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Abstract 
In view of rapid decrease of resources of raw-material base of continental for-

mations, problems of ore field development in the World Ocean become absolutely 

essential. They are connected with the progress of topical research of resource-

saving methods intended to extract solid minerals.  

Construction of mining marine complexes on the basis of hydraulic systems for 

the extracted primary material hoisting is notable for high probability of their engi-

neering implementation. Pump hydraulic hoisting and air-lift one are considered as 

the potentially productive alternatives to transport polymetallic concretions despite 

their high power intensity. The abovementioned sets the relevant research and de-

velopment problem to improve accuracy of experimental methods. 

Subjects of the study are vertical high-speed unidirectional annular flows and 

disperse flows within blading sections of deep-water hydraulic hoisting. 

Objective of the research is to analyze the solid material transportability with the 

help of vertical three-phase flow in terms of annular and disperse flow structures as 

applied to hydraulic hoisting modeling.  The objective is in the natural line with 

statement of the research and development problem. 

The idea is to decrease power intensity of hydraulic hoisting and to improve its 

efficiency owing to selection of reasonable consumable parameters while advancing 

both experimental calculation techniques and theoretical ones as well as implement-

ing innovative designs. 
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Originality is that for the first time the experimental methods have been devel-

oped to analyze three-phase flow with an active role of solid particles using the im-

proved experimental and technical basis. 

Innovative scientific finding is in the opening of previously unknown phenome-

non titled conventionally «change of a leader» which is a definite stage in the de-

velopment of dynamics of turbulent heterogeneous flows. 

 

Introduction 

Having analyzed and generalized their thirty-year experience in 

the design of deep-water pump and air-lift hydraulic hoisting, the 

authors believe that the available analytical methods are not efficient 

due to significant quantitative and qualitative differences in the end 

results of the modeling. 

The efforts applied to improve theoretical models [4] in isolation 

from the currently unavailable experimental capability only result in 

unjustified losses of time and mental labour. As for the semiempiri-

cal models [10, 11], they are far from being reliable due to the use of 

closing empirical dependences generated exclusively with the help of 

short modeling facilities. The matter is that it is impossible to simu-

late the majority of determinant multiphase hydrodynamical process-

es, implemented in the deepwater hydraulic hoisting, using the short 

experimental devices since deepwater air-lift hoisting involves 

changes in structure of heterogeneous mixture flow,  hundred-fold 

extension of a gaseous phase within a lift pipe, pressure nonlinearity, 

absorption  and desorption processes under the conditions of high 

pressure gradients, multiscale turbulent fluctuations, specific features 

of a boundary layer as well as phase interaction etc. 

Methodology to design deepwater hydraulic hoisting has been 

proposed. According to the methodology, at the current stage of ma-

rine facilities, the developers should focus on the upgrading of test 

benches and on the improving of experimental methods. Theoretical 

methods should be improved in parallel. The abovementioned is the 

research stage paradigm. One may say allegorically that theory has to 

step aside for systematic experiments. 

Implementation of innovative techniques is the promising tenden-

cy to improve the efficiency of hydraulic hoisting [7, 9]. 

Since the experiments concerning three-phase flows are in the ini-

tial stage, it is possible to talk today only of the extension of area of 
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empiric analysis of sporadic results, and of verification of phenome-

nological hypotheses. 

Experimental studies of annular and disperse structure 

Experimental studies of vertical multiphase flow were carried out 

in the laboratory of hydraulics and hydraulic drive of the Rock Me-

chanic Department of the NTU “Dnipro Polytechnic” on the basis of 
the developed integrated experimental hydraulic bench (see Fig. 1). 

Experiments concerning projectile flow structure have been carried 

out earlier [1-3]. 

In view of the new object studies, certain units have been recon-

structed and modernized which is described by certain specifications 

[8]. 

The bench design provides a possibility to simulate two- and 

three-phase flows, and to analyze trajectory parameters of sole solid 

particles as well as their groups within the blading sections of air-lift 

facilities. Moreover, the bench helps study the airlift behaviour when 

a value of relative geometric submersion of a mixer is 0.4-0.95 [5, 

12]. In view of small dimensions, the experimental device can be 

only used to study morphology of certain structures of three-phase 

mixture flow within a vertical pipeline, transportation kinematics of 

solid particles in terms of different flow structures, and qualitative 

studies of metering characteristics of short airlifts. 

