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Abstract: Narrow particle size distribution basalt pebbles of mean particle size 11.5 mm conveyed by water in the pipe
sections of different inclination were investigated on an experimental pipe loop, consisting of smooth stainless steel pipes
of inner diameter D = 100 mm. Mixture flow-behaviour and particles motion along the pipe invert were studied in a pipe
viewing section, the concentration distribution in pipe cross-section was studied with the application of a gamma-ray
densitometer. The study refers to the effect of mixture velocity, overall concentration, and angle of pipe inclination on
chord-averaged concentration profiles and local concentration maps, and flow behaviour of the coarse particle-water
mixtures. The study revealed that the coarse particle-water mixtures in the inclined pipe sections were significantly strati-
fied, the solid particles moved principally close to the pipe invert, and for higher and moderate flow velocities particle
saltation becomes the dominant mode of particle conveying.
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INTRODUCTION

Hydraulic transport is commonly used for transport of bulk
materials, like coal, ores, and different waste materials, mostly
relatively fine particles, which in the turbulent flow are sup-
ported by turbulent diffusion in the core of the flow. Near the
pipe wall a lift force, associated with slip velocity and concen-
tration profile contributed to particle lift-off. When the particle
size is larger than the viscous sub-layer thickness, Saffman
force supports particle movement in pipe (Wilson et al., 2010).
According to Campbell et al. (2004) Saffman force, induced
due to the shear of the fluid itself, together with Magnus force
(due to the particle rotation) could reach a significant fraction
of the total weight of particles (about 40%).

Pipeline transport of coarse particles in the form of
heterogeneous mixtures is of special interest in, e.g. dredging,
building, mining (e. g. the Alberta sands petroleum extraction),
or poly-metallic nodules transport from the ocean bottom to the
surface (Vlasak and Chara, 2007; Vlasak et al., 2011, 2012).
The flow of heterogeneous solid-liquid mixtures in a horizontal
pipe may be defined as the flow with an asymmetrical
concentration and velocity distribution. A layered flow pattern
with a bed layer and a skewed concentration and velocity
distribution generally exist for these slurries (Wilson et al.,
2006). The first mechanistic approach for coarse particle-water
mixture flow was probably that of Newitt et al. (1955).

They distinguished between fluid friction, and particle-wall
frictions of the Coulomb type, and defined coarse particle
conveyance as flow with a sliding bed and a skipping motion
(saltation) of conveyed particles.

A slurry flow mechanism can be theoretically described by a
set of differential equations for the conservation of mass, mo-
mentum and energy, the so called microscopic model (Shook
and Roco, 1991). Unfortunately, the microscopic models em-
ployed a very large number of empirical coefficients, and no
experimental technique is able to provide enough information
on the slurry flow mechanism at a microscopic level, and the
model remains only theoretical.

A compromise between the microscopic and empirical ap-
proaches is macroscopic modelling, where the conservation
equations are formulated using averaged quantities over the
control volume. Wilson (1976) proposed a two-layer model for
settling slurries with fully stratified flow pattern, where all
particles are supposed to be concentrated in the lower portion of
the pipe with concentration approaching the loose-packed val-
ue, and the Coulombic contribution to particle-wall friction is
dominant. In the upper layer only clear fluid is assumed. Based
on experimental data from the large test pipelines of the Sas-
katchewan Research Council the so called SRC two-layer mod-
el was introduced (Gillies et al., 1991; Shook and Roco, 1991;
Shook et al., 1986). The two-layer model is based upon force
balance for the upper and lower horizontal layers. When the
relevant variables, including the Reynolds number, friction
factor and Coulomb type friction are defined for each layer as
well as the interfacial friction factor, the flow parameters could
be determined (Gillies et al., 1991; Wilson, 1976).

