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Abstract. The paper presents the analysis results of existing empirical hydraulic transport calculation methods of tailing slurries with large and small particles. It has been found that methods applied in systems of hydraulic transport lead different values ​​of the main parameters (head loss, critical velocity and pipeline diameter). In-depth analysis shows that the main characteristic values ​​affecting a pressure loss and critical velocity is the size distribution of solid particles in the tailing slurries. The magnitude of the mean diameter of solid particles of the slurry can be divided into two main classes: fine-grained (mean diameter 
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 mm). This approach makes it possible to bring existing calculation methods to the general equation of head loss. The average particle diameter in the resulting formulas considered as a generalized size coefficient, which has a value corresponding to fine and coarse tailings
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- solid particles size, which can be classified as "coarse", mm; 
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 - coefficient of taking into account the influence of fine particles on  head losses;
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- specific head losses of water with average velocity 
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- specific head losses of water with critical velocity;
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- hydraulic size of free fall solid particles, m/s;
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- particle shape factor;


[image: image29.wmf](

)

D

f

=

D

d

100

=

δ

m

- particles size correcting factor;
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- coefficient of hydraulic drag at movement of solid particles;
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- density of solid particles and water, kg/m3;
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 - a drag coefficient.

1. INTRODUCTION

In designing of hydraulic transport systems on mine and processing plants is necessary to determine the main parameters of hydraulic transport to select pumping equipment to ensure proper performance of hard material and the pump pressure to overcome the hydraulic resistance along the length of the pipeline.

Currently, the practice of design used several methods for calculating the parameters of hydraulic transport developed in different years. These methods were obtained for a wide range of characteristics of tailings slurries but each one is valid only for a limited number of parameters of slurry and leads to inadequate results outside of this range. Therefore, as usually adopted in the design of hydraulic transport systems the values ​​of key parameters (critical velocity, pipeline diameter, head loss, solids concentration) and operation modes slurry pumps (delivery of pump, efficiency, pressure, power) require significant adjustment to the operation of hydraulic transport systems.

In recent years, due to the depletion of rich deposits of minerals in the mining industry it has to engage in the processing large amounts of low-grade ores, minerals content in which less than 1-2%. In the process of ores enrichment requires considerable grinding, so that tailings prevailing class (80-90%) are particles with a size -0.044 mm.

The size of the solid particles in the tailings slurry in the existing technologies of enrichment are divided into two main classes: fine-grained (average particle size 0 < dm ≤ 0,1 mm) and coarse-grained (average particle size 0,1 < dm ≤ 1,0 mm). However, the reliable calculation methods based both theoretically and experimentally, are not currently available.

The ways to regulate slurry pumps applied in the practice of hydraulic transport are designed primarily to provide the required flow at the maximum efficiency of the pumping unit. In this case, the possible changes in the content of solid material in the tailings slurry in the slurry pumps regulation are not considered. Therefore, pumps in hydraulic transport work with variable capacity of hard material content, and with a time-varying pressure.

It follows that the development of the method and algorithm for calculating the parameters of hydraulic transport of slurries with fine-grained and coarse-grained particles and the ways to control flow and pressure of slurry pumps is an important task and requires further theoretical and experimental study.

2. engineering methods of calculating parameters
OF hydraulic transport

Known hydraulic transport calculation methods normally used empirical relations between main slurry flow parameters and such factors as particle size, density of the solid material, the concentration and the desired performance. Calculated parameters are the critical flow rate of slurry pipeline diameter and specific head loss. The main characteristic is the particle size distribution of the slurry solids.

There are various solid particles size classifications of slurries, which can be divided into two groups:

- fine-grained slurry (particle size less than 0.1 mm);

- coarse-grained slurry (particle size in the range 0.1 - 0.5 mm).

In Russia, the most well-known methods of hydraulic transport calculation are as follows: Kobernik-Voitenko [5], Smoldyrev [10, 11],  Dmitriev [2], Institute of Hydromechanics - Institute Mekhanobr (IGM) [6, 9], Saint-Petersburg Plekhanov Mining Institute (LGI) [7], Silin [4], Vedeneev Institute of Hydraulic Engineering (VNIIG) [8],  Knoros-Evdokimov [3], Aksenov-Podkorytova [1], Table 1.

