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ABSTRACT
The aim of article is theoretical description and experimental study of melt jet expiration process from the perforated shell.  Mathematical modeling of hydrodynamic flows was carried out based on the points of classical fluid and gas mechanics and technical hydromechanics. Solving equations of mathematical models was done using computer mathematics of Maple and wxMaxima. Physical modeling is based on methods of similarity theory. Geometric similarity is maintained by equity of constants and invariants of geometric similarity. Always similarity of respective particles movement and their trajectories in industrial design and in experimental models is also maintained. The reliability of obtained experiment results is caused by the application of time-tested in practice methods. The hydrodynamic characteristics of liquid jet expiration were obtained. Presented mathematical model allows to calculate radial and axial components of the speed jet expiration, as well as to establish the influence of physical and chemical properties of liquid and diameter of hole expiration to change the length and jet flow speed along the axis to its disintegration into separated droplets. The theoretical description of melt dispersion process from rotating perforated shells on the basis on developed mathematical model allows us to improve the design of rotating dispersant to stabilize the hydrodynamic parameters of movement melt in it. Basket tests of the dispersant confirmed the theoretical research and carried out modernization of equipment construction.  Consideration of hydrodynamic parameters of fluid jet flowing out of holes of perforated membrane allows to improve the construction of nitrogen fertilizers melt dispersant, affect to the parameters of process of jet decay into droplets, its size and monodispersity.
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1. INTRODUCTION
Liquid dispersion processes at the micro- or macro drops are used in power generation, medicine, chemical industry, agriculture and other spheres of human activity. The efficiency of technological processes and equipment for its implementation is largely determined by the quality of liquid dispersion, which usually involves one-dimensional (monodispersity) received drops (1(.

This fully applies to the production of commodity form of nitrogen fertilizer, which is carried out in two main ways (2(:

- granulation from the liquid phase by its dispersing on the surface layer of the suspended particles in fluidized bed of different configuration (device of Urea Casale S.A., Kahl Group, Stamicarbon, Toyo Engineering Corporation, Uhde Fertilizer Technology et al.), including vortex (3, 4(;

- granulation from the liquid phase by dispersing it into droplets with followed crystallization of solute with the dewatering and cooling of this phase (prilling) (devices of Norsk Hydro, AN-DE, ICI, Kaltenbach et al.).

Among the others for dispersing of nitrogen fertilizer melt in these methods can be used a devices with different form of perforated shell, generally having an axial symmetry.

Devices for melt dispersing can be classified by the form of working part (perforated shell), by the presence of internal devices in perforated shell. Additionally, these devices differ by the nature of force action on the melt and can be static, swirl (tangential introduction of melt into perforated shell or to the turbine for melt spin), dynamic (rotating) (5(.

In recent years, mainly preference is given to conical or cylindrical rotating devices and devices with cup-shaped shell. This is caused by the simplicity of their manufacture and high rate uniformity of resulting liquid droplets and commodity granules in comparison with analogues.

In existing equipment calculation approaches for dispersing hydrodynamic characteristics of jet of liquid outflow are not captured, that is resulting in lower monodispersity of obtained droplets (6(. Hydrodynamic parameters of liquid jet issuing from a single hole or holes of perforated shell, and design features of devices for dispersing of fluid affect on parameters of jet decay into droplets process. 

The problem of creating jet decay into droplets model at the expiration of opening in thin wall is relevant in context of urgent necessity to improve the dispersing of granulation devices in mineral fertilizers production. By controlling of jet decay process, we can optimize the performance of dispersants and to create favorable conditions to produce a product with a high degree of monodispersity.

The aim of article is theoretical description and experimental study of melt jet expiration process from the perforated shell.

2. DESCRIPTION OF OBJECT AND METHODS OF RESEARCH
Mathematical modeling of hydrodynamic flows was carried out based on the points of classical fluid and gas mechanics and technical hydromechanics (7, 8(. Solving equations of mathematical models was done using computer mathematics of Maple (9( and wxMaxima (10, 11(. These systems have proven, reliable and efficient symbolic and numerical algorithms for a wide range of mathematical problems, including well-known library of numerical algorithms NAG (Numeric Algorithm Group). Adequacy of received calculated dependences for process, that was investigated, is caused by comparison of calculated data with known and personally obtained results of experiment.