 
Fig. 1. Integrated experimental hydraulic bench 

The authors do not set a goal to implement physical simulation of 

behaviour of powerful highly productive deepwater hoisting. 
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The research programme provided series of experiments for different 

groups of round particles of a monodisperse composition. Each particle 

group differed in diameters of the samples under study, and their densi-

ties. In this context, diameters of the particles being studied varied within 

the range of 0.002-0.014 mm and their densities varied within the range of 

1100-1400 kg/m3. In addition, groups of particles with similar diameters 

and varied densities were analyzed. 

The complex experimental hydraulic bench consists of compres-

sor unit 1 with pressure pipeline 2;  pool 3; centrifugal pump 4 with 

intake pipeline 5, and pressure pipeline 6; lifting pipe 7 and feeding 

pipe 8 of airlift connected with pool 3. 

Pipeline 9 is connected with reservoir 10 through valve 37. Air 

separator 11 is mounted on lifting pipe 7. Pipeline 12 is connected 

with reservoir 10 and pool 3. Intake pipeline 5 is equipped by one-

way valve 30 and vacuum measuring transducer 13. Compensatory 

pipeline 14 involves valve 38; it is connected with pressure pipeline 

6 and reservoir 10. Mixer 15 is connected with pressure pipeline 2, 

lifting pipe 7, and feeding pipe 8. Additional pipeline 16 involves 

valve 39; it is connected with pressure pipeline 2 and feeding pipe 8. 

Metering reservoir 17 is connected with pool 3 through a casing neck 

18. Lifting pipe 7 includes an area made of transparent plastic (plas-

tic pipe 19). Connection pipe 20 is connected with compensatory 

pipeline 14 and pipeline 12. Laser light source 21 and photoresistor 

22 are fastened in the upper share on the diametrically opposed sides 

of pipe 19. Connection pipe 20 includes valve 40; casing neck 18 

includes valve 41. Bypass pipe 22 is connected with additional pipe-

line 16 and pressure pipeline 6. Reservoir 10 is equipped with a 

float-type transducer to determine liquid level 24 connected with 

feeding pipe 8 through bypass pipeline 25. Photoresistor 22 is in-

stalled in the frame, making safe from outer light; it is connected to 

computer system 26. Outlet pipeline 27 is connected with air separa-

tor 11 and pool 3. Bypass pipeline 25 includes valve 42. Supplemen-

tary connecting pipe 28 is connected with additional pipeline 16 and 

atmosphere; additional connecting pipe 29 is connected with intake 

pipeline 5 and bypass pipeline 25. One-way valve 31 and valve 43 

are mounted within a pressure pipeline 2; valves 44, 45, and 46 are 

mounted within supplementary connecting pipe 28 and feeding pipe 

8 respectively. Outlet pipeline 27 includes valve 47; it is connected 



 264 

with metering reservoir 17 through separate pipeline 32. Separate 

connecting pipe 33 is connected with atmosphere, gas meter 34, and 

pressure pipeline 2; feeding pipeline 8 is connecter with manometer 

35. Valves 48 and 49 are mounted within bypass connecting pipeline 

23 and supplementary connecting pipeline 29 respectively. Pressure 

pipeline 6 is equipped with manometer 36 and valves 50 and 51; sep-

arate connecting pipe 33 is equipped with valve 34. The device pro-

vides the use of valves 37-40, 42-47, and 49-52 of ball type. 

Basic regularities of the three-phase flow and its effects 
Analysis of gas-liquid flows demonstrates definite achievements 

as for the two-phase flow theory development [6]. However, the data 

are hardly used for calculation of parameters for hydraulic hoisting 

of solid material since the processes are complex and poorly under-

stood. The area cannot avoid extra deep analysis of the complicated 

physical phenomena as well as experimental results. 

Vertical flow of a three-phase mixture (i.e. liquid, gas, and solid 

particles) arises within the marine air-lift. Availability of a solid 

phase varies significantly the structure of differential equations as 

well as ideology of the development of mathematical models and 

experimental methods. 

It is possible to make a final conclusion concerning one or another 

method while comparing analytical results with the experimental data 

obtained using full-scale facilities.  However, it is impossible to imple-

ment such efficient devices if a wide range of empirical problems were 

not solved at the stage of pre-design research. 

Various structures of gas-liquid flow, differing in the interaction 

mechanisms of the flow phases, are of diverse potentials as for solid 

material transportation. In terms of a bubble flow structure, and a 

slug one, solid particles are transferred owing to high density of the 

mixture; in terms of annular structure and disperse one, stable hoist-

ing of the particles is supported by high velocities of the flow. 