Table 1

	Calculating methods and formulas

№ 
	Authors
	Calculating formulas

	
	
	The specific head losses
	Critical velocity

	1
	Kobernik-Voitenko
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	2
	Smoldyrev
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	4
	Institute of Hydromechanics - Institute Mekhanobr (IGM)
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	5
	Saint-Petersburg Plekhanov Mining Institute (LGI)
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	6
	Vedeneev Institute of Hydraulic Engineering (VNIIG)
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	7
	Knoros-Evdokimov
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	8
	Aksenov-Podkorytova
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	9
	Silin
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To establish compliance of these methods with actual values ​​of head loss and the critical velocity was carried out numerical analysis for each of the 9 methods for fine and coarse-grained tailing slurries.

The following characteristics of coarse-grained slurries were taken for the calculation (particle size distribution "A" - coarse slurry):

· the performance of solid material - 500 t / h;

· density of the solid particles- 3000 kg/m3;

· the average particle diameter - 0.33 mm;

· the volume concentration - 0.2.

2.1. The calculation results for the particle size distribution 

of "A" – coarse-grained slurry

The calculated results for the coarse-grained slurries are given in Table. 2, which shows that they differ significantly among themselves. The reason is the uncertainty of some of the calculated values. To establish the uncertainty was performed parametric analysis of methods. It was found that calculation methods could be divided into several groups by the critical velocity. The results of the calculated values ​​of the critical velocity are shown in the diagram, Fig. 1.
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Fig. 1. The calculated values ​​of the critical velocity by different methods

(coarse-grained slurry)

Data Table 2 and the diagrams of Fig. 1 show that the methods of Aksenov-Podkorytova (№ 8), Vedeneev Institute of Hydraulic Engineering (VNIIG) (№ 6), Institute of Hydromechanics - Institute Mekhanobr (IGM) (№ 4), Knoros-Evdokimov (№ 7), Silin (№ 9), Dmitriev (№ 3) give relatively similar results for the critical velocity. Smoldyrev (№ 2), Saint-Petersburg Plekhanov Mining Institute (LGI) (№ 5), Kobernik-Voitenko (№ 1) methods give low values of the critical velocity (№ 2) and the very high values (№ 5, № 1).

Table 2

The results of calculating the parameters of hydraulic transport coarse tailings slurries

(particle size distribution "A")

	№ 
	Authors
	Calculating formulas

	
	
	Critical velocity, m/s
	Head losses, 

m /km
	Pipe diameter, m

	1
	Kobernik-Voitenko
	4.98
	41
	0.32

	2
	Smoldyrev
	1.9
	10.3
	0.8

	3
	Dmitriev
	3.61
	30
	0,5

	4
	Institute of Hydromechanics - Institute Mekhanobr (IGM)
	3.27
	18
	0.426

	5
	Saint-Petersburg Plekhanov Mining Institute (LGI)
	4.57
	68
	0.5

	6
	Vedeneev Institute of Hydraulic Engineering (VNIIG)
	3.23
	25
	0.396

	7
	Knoros-Evdokimov
	3.3
	17
	0.415

	8
	Aksenov-Podkorytova
	2.98
	31
	0.409

	9
	Silin
	3.42
	18
	0.441


The calculation results lead to the following conclusions:

1. These methods are designed to calculate the parameters of tailings slurries hydraulic transport with solid particles diameter from 0.1 to 0.5 mm. This corresponds to an average solid particles diameter of the ferrous and nonferrous metallurgy tailings with a density of rigid material from 2700 to 3000 kg/m3.

2. According to the main calculation results selected calculation methods can be divided into three groups, in which the values ​​of the critical velocity, the specific head loss and pipeline diameter have relatively equal values:

The first group consists of six methods: Aksenov-Podkorytova, VNIIG, IGM, Knoros-Evdokimov, Silin, Dmitriev. The discrepancy between the lowest value of the critical velocity and its highest value in these methods is 17.5%. Moreover three methods (VNIIG, IGM, Knoros-Evdokimov) give almost identical results, the discrepancy of only 5.5%; 
The second group consists of two methods: LGI and Kobernik-Voitenko. These methods lead to overestimated values of the critical velocity.
The third group – Smoldyrev method gives lower values ​​of the critical velocity, specific head loss and inflated diameter of the pipeline. Application of this method is probably limited to a hydraulic transport of solid particles slurries with diameter less than 0.1 mm and volume concentration greater than 25%.

3. In the first group it is possible to select Knorozov-Evdokimov method, which uses tabulated values ​​of the empirical coefficients, which limits the use of this method for arbitrary conditions of hydraulic transport.

4. To further analysis and development of the algorithm for calculating the hydraulic transport of coarse-grained slurries has taken the following methods: Kobernik-Voitenko, Dmitriev, IGM, LGI, Silin, VNIIG, Aksenov-Podkorytova. 