Equipment - vibration granulator experimental stand (Fig. 1).

Materials - melt of ammonium nitrate and urea.

Vibrating granulator is the main unit of device, which consists of variable perforated membrane 1 with holes to leak fluid, the housing 2 with the distributive drive 3 and pipe 4 for entering air from the fan 5. To the housing 2 distributor 6 with 7 pipe and filter element 8 is fixed.

In the top of fluid atomizer mechanical, electrical or electromagnetic vibrator 9 is installed, which is connected by the rod 10 with the resonator 11 in form of elastic disc or plate.

When granulator is working, fluid, that goes through the pipe 7 and the distributor 6 to the bottom part of granulator begin to come out from the holes of perforated membrane. Simultaneously by the fan 5 through the pipe 4 into the cavity of granulator air with given pressure is supplied.

Installation is equipped with a buffer bunker 12 for liquid with circulation pump 13. Valve 14 and rotameter 15 are used to regulate and measure the liquids rate. The fluctuations sensor 16 is connected with an oscillograph 17 for observation fluctuations forms and digital frequency meter 18 for measuring the oscillation frequency, regulation of which when using electrodynamic or electromagnetic vibrator is carried out by electronic controller 19. Stroboscope 20 and 21 are intended for visual observation of dispersing process of liquid into droplets. Measurement of fluid pressure in holes ending and air under the free surface of liquid is carried out by manometers 22 and 23. Holes controller 24 is aimed to change the air pressure in the granulator.
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Fig. 1. Experimental installation of vibrating granulator

Work procedure

Circulation pump 13 is included via flowmeter 15 and through the pipe 7 liquid is fed in the granulator, flow rate of which is regulated by valve 14. The further switching of electronic oscillator 19 electrodynamic vibrator 9 results resonator to vibrate with certain frequency, which is fixed for the testimony of  digital frequency meter 18, which is connected with the vibrations sensor 16 of granulator`s basket. For air supplying into the granulator volume the fan 5 is turned on, then when the interstitial granulator position is changing the given pressure is installed based on manometer data. Simultaneously monitoring of jets collapse into droplets using stroboscope 20 is conducted. When formation of monodisperse drops (without satellite) manometer 22 indicators are recorded, that characterize the total pressure of fluid in leakage holes, and vibration frequency (upper limit) for instructions digital frequency meter 18. If these liquid and air parameters by changing the vibration frequency by electron generator 19 by the lower limit of granulator stable operation range is determined. The same definition of stable operation range is conducted at other speeds leakage from holes in the basket, which can be achieved by changing the granulator performance under constant air pressure or by changing the air pressure 6 using regulator 24 at constant fluid flow. When operating vibration granulator at different speeds of leak fluid from holes in the basket fluid flow rate is measured with dimensional cylinder through the single hole at time τ.

Physical modeling is based on methods of similarity theory. Geometric similarity is maintained by equity of constants and invariants of geometric similarity (12(. Always similarity of respective particles movement and their trajectories in industrial design and in experimental models is also maintained. The reliability of obtained experiment results is caused by the application of time-tested in practice methods (13(.

Processing of the experimental results 
Speed of fluid leak from the granulator`s holes:
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According to experimental data of upper 
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limits of frequency, maximum and minimum wave length are calculated:

λmax=V/f1; λmin=V/f2,   


 (2)

which provide monodisperse liquid jets decay.

The seconds melt rate through the granulator hole:

Gs=Gτ/τ,




(3)

where τ – experimental time of melt expiration through the granulator hole, 
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 - amount of melt during 
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The diameter of drops, formed by decay of liquid jets in minimum and maximum granulator`s productivity is determined from material balance according to equation
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where favi  - average frequency of vibration, which provides monodisperse jets decay.

