machine). Flow rate 
of cold heating agent varied from 0.3 to 
1.2 m3∙min–1 per 1 m2 of the cell section 
at a constant flow rate of steam-air mix-
ture (3.52 m3∙min–1 per 1 m2 of the cell 
section) containing 30.4 vol.% steam. It 
has been ascertained that the efficiency 
of heat removal from steam increases 
with growing consumption of cooling 
water (Fig.3, a). 

During flotation, pulp temperature 
in a laboratory batch-type flotation ma-
chine, depending on mass fraction of 
steam in the air flow used for pulp aera-
tion, increases with an intensity of 0.3 to 
0.5 С per minute. With increasing tem-
perature difference T = Tvg – Tpal (Tvg, 
Tpal – temperature of steam-air mixture 
and pulp), the heat transfer coefficient 
grows (Fig.3, c). 

In the experiments on apatite-neph-
eline ore flotation, pulp temperature in-
creased from 18-19 С at the beginning 
of the experiment and to 18.9-20.5 С  
at the end of flotation with steam-air 
mixture. 

Dependence of heat transfer coeffi-
cient on mass content of air in the steam-
air mixture has a maximum, which flat-
tens out at a temperature difference 

 above ~50 С (Fig.3, c).  vg palT T T  

Fig.3. Heat transfer coefficient as a function of specific consumption  
of cooling water Gw (a), steam Gvap (b) and mass content  

of air in steam-air mixture С (c) 
Temperature difference ΔТ, С: 1 – 70; 2 – 60; 3 – 50; 4 – 40; 5 – 30; 6 – 20 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
0.2 0.4 0.6 0.8 1.0 1.2 

H
ea

t t
ra

ns
fe

r c
oe

ffi
ci

en
t 

, k
W

∙m
–2

∙K
–1

 

Specific consumption of cooling water Gw, 
m3∙min–1∙m–2 

a 

H
ea

t t
ra

ns
fe

r c
oe

ffi
ci

en
t 

, k
W

∙m
–2

∙K
–1

 

 

0.70 

0.56 

0.42 

0.28 

0.14 

0 
0.1 0.2 0.3 0.4 0.5 

Mass content of air  
in steam-air mixture С, kg∙kg–1 

c 

6 5 4 3 

2 

1 

H
ea

t t
ra

ns
fe

r c
oe

ffi
ci

en
t 

, k
W

∙m
–2

∙K
–1

 

 

0.6 

0.5 

0.4 

0.3 

0.1 
0.21 1.05 1.47 

Specific consumption of steam Gvap∙102, kg∙s–1∙m–2 

b 

1.89 

I II 

0.2 

0.63 



 

 

Journal of Mining Institute. 2022. Vol. 256. P. 567-578   
© Sergey I. Evdokimov, Tatiana E. Gerasimenko, 2022 

DOI: 10.31897/PMI.2022.62 

572 
This is an open access article under the CC BY 4.0 license  

 

This effect can be explained by a change in the contribution of two molecular counter flows – 
moving towards the interfacial surface (j–) and from it to the center of the air bubble (j+) – to the mass 
flux density of condensing steam  At a small temperature difference (ΔТ = 20-50 С) and 
mass content of air in steam-air mixture above ~0.3 kg∙kg–1 molecules of non-condensable gas by 
frequent collisions with steam molecules block their transfer to the condensation surface, and the heat 
transfer coefficient decreases (Fig.3, c, curves 3-6). At a significant drop of the interphase surface 
temperature (Fig.3, c, curves 1, 2), an increase in the value of the resulting condensation flow Σj is a 
consequence of the decreasing flow j+ and, conversely, the improving conditions for delivering steam 
to the condensation surface due to diffusion. Under these thermophysical conditions, the influence of 
non-condensable gas on the value of heat transfer coefficient is less noticeable. 

Dependences were obtained linking the heat transfer coefficient with specific steam consumption 
(Fig.3, b). 