2.2. The calculation results of particle size distribution "B" - fine-grained slurry

Similar calculations were made for the fine-grained slurries – tailings of copper-nickel ore plant Pechenganikel. The input parameters for the calculation were as follows (size distribution "B" - fine-grained particulate matter):

- the performance of solids - 857 t / h,

- solid density - 2900 kg/m3,

- the average diameter of solid particles - 0.049 mm,

- the volume concentration - 0.2.

The results are presented in Table. 3 and in diagrams Fig. 2 - Fig. 4. 

Table 3

The calculation results of hydraulic transport of fine-grained slurries tailings 

	(particle size distribution of "B"

№ 
	Authors
	Calculating formulas

	
	
	Critical velocity, m/s
	Head losses, 

m /km
	Pipe diameter, m

	1
	Kobernik-Voitenko
	4.95
	73
	0.310

	2
	Smoldyrev
	3.01
	28
	0.414

	3
	Dmitriev
	3.77
	34
	0.373

	4
	Institute of Hydromechanics - Institute Mekhanobr (IGM)
	2.67
	12
	0.443


	5
	Saint-Petersburg Plekhanov Mining Institute LGI)
	4.92
	53
	0.325

	6
	Vedeneev Institute of Hydraulic Engineering (VNIIG)
	2.67
	25
	0.438

	7
	Knoros-Evdokimov
	3.4
	37
	0.404

	8
	Aksenov-Podkorytova
	1.72
	4.5
	0.560

	9
	Silin
	3.93
	33
	0.369
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Fig.2.The  calculated values of the critical velocity for various methods 

(fine-grained slurry)
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Fig. 3.  Calculated values ​​of head loss for various methods (particle size distribution "B")
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Fig. 4.  Calculated values ​​of the pipeline diameters for various methods

 (particle size distribution "B")

The analysis of calculated results show that the 8 considered methods can also be divided into three groups.

The first group consists of two methods: Aksenov-Podkorytova and IGM. These methods give relatively small values ​​of head loss, and large diameters of pipes in comparison with the results of other methods.

The second group consists of four methods: VNIIG, Silin, Dmitriev, Smoldyrev. The peculiarity of the calculated results for these methods is relatively equal values of head loss. Average values ​​of head loss in this group are 30 m / km. Average deviation of the head loss values for individual methods was 12%. Similar results were obtained for the pipe diameter - average 398 mm, and the relative deviation - 7%. Also for the critical velocity: average - 3.3 m / s, and the relative deviation from the average - 16%. 

These results indicate that this group of methods can be used to calculate the hydraulic transport of fine particulate matter slurries with 
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The third group of methods (LGI, Kobernik-Voytenko) leads to inflated values of head loss and critical velocity (53 and 73 m / km, 4.92 and 4.95 m / s).

The reasons for these results are:

1. The LGI method is based on the generalized registered coefficient of hydraulic resistance including resistance to pure fluid (water) and resistance to the solid phase. However, this method does not give a way of determining the coefficient of hydraulic resistance in the solid phase.

2. Kobernik-Voytenko method - one of the first hydraulic transport calculation methods developed in the 60s of the last century. It is used to calculate the hydraulic transport of relatively large particulate matter and ignores hydromechanical characteristics of solids (average particle diameter, concentration of slurry, the ratio of transportability and other characteristics). Therefore, we can assume that for the calculation of parameters of hydraulic transport of fine-grained slurries this method is not applicable. 

From the whole set of calculation methods for further analysis were chosen only two methods which lead to adequate results of actual hydraulic transport parameter values​​:

1. VNIIG method for coarse-grained slurries.

2. IGM and Mekhanobr method for fine-grained slurries, Tabl. 1.

3. Generalized formula for the head loss 

calculation in hydraulic transport of fine
and coarse-grained slurries

Input parameter to determine the head loss, the critical speed and other characteristics is the value of the relative size of solid particles, which is calculated according to the formula 
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 ​​are given in tabular form for fixed values ​​of the pipe diameter, and for a specific diameter necessary to perform the extrapolation, which may lead to an erroneous value
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. In addition, the methods use coefficient, which takes into account assorted solid particles. The value of this coefficient is determined by the particle size distribution curve, which in some cases not easy and can also lead to an erroneous value of the inequigranular coefficient.

In this paper was an attempt to eliminate the influence of the coefficient of relative size and assorted coefficient on the final calculated results.

The general structure of head loss formula for slurries hydraulic transport is the sum of head loss for the transportation of the pure liquid (water) and additional head loss for the transportation of solid phase:
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where 
[image: image67.wmf]sl

i

- head loss on transportation of slurry; 
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- additional head loss on transportation of solid material.