The following can be considered as the basic difficulties while 

solving the problem [8]: 

– the necessity to take into consideration relative phase velocity, 

depending upon the size of particles, their shape, surface roughness, 

concentration of the solid within sludge as well as effect of the pipe-

line walls, while determining density of the mixture, and its transpor-

tation velocity; 
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– since composition of the solid particles is not homogenous in 

terms of their sizes, availability of a boundary layer in the neigh-

bourhood of the pipeline walls results in the origination of a radial 

force factoring into size separation of the particles; 

– rotation of the particles and their mutual collision as well as col-

lision with the pipeline walls initiate distortion in the liquid flow and 

in the increase of turbulent fluctuations. 

Such a transition from one structure to another one takes place 

along with the increase in volumetric flow rate of a gas phase de-

pending upon diameter of the pipeline and its length,  physical prop-

erties of the liquid and its velocity as well as upon a number of other 

factors. The mechanism of structure transition may be interpreted as 

follows. When low-flow rate gas is supplied to a vertical liquid col-

umn, gas phase is distributed in the form of separate bubbles. If the 

bubbles are of rather small diameter, they move like solid spheres 

performing upward vertical motion.   However, while achieving crit-

ical size (i.e. a value depending upon the mixture pressure) the bub-

bles start their deformation; their motion becomes zigzagged and 

randomized. Along with the increase in the bubble volume, their col-

lision and slug formation take place. While achieving higher veloci-

ties, rod-like gas places within a central share of a pipeline pushing 

liquid away to a periphery. In this context, the liquid layer has undu-

lating boundary line.  Liquid waves fractionize and draw into the 

central gas column in the form of small components. Basically, the 

liquid moves up owing to resistance forces arising within a boundary 

line. In the process of further flow acceleration, the wall liquid layer 

drags into a gas core; a disperse structure of the mixture flow in the 

form of liquid drops is formed. 

The data, represented fragmentally, involve the development of 

experimental methods as well as modernization of architecture of 

facilities in the context of the development of mining methods along 

with adequate equipment when sufficient experience of industrial 

hydraulic hoisting is accumulated. 

The expanded conclusions  
1. The current methods of deep-water hydraulic hoisting devel-

opment should rely upon synthesis of classical scientific bases of 

liquid and gas mechanics with the latest advances in the empirical 

suspension theory, and engineering knowledge of the designers. 
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2. The experimental bench did not demonstrate ideal annular or 

disperse structures of the three-phase flow; their visualization is ra-

ther fuzzy and indistinct. 

Maybe, the fact is explained by extra turbulization of the flow due 

to the availability of solid particles within the mixture being trans-

ported; specific features of boundary lines of the phases; and a nature 

of phase interaction.  Thus, the unified disperse-annular model 

should be considered from the viewpoint of the applied calculation of 

deep-water hydraulic hoisting. In all cases, the flow under study in-

volves numerous liquid drops compressing the gas core at the ex-

pense of mass exchanging processes. 

3. Certain experiments demonstrated stable liquid plates and 

spacers shutting down gas core of the three-phase flow. In the con-

text of Griffith’s experiments, formation of such spacers is connected 
with a slug flow implementation [ ]. Disappearance of the plates co-

incides with a slug mode transition to an annular one.  Probably, the 

experimental fact may be recommended a priori as a criterion of 

changes in flow structures in terms of three-phase flow as well. 

However, changes in the mode should involve greater value of actual 

gas content of the flow since certain share of the consumed energy is 

spent for the solid material transportation. 

4. Visual studies of both annular and disperse modes have helped 

detect previously unknown phenomenon titled preliminary as a 

«change of a leader» being typical only for vertical unidirectional 

high-velocity three-phase flow. The phenomenon idea is as follows: 

if annular flow structure is applied then transportation of the majority 

of solid particles within high-velocity gas core leaves behind liquid 

located mainly at the pipeline periphery owing to the force interac-

tion with walls. In the context of a disperse structure of the three-

phase flow, liquid drops, which joined the total flow, leave behind 

solid particles owing to the difference of acting gravitational forces. 

The abovementioned results from the gas core destruction as well as 

from the intensive intermixing of upward phase trajectories. It goes 

without saying that the phenomenon needs more scrupulous and 

careful verification, and systematic performance of more delicate 

experiments. 

 Moreover, it is also possible to formulate additional useful effect 

according to which logic one may suppose conceptually that leveling 
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of profile of velocities of solid particles and liquid drops means indi-

rectly changes in the flow structures. 
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