Specific steam consumption varied from 0.21∙10–2 to 1.89∙10–2 kg∙s–1 per 1 m2 of the cell section at 
specific cocurrent air flow consumption 1.11∙10–2 (Fig.3, b, curve I) and 5.69∙10–2 kg∙s–1 per 1 m2 of the 
cell section (Fig.3, b, curve II). From the experimental data it follows that with a small mass fraction of 
non-condensable gas (air) in the steam-air flow (Fig.3, b, curve I), the heat transfer coefficient increases 
monotonically with growing specific steam consumption. However, with an about five-fold increase in 
mass fraction of air (Fig.3, b, curve II), a noticeable increase in heat exchange of steam with the surround-
ing aqueous phase occurs only at a specific steam consumption ~1.2∙10–2 kg∙s–1 per 1 m2 of the cell section. 
Probably, in this case, air molecules are sufficient to create a potential barrier insurmountable for steam 
molecules at the gas-liquid interface, and an intense heat-mass exchange with the surrounding liquid is 
possible only with an increase in specific steam consumption to ~1.2∙10 –2 kg∙s–1 per 1 m2 of the cell 
section. 

When testing the developed flotation circuit and mode in laboratory conditions, from the first 
batch of ore with depression of aluminosilicate flotation with liquid glass (flow rate 50 g/t), apatite 
was recovered into rough concentrate by a collector as a mixture of reagents. Collector expenditure 
was 148 g/t including distilled (22 g/t) and crude (43 g/t) tall oil, oxidized petrolatum (4 g/t), surface-
active reagent OP-4 (2 g/t), secondary petroleum tar (15 g/t) and fatty acids (62 g/t). Alkalinity of the 
pulp created by loading of caustic soda (70 g/t) was maintained within the 9.5-9.7 pH range. The 
emulsifier OP-4 at enterprises processing apatite-nepheline ores is excluded from the reagent flotation 
modes. 

Rough concentrate was mixed with the second batch of ore, and rough concentrate was recovered 
from the resulting mixture in two steps. First, with a low collector expenditure and the use of steam-
air mixture as the gas phase, a selective “head” was isolated for three minutes, then the main part of 
the collector was loaded, and apatite was refloated. 

Rational flow rates of steam (х1) and collector (х2) during isolation of the selective “head” from 
the mixture of the original ore with rough concentrate of the steam-air mixture were determined by 
the method of planning the experiment. Constant conditions of the experiment are: steam-air flotation 
time (3 min); feed pulp temperature (18-19 С); liquefaction during flotation (R = 2.54). At the first 
stage, an assumption was made that the results of the experiment can be approximated by the first-
order regression equation. By mathematical and statistical processing of the results of the experiments 
set up following the planning matrix of the first order, a regression equation was obtained: 

1 2 1 2.47.77 2.77 7.07 4.73y x x x x     (4) 

From the analysis of equation (4) it follows that the coefficient for interactions (b12 = 4.73) ex-
ceeds the coefficient for the first factor (b1 = 2.77), and the coefficient for the free term (b0 = 47.47) 
exceeds the result of “zero” experiment ( 0 43.43y  ). Consequently, the hypothesis of a linear rela-
tionship between the studied factors is incorrect. 

.Σ   j j j  
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To obtain the second-order polynomial, based on results of a series of special experiments, the 
main levels and intervals of factor variation were determined (Table 1). 

 
Table 1 

 
Boundary conditions (levels) of independent variables 

 

Planning parameter 
Factor xi 

Steam consumption х1, 
kg/s per 1 m2 of cell section  

Collector expenditure х2, 
g/t  

Ground level х0 10.7∙10–3 60 
Variability interval хi 2.7∙10–3 1.5 
Variability interval,  % from ground level 25.2 25.0 
Upper level +хi 13.4∙10–3 7.5 
Lower level –хi 8.0∙10–3 4.5 

 
Сonstant conditions of the experiment were the same as in the first stage of the research.  

A compositional plan for two factors was implemented (Table 2). The number of parallel experiments 
for each mode is m = 3; the experiments are randomized in time. The response function y is taken as 
P2O5 recovery into rough concentrate (%) minus the yield (%) of the concentrate. Flotation results 
are given in Table 2. 