A lot of theoretical or experimental studies have been carried
out on transport of sand or fine particles in horizontal pipes
(Durand, 1953; Newitt et al., 1955; Shook and Roco, 1991;
Vlasak and Chara, 2007, 2011; Wilson et al., 1979). However, a
relatively little research has been done on hydraulic conveying
of gravel or bigger particles, especially in vertical and inclined
pipes. A progress in the theoretical description of heterogene-
ous slurry flow is limited due to the lack of experimental data
describing the flow behaviour and an inner structure of such
slurry flow since study of the inner structure of settling mix-
tures flow is relatively difficult (Kao and Hwang, 1979; Sumner
et al., 1990). A description of the slurry flow behavior and the
inner structure are much more complex than measurements of
only overall flow parameters (e.g. the flow rate, pressure drops,
and overall concentration). 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. Par-
ticle image velocimetry (PIV), Ultrasonic Doppler Velocity
Profiler (UVP), and Laser Doppler velocimetry (LDV) can be
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used in solid-liquid mixtures with strong limitations (Vlasak et
al., 2016).

Because the layers differ in the local solids concentration
and velocity, there is a difference in the mean velocities of the
particles and the liquid. Slip between the particles and the lig-
uid results in a continuous transfer of energy from the fluid to
the particle and from the particle to the pipe wall. The two-layer
model may be used for the description of the fully or partially
stratified flow even for finer particles (Gillies et al., 1991;
Maciejewski et al., 1993; Shook et al., 1986) and also in the
case of the non-Newtonian carrier (Pullum et al., 2004; Thomas
and Wilson, 1987).

The present paper describes the experimental investigation
of coarse-grained particle-water mixtures. It is focused on de-
scription of the effect of pipe inclination, mixture overall con-
centration and average velocity on local concentration distribu-
tion and slurry flow behaviour and brings new experimental
results.

EXPERIMENTAL EQUIPMENT AND MATERIAL

The experimental investigation was carried out on the pipe
loop of inner diameter D = 100 mm, see Fig. 1. The loop con-
sists of horizontal (A) and inclinable (B) pipe sections made
from smooth stainless steel pipes and connected by abrasion
resistant flexible hoses (12). Slurry was pumped from a mixing
tank (1) by a centrifugal slurry pump GIW LCC-M 80-300 (2)
with variable speed drive Siemens 1L.G4283-2AB60-Z A1l (3).
The pressure drops were measured by the differential pressure
transducers Rosemount 1151DP (8) over 2-meter long measur-
ing sections located in the horizontal and the inclined pipe
sections. Glass viewing sections (7) situated on the end of the
pipe sections were used to study the slurry flow behaviour. The
mixture flow was recorded using a high speed digital camera
NanoSence MK III+ with a frequency up to 2 000 frames per
second, image resolution 1280 x 1024 pixels and frame rate
200 Hz.

Slurry velocity was measured by a Krohne OPTIFLUX 5000
magnetic flow meter (9), mounted in the short vertical section
(C) at the end of the loop. The flow divider (11) and the cali-
brated sampling tank (5) allow collection of slurry samples and
measuring of the flow rate and delivered concentration. For
easier operation the loop is also equipped by slide valves (4)
and slurry output tank (6).

To measure vertical profiles of chord-averaged local in-situ
volumetric concentration ¢, and 2D-concentration maps, the

Fig. 1. Experimental test loop D = 100 mm (Institute of
Hydrodynamics CAS, v. v. i.).

loop is equipped with gamma-ray density meters (10) placed on
a special support controlled by the computer, which serves for
positioning of both the source and the detector to measure
vertical concentration profiles (Vlasak et al., 2014c¢). The densi-
ty meters (10) are mounted upstream of the measuring sections
(8) in the horizontal (A) and inclinable (B) pipe sections.

The studied mixtures consist of graded basalt pebbles with a
narrow particle size distribution (particle diameter, d, ranging
from 8 to 16 mm, particle density p, = 2 895 kg m). To avoid
the effect of degradation (Wilson and Addie, 1997), degraded
basalt pebbles were used, see Fig. 2. The particle size distribu-
tion was checked after individual measurements. Due to degra-
dation the basalt pebbles with original value of mean diameter
dsp = 12 mm changed slightly, the mean diameter was about ds,
~ 11.5 mm, see Fig. 3, where the effect of pumping on particle
size distribution is illustrated.