We write the formula (1) as follows
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(2)

where 
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- coefficient of excess, depending on the type of the pumped slurry (fine-grained or coarse-grained).

Additional head loss for fine-grained slurries are written by (IGM and Mekhanobr method)
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(3)

The particle diameter of fine-grained slurries can be taken as average particle diameter, i.e. dc = dm. Furthermore F
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 is the shape factor of the particles.

With the assumed values, formula (3) can be written as follows
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The formula implies that the additional head loss in hydraulic transport of fine-grained slurries depend on the relative size of solids
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, the relative density of the slurry 
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 and the bulk concentration
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The formula applies for slurries of solid particles with a diameter in the range of 0 < dm 0,1. Determine the value of the coefficient of excess for fine-grained slurries.

From (2) we have:
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where 
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- productivity in solid  material, kg/s.

Equation (5) shows that the coefficient of excess 
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in hydraulic transport of fine-grained slurries with a predetermined concentration of the solid phase 
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) depends only on the relative particle size (
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According to the formula (1) the specific head loss will be equal to
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where 
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Q

 - the slurry flow rate, m3 / s.

Similar transformations will do for coarse-grained slurries and get
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(8)

Alternatively, in the following form:

- fine-grained slurry
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(9)

- coarse-grained slurries
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(10)

To test the adequacy of obtained expressions for the head loss (9) and (10) in hydraulic transport of fine and coarse-grained slurries were used factual data obtained from a number of operating hydraulic transport systems. 
Used data of these systems hydrotransport processing plants: Mining - Metallurgical Combine "Pecheganikel"  (Qs = 857 t/h,  ρs = 2.9 t/m3, dm = 0.049 mm, cv = 0,2);  Processing  Factory of 50 years in October (Qs = 324.8 t/h,  ρs = 3,0 t/m3, dm = 0.043 mm, cv = 0,08); Talnakh Processing Factory (Qs = 236.17 t/h,  ρs = 3.7 t/m3, dm = 0.052 mm, cv = 0,21); Mining Processing Plant (MPP) “Erdenet” (Qs = 3214 t/h,  ρs = 2.7 t/m3, dm = 0.085 mm, cv = 0.104); MPP  "Southern" ГОК (Qs = 402.6 t/h,  ρs = 2.95 t/m3, dm = 0.091 mm, cv = 0.014); Satpaev Processing Factory (Qs = 483.5 t/h,  ρs = 2.6 t/m3, dm = 0.112 mm, cv = 0.243); Jezkazgan Processing Factory (Qs = 3143.3 t/h,  ρs = 2.7 t/m3, dm = 0.137 mm, cv = 0.182); Kovdor Mining Processing Plant (Qs = 738.46 t/h,  ρs = 3.0 t/m3, dm = 0.264 mm, cv = 0.077); Kostomuksha Mining Processing Plant (Qs = 557.6 t/h,  ρs = 2.7 t/m3, dm = 0.332 mm, cv = 0.076); Kachkanar Mining Processing Plant (Qs = 1260 t/h,  ρs = 3.3 t/m3, dm = 0.46 mm, cv = 0.033); Almalyk Mining Processing Plant (Qs = 2200 t/h,  ρs = 2.7 t/m3, dm = 0.091 mm, cv = 0.074).

The coefficients of particle size distributions for the fine and coarse-grained slurries were calculated from these data in the form of the following functions:


- fine-grained slurry
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- coarse-grained slurry 
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Calculated values of generalized coefficient of particle size as a function of the average diameter of the solid particles are shown in the graph, Fig. 5.

The values ​​of additional head loss for fine-grained slurries can be written
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(11)

and for coarse-grained slurries
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(12)

The values ​​in the formulas (11) and (12) are taken from Fig. 5 depending on the average diameter of solid particles.
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Fig. 5. The dependence of the generalized coefficient of particle size of the average 

solid particles diameter for the fine and coarse-grained slurries

4. CONCLUSIONS

1. Considered in this paper, empirical methods for calculating the parameters of hydraulic transport are obtained for the specific operating conditions of hydraulic transport systems.

2. Average solid particles diameter accepted for main characteristic in all the methods, adopted at which value slurry tailings are divided into two classes: 1 - fine grained and 2 - coarse grained.

3. Two methods of nine considered provide most appropriate calculation results: IGM Mekhanobr - for fine-grained slurries and VNIIG method - for coarse-grained slurries.

4. Based on these two methods developed algorithm for the additional head loss calculation for transportation of solid phase with considering a generalized coefficient of particle size, which is represented as a function of the average solid particles diameter.
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