 
Table 2 

 
Planning matrix and experiment results 

 

Number 
of experi-

ment  

Coded value of the studied factor Experimental value of response function  Design value  
of response function 

x1 x2 
2
1x  

2
2x  x1x2 y1 y2 y3 еy  yr 

1 +1 +1 +1 +1 +1 51.43 54.43 53.50 53.12 52.35 
2 –1 +1 +1 +1 –1 41.36 39.50 42.80 41.22 41.95 
3 +1 –1 +1 +1 –1 55.11 55.26 55.23 55.20 54.43 
4 –1 –1 +1 +1 +1 55.00 54.86 52.68 53.18 53.91 
5 +1 0 +1 0 0 55.20 55.43 55.27 55.30 56.83 
6 –1 0 +1 0 0 50.66 53.36 54.50 52.84 51.37 
7 0 +1 0 +1 0 41.51 43.43 44.36 43.10 43.11 
8 0 –1 0 +1 0 48.43 50.46 51.38 50.09 50.13 
9 0 0 0 0 0 48.50 49.61 52.28 50.13 50.06 
 
Equiaccuracy of the results obtained in parallel experiments was checked by comparing the larg-

est line rate variances with the sum of all line rate variances according to the Cochrane test. In the 
coded variables, the dependence of the selected response function y on flotation factors – steam flow 
(х1) and collector expenditure (х2) when isolating the selective “head” is approximated by the second-
order regression equation: 

2 2
1 2 1 2 1 250.06 2.73 3.51 4.04 3.44 2.47y x x x x x x      . (5) 

From the results of assessing the statistical significance of regression coefficients (5), it follows 
that their absolute values are greater than the confidence intervals constructed using Student's t-test 
at a significance level  = 0.05, i.e., all the coefficients of regression equation (4) are statistically 
significant. 

Ratio of residual variance 2
res 3.32S   to reproducibility variance 2

v 2.12S   equals Fр  = 1.57. 
For the number of freedom degrees greater than f1 = 21 and smaller variance f2  = 18 and reliability 
of the estimate  = 0.05, the tabulated value of Fisher’s criterion is  0.05 21.18 2.20F  . Thus, the model 

is adequate. 
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To assess the nature of the response surface and determine the coordinates of the singular point, 
a canonical transformation was performed: 

2 2
1 250.06 3.64 4.24Sy z z   . (6) 

The signs of coefficients in equation (6) show that the factorial function is a hyperbolic parabo-
loid having a minimax at point (x1S, x2S). The best conditions for carrying-out the process correspond 
to the coordinates of the singular point (center): x1S  = –0.164; x2S = –0.569. To increase y value, one 
should move from the center of the surface in the direction of z2 axis. 

Using the formula for the transition between the coded and natural values of the factors, we 
obtain that the rational steam flow is х1  = 10.3∙10–3 kg/s per 1 m2 of the cell section and the collector 
expenditure  is х2 = 5.2 g/t. Coordinates of the singular point belong to the region of the factor space 
where the experiment was conducted. The experiments were made on recycled water. 

The recommended qualitative-quantitative ore flotation circuit obtained from the results of flo-
tation under the conditions simulating a closed cycle is shown in Fig.4. The experiment consisted of 
six feedbacks of middlings, at which stabilization of P2O5 content in the final tailings was achieved. 

The circuit in Fig.4 can be represented as if from 1/2 of the feedstock ( = 11.7 % P2O5 with a 
50 % yield and 50 % recovery) rough concentrate was isolated (β = 19.77 % Р2О5 at 25.71 % yield 
and 43.44 % recovery) at collector expenditure 148 g/t and mixed with the second 1/2 part of the 
feedstock. When mixing the feedstock ( = 11.7 % Р2О5 at 50 % yield and 50 %recovery) and rough 
concentrate (β = 19.77 % P2O5 at 25.71 % yield and 43.44 % recovery), Р2О5 content in the second 
1/2 part of the feedstock will be 14.44 % at 75.71 % yield and 93.44 % recovery (6.56 % Р2О5 was 
lost with tailings-I during recovery of rough concentrate from the first 1/2 part of the feedstock).  
Р2О5 content in the second 1/2 part of the pulp flow increased by ~23 rel.% – from 11.7 to 14.44 %. 
An increase in the recovery of the valuable component with its content growth in feed ore was rec-
orded as a result of full circuit sampling of technological circuits for flotation of ores of various 
valuable components (including apatite [27]). The obtained dependences are approximated by ade-
quate linear [28] and curvilinear [29-31] models. 

