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Abstract. The effect of solid concentration and mixture velocity on the flow behaviour and pressure drops of coarse-grained particle–water mixtures in the turbulent flow was experimentally investigated. Concentration distribution in the pipe cross-section was also studied. Graded basalt pebbles as a model of solid particles were studied on an experimental pipe loop with horizontal, vertical, and inclined sections of smooth stainless steel pipes of inner diameter D = 100 mm. The study revealed that the coarse-grained particle-water mixtures in the smooth horizontal and inclined pipes were significantly stratified.  The coarse-grained particles conveyed by liquid in pipe moved principally close to the pipe invert, however for higher and moderate flow velocities, particle saltation becomes dominant mode of particle sediment transport. Frictional pressure drops in vertical pipe were found to be less than in horizontal pipe section.
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1. Introduction

Heterogeneous slurries were defined as flow with asymmetrical velocity and concentration distribution, where a Coulombic friction contributes to the friction losses. The flow behaviour of coarse-grained slurry depends on particle size, shape, density and concentration, and on the density and rheological properties of the carrier liquid. When fully stratified mixture flows in horizontal pipes, the bed load layer originates and the pipe cross-section changes from circular to segment of a circle and the average liquid velocity increases. The liquid velocity profile becomes asymmetrical due to deformation of the pipe cross-section and substantially higher bed roughness; local velocities near the pipe invert are practically equal zero due to the high value of the bed roughness.
Knowledge of the slurry flow behaviour, operational velocities and the frictional pressure drops associated with the flow are essential to safe and effective operation of a slurry pipelining. Settling slurry flow models are based on semi-empirical rather than theoretical approach. A progress in the theoretical description of heterogeneous slurry flow is limited due to the lack of experimental data of the flow behaviour and an inner structure of slurry flow, especially for vertical and inclined pipes. The study of the inner structure of such flow is very difficult, since many well-known techniques suitable to determine the inner structure of fluid flow (e.g. LDV, PIV, UVP) cannot be used in concentrated solid-liquid mixtures. 

An experimental investigation of model coarse-grained particle-water mixtures in an experimental pipe loop were realized in the Institute of Hydrodynamics AS CR, v. v. i. 

2. Experimental Facility and Material

The experimental pipe loop (see Fig. 1) is suitable for study the effect of mixture velocity and concentration on pressure drops in horizontal, inclined and vertical pipe sections,  which consist of smooth stainless steel pipes of inner diameter D = 100 mm. 
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Fig.1. Experimental test loop at Institute of Hydrodynamics AS CR, v. v. i., (Prague)

A – horizontal section, B – inclinable section, C – short vertical section; 

1 – mixing tank, 2 – centrifugal dredge pump, 3 – electric motor, 4 – slide valves,
5 – pycknometer, 6 – slurry output tank, 7 – transparent viewing pipe section , 8 – differential pressure transducer, 9 – electromagnetic flow meter, 10 – radiometric devices, 11 – flow divider, 12 – flexible hose.
To measure concentration profiles the loop is equipped with radiometric density meters and a special support controlled by the computer, which serves for positioning of both the source and the detector. The measuring time period of 16 seconds was used to sense the local concentration at each position (Krupicka and Matousek, 2011, 2012). 

Slurry was prepared in a mixing tank and pumped into the test loop by a centrifugal dredge pump GIW LCC-M 80-300 with variable speed drive. The pressure drops were measured by the Rosemount DP transmitters 1151DP in the horizontal and inclined  measuring sections within a broad range of mean mixture velocities, from values (Vmin≈1.5 m/s) close to deposition limit velocity (Vcr ≈1 m/s), to maximum values Vmax≈5.5 m/s. The mean velocities were measured by a Krohne magnetic flow meter OPTIFLUX 5000, mounted in the short vertical section at the end of the circuit.
Transparent viewing pipe sections for visual observation were situated just behind the measuring sections in the horizontal and also in inclinable sections. The vertical section in a form of U-tube enables to evaluate concentration of solid phase. The flow divider allows collecting slurry samples in the sampling tank (density bottle) of the calibrated volume and measuring the delivered concentration of solids and slurry flow rate.