Water was used as the carrier liquid and the overall concen-
tration, c¢,, ranged from 3 to 15% (Vlasak et al., 2013a). To
determine chord-averaged concentration profiles and concentra-
tion maps, three values of the mean slurry velocity, V;, was
used (in range from about 2.0 m s ' to maximum values about
4.0 m s ). Visualization of particle movement in bed layer was
conducted for velocities close to deposition limit velocity (V.=
0.90ms™).

Fig. 2. The measured graded basalt pebbles (dsp = 11.5 mm).
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Fig. 3. Particle size distribution of graded basalt pebbles, effect of
pumping (A — original sample; B — ¢; = 3%, C —¢c; = 6%, D — ¢, =
9%, all after measurement).
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MIXTURE FLOW BEHAVIOUR

From visualization and high speed camera records we found,
that particles slid and rolled along the pipe invert for flow ve-
locities at about the deposition limit (e.g. ¥~ 0.90 m s ). With
increasing mixture velocity individual particles passed to the
saltation mode and bottom formations similar to dunes originat-
ed (Newitt et al., 1955). This flow pattern resulted in pressure
drop fluctuations (Vlasak et al., 2014b, 2015). For velocity
interval between 1.5 to 2.5 m s ' thicknesses of the bed for-
mations decreased, dunes disaggregated, and a continuous
sliding bed layer was observed.

For low mixture velocity values (e.g. V; = 1.1 m s') a sta-
tionary bed was observed, close to pipe invert particles were
motionless; see e.g. particle No. 1 in Fig. 4 (upper panels). In
the upper layer of the stationary bed particle No. 2 (and others
in its vicinity) was slowly moving.

On the contrary particles above the “compact” bed moved
relatively quickly in saltation mode. With increasing velocity
(e.g. V;=1.5ms ") particle No. 2 and similarly particles close to
it increase their velocity, and even particles in the “compact”
bed started slowly to move, see e.g. particle No. 1 in Fig. 4
(lower panels). For moderate and higher mixture velocities
more and more particles lifted off the pipe bottom and moved
in saltation mode.

The particle saltation became the dominant mode for particle
movement, the particles moved in saltation mode with only
temporal contact with pipe bottom and walls and with intensive
rotation (Lukerchenko et al., 2006, 2009; Vlasak et al., 2014c).
Velocities of the saltating particles were significantly higher
than that of the sliding or rolling particles, moving in contact
with the pipe wall. The particle velocities increased with
increasing distance from the pipe invert (Vlasak et al., 2014a).
The relatively 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 drop (Vlasak et al., 2011, 2012,
2014a).

No. 1 No. 1

Fig. 4. Particle movement in bed layer (mean mixture velocity
V,=1.04 and 1.35 m s ', respectively).

These results confirm observation of Doron and Barnea that
at low heterogeneous mixture velocities the particles in the
upper portion of the bed layer may move, while the particles at
layer close the pipe wall were motionless; these particles are
not dragged along the pipe invert. Based on it, they proposed a
three-layer model, where deposit layer consists of two
components, the stable bed at the bottom with movable layer on
the top, in which the particle velocity is higher than minimal
value required for the particle motion. Above the movable bed
the heterogeneous mixture flow was observed (Doron and
Barnea, 1993, 1996).

LOCAL CONCENTRATION

Distribution of the local concentration in the pipe cross-
section is important for understanding the mechanism of the
heterogeneous mixture flow; it has a great effect on both the
mixture’s flow behaviour and pressure drop.

Various methods have been used for measurement of the lo-
cal concentration, e.g. isokinetic sampling, different visualiza-
tion techniques, electrical resistance and capacity or radiometric
methods (Kaushal, Tomita, 2013; Kaushal et al., 2005;
Krupicka and Matousek, 2012, 2014; Matousek, 2009; Ma-
tousek et al., 2015; Petryka et al., 2005; Przewlocki et al., 1979;
Sobota et al., 2009; Zych et al., 2014). The volumetric concen-
tration distribution in the inclined pipe sections was measured
using a y-ray densitometer and the effects of mixture velocity
and concentration on the chord-averaged concentration profiles
and concentration maps were analysed.