During the first three minutes of air flotation with addition of hot steam in the working area of 
one unit, the fast-floating apatite fraction (selective “head”) is actually recovered from the feed ore 
and the recycled rough concentrate is recleaned. Collector expenditure for these purposes was 5.2 g/t. 
At a concentration degree of 1.44, P2O5 content in the concentrate increased from 19.77 to 28.44 %. 
After recovery of the finished rough concentrate (“in two steps”), P2O5 content in the pulp decreased 
becoming approximately equal to that in feed ore. Moreover, in the depleted mixture, apatite grains 
are represented by a slowly floated fraction. For its recovery, the main part of the collector (103 g/t) 
was loaded, and flotation was performed with air without steam addition. 

It can be presumed that P2O5 recovery from the mixture of feed ore with recycled rough concen-
trate is accomplished following the flotation mechanism with a carrier mineral (solid boundary)  
[32-36] in which apatite grains of the rapidly floating fraction, which have an elevated natural hydro-
phobicity, stick to apatite grains of recycled rough concentrate hydrophobized by collector. The col-
lector got into the pulp together with liquid and solid phases of recycled rough concentrate. To inten-
sify flotation, a new portion of collector at a rate of х2 = 5.2 g/t was additionally loaded into the pulp 
by the carrier mineral. 

A high selectivity of flotation with steam-air mixture [37, 38] can be accounted for by the value 
and sign of the phonon component of disjoining pressure [39, 40]. Thus, the free-path length of pho-
nons near the hydrophilic surface is greater than near the hydrophobic one due to a high energy barrier 
of thermal shocks and a lower mobility of molecules near such a surface. Differences in dynamic 
structure of liquid in the boundary layer and the structure of bulk fluid [41-44] determine the direction 
of liquid flow under the action of temperature gradient. Bulk liquid flows into and stabilizes the in-
terphase gap if the enthalpy in it compared to its bulk value is lowered (ΔН < 0) and, on the contrary,  
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Fig.4. Recommended qualitative and quantitative ore flotation circuit 
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it flows out in the case of predominance of positive ΔН > 0 values promoting sticking. An increasing 
efficiency of apatite-nepheline ore flotation with air-steam mixture is also possible due to a growing 
solubility of compounds that are the basis of the oxyhydryl collectors used and, as a consequence, an 
increase in the degree of their dissociation. At 28.40 % yield of saleable (39.50 % P2O5) concentrate, 
96.00 % P2O5 were recovered to it. 

Experiments were conducted on closed-cycle ore flotation following the “rougher flotation – 
recleaner flotation – three recleanings of rough concentrate” circuit with the feedback of middlings 
from subsequent flotation into the previous one. In comparison with results of the experiment per-
formed according to the circuit in Fig.4, P2O5 losses with final tailings increased from 4.0 to 9.94 % 
due to increase of P2O5 content in them from 0.66 to 1.59 % with almost the same concentrate quality 
(39.50-39.57 % P2O5). 

In case of flotation following the “rougher flotation – recleaner flotation – three recleanings of 
rough concentrate” circuit, collector expenditure was 148 g/t. During flotation according to the circuit 
in Fig.4, collector expenditure was 148 g/t in the first 1/2 part of the ore flow and 108.2 g/t in the 
remaining 1/2 part of the ore flow including 5.2 g/t in rougher flotation-I (isolation of selective “head” 
for three minutes by steam-air mixture) and 103 g/t in rougher flotation-II (air flotation). In flotation 
following the circuit in Fig.4, the expenditure of the most expensive distilled (by ~32 % – from 22  
to 15 g/t) and crude (by ~30 % – from 43 to 30 g/t) tall oil decreased. Moreover, reducing the collector 
expenditure is a necessary condition for obtaining a high-quality concentrate.  