The absolute difference of drops diameter and drops diameter relative deviation from the average drops size at granulator maximum productivity and minimum. The calculation is performed according to equations:
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where 
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  - bigger and smaller of drops diameter.

3. RESULTS AND DISCUSSION

Model jet decay is based on the solution of Navier-Stokes equations (7) - (8) and the flow continuity (9) recorded for the cylindrical coordinate system (Sklabinskyi at al., 2015), taking into account such simplifications:

- flow is axially symmetric;

- section of jet is circular, there is only its restriction and extension (the tangential component of jet speed υθ=0).
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where, υr, υz - radial and axial components of jet speed respectively, m/s; r - radius of jet, m; p- expiration of jet pressure, Pa; ρ - flowing fluid density, kg / m3.

Assuming that the axial speed component at the time of expiration varies parabolically:

υz=A1∙r2∙z2+A2∙r+A3,                                          (10)

transforming the equation (9), we obtain the value of radial component of expiration of jet speed:
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Given the fact that the pressure change in jet in radially direction is insignificant compared to axial component, and substituting (10) into (8) we get:
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Solving the equation (12) respectively to dp/dz law of change along the axis of jet:
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By introducing assumption that when z=0 the coordinate system coincides with the expiration of the jet, and expiration occur at a constant pressure
[image: image20.wmf]p=const

, then according to (13) C1=p1.

After transformation we get:
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Inserting (14) into (7):
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we obtain the differential equation of total derivatives respectively to function F1(z). Based on the fact that derivative dυr/dz is equal to:
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and radial speed component of jet if z=0 becomes υr=0 obtain
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Using the boundary conditions F1(z=0)=0 and dz(F1(z=0))=0, and put them into the equation (10) we obtain the value of the function as a polynomial:
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Substituting the relation (18) in equation (11) it will be:
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Coefficient A2 can be found assuming that on surface of jet r=rs  pressure p is equal to the pressure of the surrounding surface p0. This boundary condition can be written as:
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where from
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Coefficient A3 can be defined assuming that that if r=0, υr=0.


[image: image31.wmf].

×××××××××××××××

×

×××

42423

1s01s11

3

22

s1

3zA

ρr+6p-12zAρvr-8ρvAz-6p

1

A=-

6zr

ρA

                        (22)

Accordingly,
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Coefficient 
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 define, assuming that at a point close to origin of coordinate system 
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, the exhaust velocity is not yet change its value and is equal to the flow velocity jet in the hole 
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Solving of resulting equation (24) to the coefficient 
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, we obtain:
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Presented mathematical model allows to calculate radial and axial components of the speed jet expiration, as well as to establish the influence of physical and chemical properties of liquid and diameter of hole expiration to change the length and jet flow speed along the axis to its disintegration into separated droplets (Figs 2, 3).

[image: image41.emf]
Fig. 2. Dependence of changing of radial component of speed of melt flow rate of the ammonium nitrate from hole with 1,3 mm diameter at different temperatures (viscosity) of melt at T = 175(C, T =180(C,  T = 185(C.

The theoretical description of melt dispersion process from rotating perforated shells on the basis of developed mathematical model allows us to improve the design of rotating dispersant to stabilize the hydrodynamic parameters of movement melt in it. Applying of weighted vortex layer in combination with the vibrating material liquid spray and rotation of liquid jets by their decay will further improve the quality of granulated product.

[image: image42.emf]
Fig. 3. Change of radial component of melt flow rate of ammonium nitrate from the holes of different diameters: 1.0 mm, 1.1 mm, 1.2 mm, 1,3mm, 1,4 mm

Basket tests of the dispersant (testing unit is shown in fig. 1) confirmed the theoretical research and carried out modernization of equipment construction. During the tests a stable jet breakup into droplets at a distance of 2-5 mm from the wall of perforated shell was obtained (Figs 4, 5).
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Fig.  4. Jet disintegration into droplets after the expiration from the perforated shell
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Fig.  5. Steady jet disintegration into droplets after the expiration from the perforated shell

Pilot testing of modified dispersant in production of ammonium nitrate and urea for different climatic conditions (humid and hot climate, temperate continental type) showed the higher yield of marketable fractions and reduction of dust content in flue gases. 