Concentration profiles

The effect of mean concentration, mixture velocity and angle
of pipe inclination on local concentration distribution in chord-
averaged vertical profiles was studied. The measured concen-
tration profiles for different transport concentration c; con-
firmed the stratified flow pattern of the coarse particle-water
mixture in inclined pipe sections, see Figs. 5 — 8.

The chord averaged concentration profiles can be divided in-
to three parts similarly as in horizontal pipe sections (Vlasak et
al., 2014b, 2015, 2016). The local volumetric concentration ¢,
approaches practically zero in the upper portion of the pipe.
The zero-concentration region increases for the descending
flow direction, with decreasing mixture velocity and mean
transport concentration. A nearly linear concentration distribu-
tion was determined in the central portion of the pipe cross-
section. Near the pipe invert, solids concentration reached
maximum, and for the higher mixture velocity a thin layer with
nearly constant local concentration was formed. However, the
bed concentration in inclined pipe sections never reached val-
ues close to the loose-packed value for studied conditions.

Similarly as it was confirmed for pressure drop, the effect of
pipe inclination for low values of inclination angle o (up to
about 30°) is not significant (Vlasak et al., 2013b, 2014c,
2015), especially in the upper and central portions of the pipe,
see Fig. 5. Local concentration ¢, slightly decreased with in-
creasing pipe inclination at the pipe bottom. For higher values
of inclination angle 0., a decrease in concentration close to the
pipe invert was observed. In the direction to the pipe top the
local concentration in the central portion of the pipe gradually
decreased. For the vertical pipe a nearly constant concentration
distribution was observed. The effect of inclination angle o was
similar for both higher mixture velocities, for low mixture
velocity (¥, =2.05 m s ') a no bed layer was observed near the
pipe invert.
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Fig. 5. Chord-averaged profiles of local concentration, c,, effect of
the inclination angle o (constant transport concentration c¢; and
mean mixture velocity V).

The same was observed from Fig. 6, which illustrate the
effect of mean mixture velocity V; for pipe section inclination
angle oo = 15° and 30°, and mean transport concentration ¢, = 6%.
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Fig. 6. Chord-averaged profiles of local concentration, c,, effect of
the mean mixture velocity ¥ (constant transport concentration ¢
and inclination angle o).

Bed layer with thickness of about 20% of the pipe diameter
were formed for moderate and higher mixture velocities. Local
concentration in the bed layer decreased with increasing veloci-
ty; this effect increased with increasing inclination angle o.
Probably due to increasing saltation intensity more particles
reach higher portion of the pipe cross-section.

Fig. 7 illustrates the effect of the mean transport concentra-
tion ¢, for inclination angle oo = 30° and the mean mixture
velocity ¥, = 2.85 m s ', both for ascending and descending
flow directions. With increasing mean transport concentration
the local concentration in the bed layer, as well as in central
proportion of the pipe increased, and in ascending flow direc-
tion the bed layer was distinct even for low concentration value.
No maximum of local concentration was observed for descend-
ing flow direction, concentration profiles were nearly linear in
the lower portion of the pipe, and the zero concentration part of
the chord-averaged concentration profile was significantly more
extended than that for the ascending flow direction due to the
braking effect of gravity force on ascending flow and accelerat-
ing effect of gravity force on descending flow. The positive
effect of gravity decreases and the negative effect of gravity
increases the particle velocity.

The effect of up and down flow is clearly illustrated in
Figure 8, for low and high mixture velocities (V; = 2.05 and
3.85 m s "), and inclination angle o in range from 15° to 90°.
The local concentration in ascending pipe section is always
higher than that in descending pipe section. It is valid also for
vertical up-ward and down-ward flow, where difference be-
tween the concentration values corresponds to particle slip
velocity.
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Fig. 8. Chord-averaged profiles of local concentration, c,, effect of
the ascending and descending flow (constant transport concentra-
tion ¢, and mean mixture velocity V).