Experiments were performed on steam-air mixture flotation of apatite-nepheline ore without 
mixing rough concentrate with feed ore. From the analysis of flotation results of a sample of apatite-
nepheline ore by two competing methods, it follows that the transition from air flotation to steam-air 
mixture flotation allows increasing P2O5 content in rough concentrate by 3 % and recovery by ~8 %. 
Recleaning of rough concentrate in experiments performed according to the process continuity prin-
ciple allows recovering saleable concentrate from an ore sample with 14.60 % P2O5 content with 
92.03 % P2O5 recovery. However, the circuit with feedstock mixing with rough concentrate and using 
the flotation mode with steam-air mixture for a short time only in rougher flotation operation, in 
which a high concentration of the recovered mineral is specially created, is technologically more 
efficient (from an ore sample with 11.7 % Р2О5 content (Fig.4) 96.0 Р2О5 was recovered into saleable 
concentrate and economically more profitable (steam consumption for performing the flotation pro-
cess is approximately three times less). 

From the condition of heat balance with coupled heat-mass exchange of steam with cold pulp 
k 2пQ Q Q  , steam consumption in the ore flotation mode with steam-air mixture is 5.08 kg∙t–1  

of ore:  

 
 

2 2 2k 2n
1

1 1 1n 1k

p

p

m c t t
m

r c t t



 

, 

where 1 1пQ m r  is the amount of heat given off by steam with mass m1 (kg) during condensation;  
r1 is the heat of vaporization at steam temperature 104 С, kJ∙kg–1;  k 1 1 1n 1kpQ m c t t   – the amount 
of heat given off by the condensate during cooling from temperature t1n to t1k (С); ср1, ср2 – isobaric 
mass heat capacity of steam and pulp, respectively, kJ∙kg–1∙deg–1;  2 2 2 2k 2npQ m c t t  – the amount 
of heat received by the pulp with mass m2 (kg) when heated from temperature t2n to t2k (С).  

For producing 1 ton of steam, it will be necessary to burn 96.3 m3 of natural gas (assuming there 
is no condensate recycling). With the price of natural gas for industrial consumers 5.155 rub for  
1.000 m3, the price of 1 Gcal of steam for the technological purposes was 3.500 rub, at which the 
specific operating costs for steam used as an additive to air for flotation in the steam-air mixture mode 
are 9.59 rub/t of ore. With concentrate price of 7.300 rub/t, gross proceeds from the sales from  
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processing 1 ton of ore, taking into account steam costs, are 2066.5 and 1944.0 rub, when ore  
flotation follows the known circuit and mode, i.e., 6.3 % less. 

Conclusion. Under laboratory conditions by the example of apatite-nepheline ores, it has been 
shown that when switching from ore flotation according to the existing circuit to a scheme with re-
cycling of 1/2 part of rough concentrate and using the mixture of air with hot steam as the gas phase, 
the Р2О5 recovery into saleable concentrate increases from 90.06 to 96.0 % with almost the same 
concentrate quality. Steam-air flotation process is performed at collector expenditure reduced by  
~ 14 %, including the most expensive distilled (by ~32 %) and crude tall oil (by ~30 %). The exper-
iments were made under conditions simulating the closed flotation cycle, the rational mode of which 
was revealed by mathematical planning of the experiment. 

 Combining feed ore with a part of rough concentrate gives a mixture with a high level dressa-
bility. Recovery of apatite from it begins with the use of the steam-air mixture flotation mode for  
a short time and ends with transition to air flotation based on technological and economic considera-
tions. 

The main effect of a sudden contact of steam-air mixture with pulp is heating of water in the 
boundary layers of bubbles, which can be one of the causes for decreasing losses of the recovered 
mineral with flotation tailings. A high selectivity of flotation with steam-air mixture is accounted for 
by a difference in the influence of the dynamic structure of liquid in the wetting film and bulk liquid 
on the value and sign of the phonon component of disjoining pressure. 
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