The studied mixtures consist of a narrow particle size distribution graded basalt pebbles (particle diameter, d, ranged from 8 to 16 mm, density ρp = 2 787 kg/m3), see 
Fig. 2. Water was used as carrier liquid and the volumetric concentration of the studied mixtures, cv, ranged from 3 to 15% (Vlasak et al., 2013).
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Fig.2. The model material, graded basalt pebbles; original and after degradation
During the experiments originally angular basalt gravel quickly degraded and made the round shape. Effect of degradation appears mainly for mixture velocities exceeding 3 m/s and for higher mean concentration values. After short time of pumping with high velocities (maximum about 5.5 m/s) the particle shape and size became practically stabilized (see Fig. 3). The mean particle diameter changed from original value d50 = 11.7 mm onto d50 = 11.0 mm (about 94% of the original value), the deal of particles less than 5 mm did not exceeds10% even after several hours of pumping. 
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Fig.3. Particle size distribution of graded basalt pebbles, effect of pumping (A1, A2 – original sample, B1 – after 1.5 hours of pumping, cv = 5%, B2 – after 4 hours of pumping,  cv = 5%, 
C1 – after 3 hours of pumping, cv = 9%, C2 –  after 3 hours of pumping, cv = 14%)
3. Pressure drops

The main goal of the presented research was experimental investigation of pressure drops and flow behaviour of coarse-grained particle-water mixtures in horizontal, vertical, and inclined pipe sections. The effect of particle degradation (see Chapter 2) on pressure drops is illustrated in Fig. 4. It was revealed that the descending part of is/Vs relationships represents well the stabilized mixture flow behaviour.  Effect of particle degradation is more significant for flow in horizontal than in vertical pipe section.
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Fig.4. Effect of flow velocity Vs and particles degradation on pressure drops is over velocity relationship, mean mixture concentration cv = 9% 
(basalt pebble-water mixture, D = 100 mm, is - m of water per m of pipe)
The effect of the mean velocity, Vs, and solids concentration, cv, on the pressure drops versus the mean velocity relationship is/Vs of basalt pebble-water mixtures in horizontal and vertical pipes is illustrated in Fig. 5, where also results of Wilson and Addie (1997) horizontal flow model and Matousek (2009) vertical flow model are introduced. The vertical model underestimated the measured data, the horizontal model overestimated the data, difference increased with increasing concentration. The measured mixtures were significantly stratified in the horizontal pipe section, where movable or even stationary beds were formed, especially for lower mixture velocities. The solid particles slid along the pipe invert, bottom formation similar to ripples and dunes originated, what contributed to intensive eddy formation and higher energy dissipation. 
The pressure drops are produced mainly due to the mechanical friction between the transported particles and the pipe wall. The relative high value of slip velocity between conveyed particles and carrier liquid, mutual particle-particle and particle-pipe interactions and collisions resulted in significant increase of the total pressure drops (Vlasak and Chara, 2011; Vlasak et al., 2011a, b; 2012).
Practically parallel course of pressure drops-velocity dependence is /Vs  was found out for all measured concentrations in the horizontal pipe sections what confirmed an assumption that for fully stratified mixtures the main proportion of energy losses was evoked by Coulomb friction between the solid particles and the pipe wall.
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Fig. 5  Pressure drops is versus mean velocity Vs, effect of concentration cv 
 (basalt pebble -water mixture, D = 100 mm, is - m of water per m of pipe)
Effect of the pipe inclination was also studied. On the contrary to horizontal conveying the particles in the vertical pipe moved due to the so called off-the wall effect (Whitlock et al., 2004, Wilson et al., 2000) mostly in core part of the pipe. Pressure drops were produced mainly by pipe wall-liquid friction, contribution of inner friction and drag between particles and liquid was not very significant. With increasing concentration and velocity, the portion of inner friction increases, and the drag due to particle-liquid slip contributed to energy dissipation.  Particles tend to migrate to pipe wall, what produced direct friction between particles and pipe wall; and consequently effect of particle-wall friction increased. 

The pressure drops in the horizontal pipe were found to be significantly higher than that in the vertical pipe. However, the experimental result did not confirm assumptions of some authors (e.g. Newitt et al., 1961) about the almost negligible effect of the particles on the frictional pressure drops in vertical pipe.  Frictional pressure drops in the horizontal pipe section were found to be significantly higher than that in the vertical pipe due to the fact, that for fully stratified coarse-grained slurries the contact load produced significant energy losses (the hydrostatic effect Δp = (ρs – ρo).g.h, where ρs  and  ρo   is density of the mixture and carrier liquid, respectively, and  h is height  of the mixture column, is not included in Figs. 4 and 5). 