Concentration maps in inclined pipe sections

The concentration maps measured in inclined pipe sections
(see Fig. 9) confirmed that coarse particles tended to occupy the
bottom part of the pipe. However, with increasing mixture
velocity and concentration, even the coarse particles lifted off
the pipe bottom and moved up to the central area of the pipe,
similarly as it was found in the horizontal pipe section (Vlasak
et al., 2014c). Some differences were found for ascending and
descending flow direction due to the effect of gravity force on
particle movement. In descending pipe sections the observed
local concentration near lateral walls of the pipe was slightly
less than that in the ascending pipe sections, where especially
for higher mean concentration significantly higher local con-
centration values were reached close to the pipe invert, proba-
bly due to the higher slip velocity and breaking effect of the
gravity force acting on the particles.

Concentration maps in vertical pipe sections

Local concentration maps in the ascending and descending
vertical pipe sections illustrated effect of particle fall velocity
on mixture concentration, see Fig. 10. The in situ concentration
reached higher values in the ascending section than in the de-
scending section, since the fall velocity decreased the absolute
particle velocity, and thus increased the particle slip velocity
and in-situ concentration in the ascending pipe section. For the
descending pipe sections the opposite is valid and the in situ
concentration is less than transport concentration.

Similarly to the inclined pipe sections the flow pattern and
concentration distribution was observed different in the ascend-
ing and descending pipe section. In the ascending pipe section
the maximum concentration was located in an annulus from
about 2 = 0.15 D to & = 0.30 D, with increasing flow velocity
the difference of local concentration in the central portion and
region with a maximum concentration decreased. For the de-
scending pipe section the local concentration reached its maxi-
mum in the central portion of the pipe and in the direction to
the pipe wall the local concentration smoothly decreased, and
for higher flow velocities and lower mean concentrations be-
came surprisingly low close to the pipe wall.

CONCLUSIONS

The effect of slurry velocity and mean concentration on a
narrow particle size distribution basalt pebbles (mean diameter
dsp = 11.5 mm) — water mixtures’ flow behaviour in the turbu-
lent regime was studied in inclined and vertical smooth pipe
sections of inner diameter D = 100 mm.

Concentration distribution in ascending and descending ver-
tical pipe section confirmed effect of fall velocity on particle-
carrier liquid slip velocity and higher in situ concentration in
ascending pipe section.

The visualization and local concentration measurements re-
vealed the stratified flow pattern of the coarse particle-water
mixture in inclined pipe sections, the particles moved principal-
ly in an area close to the pipe invert, where dune formations
and for velocities higher than deposition limit a sliding bed
layer were formed. For moderate and higher mixture velocities,
particle saltation became the dominant mode of sediment
transport.

The concentration maps confirmed that the in situ concentra-
tion reached higher values in the ascending section than in the
descending section. In the vertical ascending pipe section the
maximum concentration was located in an annulus from about
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Fig. 9. Maps of local concentration distribution ¢, in inclined pipe (inclination angle o = 30°, mean mixture velocity Vi =2.86 ms™).

h=0.15D to h =0.30 D, contrary to the descending pipe sec-
tion, where the local concentration reached its maximum in the
central portion of the pipe.

In the inclined pipe sections, similarly to horizontal one, the
chord averaged concentration profiles can be divided in three
parts: a region near the pipe invert, where concentration
reached a maximum, the central portion of the pipe with a
nearly linear concentration distribution, and the zero-
concentration region in the upper portion of the pipe.

For lower values of inclination angle o (up to about 30°), the
effect of pipe inclination on local concentration distribution is
not significant, especially in the upper and central portion of the
pipe. The zero concentration region increases for descending
flow direction with decreasing mixture velocity and mean
transport concentration. With increasing mean mixture velocity
the local concentration in the bed layer slightly decreased; this
effect increased with increasing inclination angle.
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