High level of monodispersity of granules is achieved by improving the fusion hydrodynamics in the granulator, improving the process of applying vibration to the jets of substance that leak out from the basket perforated bottom.

Beside that modified granulator significantly reduces the granulated product dust level in the air coming out of the tower. Axial flow fans capture from 16 to 38 mg/m3 of dust so it enables the company to reduce the considerable funds necessary for purchasing expensive new equipment to clean the air coming out of the tower.

The basic dispersant test results are shown in Figs 6-8.
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Fig. 6. Dependence graph of ammonium nitrate granules diameter from the vibration frequency at granulator basket speed rotation n = 60 rev/min and load of 37 t /h
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Fig.  7. The integral distribution of ammonium nitrate granules
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Fig.  8. Particle size distribution of ammonium nitrate granules

Scheme of modernized granulator is shown in Fig. 9, layout solutions for granulator installation in granulation tower - in Fig. 10.

Establishing of guiding element in auger form into the granulator when melt contacts with the shoulder blade increases the melt total pressure by transforming screw mechanical energy into melt kinetic energy and then turning it into internal energy. Possibility of screw rotation allows to increase the pressure before expiration holes.

[image: image49.jpg]
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Fig.  9. Rotating vibration granulator of solutions (melts): 1 - the housing; 2 - pipe for introducing the solution (melt); 3 - ring collector; 4 - reverse cone; 5 - annular channel; 6 - auger; 7 - distributor of solution (melt); 8 - directing blades; 9 - perforated cylinder; 10 - directing cone for solution (melt); 11 - perforated bottom (basket); 12 - pressure blades; 13 - hole leakage; 14 - mesh for the final melt filtration; 15 - ring; 16 - bolts; 17 - pins; 18 - cylindrical chamber; 19 - hollow shaft; 20 - bearing assembly; 21 - flange connection; 22 - bulge for centering cylindrical chamber; 23 - vibration device; 24 - rod; 25 - disc radiant; 26 - hub.
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Fig. 10. The layout solutions for granulator installation in the granulation tower

4. CONCLUSION

Consideration of hydrodynamic parameters of fluid jet flowing out of holes of perforated membrane allows to improve the construction of nitrogen fertilizers melt dispersant, affect to the parameters of process of jet decay into droplets, its size and monodispersity.

Improved granulator has the following advantages over other granulator types:  

- increasing intensity of melt rotational motion, which enables the creation of required pressure before the expiration holes and work in wide range of loads for melt and device functioning without pressure fluctuations;

- reducing the probability of melt expiration holes blockage from perforated bottom by creating additional pressure before the melt expiration holes;

- raising of granules monodispersity by reducing the blockage probability and absence of changes of geometric dimensions of melt expiration holes with perforated bottom;

- reducing the probability of crossing the granules and their agglomeration due to absence of changes of initial trajectory of jet, which is divided into separate drops;

- increasing the device lifetime without maintenance by reducing the probability of melt expiration holes blockage.

Table 1 shows the comparison analysis of granulometric composition of the final product in the different types of dispersants.

Table 1. Comparison of rotating vibration granulators  with world analogs of granulation equipment for granulation towers

	Granulometric composition, %
	Centrifugal

granulator

of firm “Kreber” (Netherlands)
	Acoustics granulator designed by Research Institute at the Chemical plant (Russia)
	Rotating vibration granulators

	- 1-4 mm

- 2-4 mm

- 2-3 mm

- 2.0-2.5 mm

- less than 1 mm
	97-99

83-92

75-90

40-50

0.8-2,5
	98-99

85-95

80-90

45-65

0.8-1.5
	more than 99

90-97

more than 90

more than 80

0.1-0.8


Improved granulator has the following advantages over other granulator types (on the basis of literature review, e.g. by the (14-18(): 

- high safety in operation;

- production of more competitive uniform granules;

- removal of product’s sticking in towers;

- decrease of dust arising;

- increase of agro-technical value of fertilizers.
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