The pressure drops in inclined pipe can be described by well-known Worster and Denny (1955) formula, and can be divided to two parts - frictional pressure drops (no recoverable) and the hydrostatic pressure difference, in principle gain in potential energy. The no recoverable pressure drops are mostly due to the friction between the mixture and pipe. 
Effect of the pipe inclination on pressure drops was investigated for three values of concentration and moderate mixture flow velocity (Vs = 2.84 m/s). It was found that for heterogeneous and fully stratified coarse-grained slurries the effect on pipe inclination on frictional pressure drops could be practically neglected when pipe inclination is less than 30° from horizontal. 
Fig. 6 illustrates effect of pipe inclination on the total pressure drops for ascending and descending pipe section (see Fig. 6, left) for mixture volumetric concentration 
cv = 7.6% and also the only frictional pressure drops for mixture concentration cv = 4.1 and 12.3% (see Fig. 6, right). The frictional pressure drops are not significantly influenced by the pipe inclination for low concentration values. The effect of inclination on frictional pressure drops could be practically neglected when mixture volumetric concentration cv is less than 10%. The main increase in pressure drops is, similarly as for vertical pipe flow, due to the hydrostatic pressure difference.
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Fig. 6  Effect of pipe inclination alfa (α)  on pressure drop i s (m of water per m of pipe)     
4.Concentration distribution

An important parameter for understanding the physical mechanism of the heterogeneous mixture flow is concentration distribution in vertical cross-section of the pipe, which has a great effect on the pressure drops, too. Concentration distribution in a horizontal pipe was measured and analysed with use of a radiometric device. Fig. 7 presents effect of the mean mixture concentration on local concentration distribution in the horizontal layers of pipe cross-section for constant mixture velocity, Vs = 2.8 m/s. Effect of mixture velocity on concentration distribution for average mixture concentration about cv  ≈ 8% is also shown in Fig.7.
The concentration profiles can be divided into two parts. The local concentration tends to approach zero (i.e. practically the carrier liquid alone) in the upper portion of the pipe, which occupied from about 35 to 65% of the pipe cross-section; this area increased with decreasing mixture concentration. Nearly linear concentration distribution can be recognized in the lower portion of the pipe. Local maximum concentration could be observed in height about 10 mm from the pipe invert. The concentration in bed layer increased with increasing mean concentration from about 30% to 50%. It was observed that for lower velocities and/or higher mean concentrations the bed concentration reached about 60% (value close to the loose-packed value), what demonstrate formation of movable or stationary bed layer. 
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Fig.7. Vertical concentration profiles in horizontal pipe D = 100 mm 
Observed concentration profiles are in good agreement with the profiles measured by Pugh and Wilson (1999), Matousek (2009) or Sobota et al. (2009) for heterogeneous mixtures of different solid materials with smaller particle diameters. Based on measurement of sand slurries (d50 = 2.4 mm, in pipes of 53 mm and 263 mm in diameter) Gillies and Shook (1994) showed that the concentration gradient approaches a maximum value depending on local concentration, but it does not depend on the mean velocity Vs or the settling velocity w of the particles, when slurry velocity Vs ranges from Vcr to 2 Vcr, where Vcr is deposition limit velocity.

The coarse-grained particles slide and roll along the pipe invert for the low mixture velocities. With the increasing mixture velocity individual particles pass to saltation mode and for high slurry velocities most of particles lift off the pipe bottom, moved in saltation or even suspended mode (Vlasak et al. 2012). However, most of particles were concentrated in lover portion of the pipe and moved in saltation mode with intensive rotation and contact with pipe walls (Lukerchenko et al., 2006, 2009).  

5. Conclusions

The effect of slurry velocity and concentration on the coarse-grained particle – water mixtures flow pressure drops in the turbulent flows was studied in horizontal, vertical, and inclined smooth pipe of inner diameter D = 100 mm. 

The study revealed that the coarse-grained particle-water mixtures in the horizontal and inclined pipes were significantly stratified and movable or even stationary bed layers were formed. The particles moved principally in a layer close to the pipe invert, for higher and moderate flow velocities particle saltation becomes dominant mode of sediment transport. Particles were also observed in the central portion of the pipe. 

Frictional pressure drops in vertical pipe were found to be less than in horizontal pipe, due to the fact, that the contact load produced significant energy losses in horizontal pipe. However, assumption about the almost negligible influence of the large particles on the frictional pressure drops in vertical pipe was not confirmed.

The frictional pressure drops in ascending pipe section increases with increasing inclination angle up to about 30 degrees, and then gradually decreases. The main increase in pressure drops is, similarly as for vertical pipe flow, due to the hydrostatic pressure difference.

Measurement of concentration distribution in the horizontal pipe confirmed that for coarse-grained mixtures the local concentration tends to approach zero in the upper portion of the pipe (from 35 to 65% of the pipe cross-section), nearly linear concentration distribution can be recognized in the lower portion of the pipe. The concentration in bed layer increased with increasing mean concentration up to the values close to the loose-packed value, what demonstrate formation of movable or stationary bed layer.   
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