
J. Hydrol. Hydromech., 62, 2014, 3, 241–247 
DOI: 10.2478/johh-2014-0022 

 241 
 

 
 
 

Experimental investigation of coarse particles-water mixture flow in horizontal 
and inclined pipes 
 
Pavel Vlasák*, Zdeněk Chára, Jan Krupička, Jiří Konfršt 
 
Institute of Hydrodynamics of the Academy of Sciences of the Czech Republic, v. v. i., Pod Paťankou 30/5, 166 12 Prague 6, Czech 
Republic. 
* Corresponding author. E-mail: vlasak@ih.cas.cz 
 

Abstract: The effect of solid concentration and mixture velocity on the flow behaviour, pressure drops, and 
concentration distribution of coarse particle–water mixtures in horizontal, vertical, and inclined smooth stainless steel 
pipes of inner diameter D = 100 mm was experimentally investigated. Graded basalt pebbles were used as solid particles. 
The study revealed that the coarse-grained particle-water mixtures in the horizontal and inclined pipes were significantly 
stratified. The solid particles moved principally in a layer close to the pipe invert; however for higher and moderate flow 
velocities, particle saltation became the dominant mode of particle conveyance. Frictional pressure drops in the 
horizontal pipe were found to be markedly higher than in the vertical pipe, while the frictional pressure drops in the 
ascending pipe increased with inclination angle up to about 30°. 
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INTRODUCTION 
 

Pipeline transport of coarse material is not very frequently 
used due to the problems of high operational velocities and 
energy requirements, strong wear of the pipe, and material 
degradation. However, pipeline transport of coarse-grained 
mixtures is of potential importance, for example, the mining 
industry. Hydraulic pipelining is the preferred way of transport-
ing poly-metallic nodules from the ocean bottom to the surface 
(Vlasak and Chara, 2007; Vlasak et al., 2011b). 

The flow of heterogeneous slurries in a horizontal pipe may 
be defined by an asymmetrical velocity and concentration dis-
tribution, where a Coulomb-type friction contributes signifi-
cantly to the friction losses. A flow pattern with a bed layer and 
a skewed concentration distribution generally exist for these 
slurries (Wilson et al., 1979). Settling slurry flow models are 
based on a semi-empirical rather than a theoretical approach. 
When a fully stratified mixture flows in a horizontal pipe, a bed 
load layer originates, the flow area changes from circular to a 
segment of a circle, and the average liquid velocity increases. 
The liquid velocity profile becomes asymmetrical due to de-
formation of the flow area and substantially higher bed rough-
ness (Vlasak et al., 2012, 2014). 

Progress in the theoretical description of heterogeneous slur-
ry flow is limited due to the lack of experimental data of the 
flow behaviour and inner structure of slurry flow, especially for 
vertical and inclined pipes. A slurry flow mechanism can be 
theoretically described by the so-called microscopic model 
(Shook and Roco, 1991). Unfortunately, the experimental tech-
nique is not 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 approaches is macroscopic modelling. 

The first mechanistic approach for coarse-grained particle 
slurry flow was probably that of Newitt et al. (1955), who dis-
tinguished between velocity-dependent fluid friction and ve-
locity-independent particle-wall friction of the Coulomb type, 
and defined coarse particle conveyance as flow with a sliding 
bed and particle saltation. Wilson et al. (2006) interpreted ex-
perimental results with highly concentrated glass sphere-water 

mixtures in smooth pipes and proposed a two-layer model for 
settling slurries. Based on experimental data from the large 
diameter (D = 250 mm) pipelines of the Saskatchewan Re-
search Council the two-layer model was extended for finer 
particles (Shook et al. 1986).   

In contrast to literature on heterogeneous slurry flow in hori-
zontal pipes, that on solid-liquid flow through vertical and 
inclined pipes is rather limited. Most papers are devoted to the 
vertical transport of sand slurries (Chung et al., 1998; Durand, 
1953; Newitt et al., 1961; Shook and Bartosik, 1994; Wilson et 
al., 1979), mostly in rather narrow pipes.  

The main goal of the presented research was an experimental 
investigation of flow behaviour, pressure drops, and concentra-
tion distribution of coarse-grained particle-water mixtures in 
horizontal, vertical, and inclined pipe sections. 
 
EXPERIMENTAL FACILITY 
 

The experimental pipe loop in the Institute of Hydrodynam-
ics AS CR, v. v. i., in Prague, which consists of smooth stain-
less steel pipes of inner diameter D = 100 mm, is suitable for 
studying the effect of mixture velocity and concentration on 
flow behaviour, concentration distribution, and pressure drops 
in horizontal, inclined, and vertical pipe sections (see Fig. 1). 

Slurry was prepared in a mixing tank and pumped into the 
test loop by a GIW LCC-M 80-300 centrifugal slurry pump 
with variable speed drive. The pressure drops were measured 
by Rosemount 1151DP DP transmitters in the horizontal and 
inclined measuring sections, which are fully inclinable from 
horizontal to vertical. The mean velocities were measured by a 
Krohne OPTIFLUX 5000 magnetic flow meter, mounted in the 
short vertical section at the end of the circuit. Mean mixture 
velocities Vs ranged from about 1.5 m.s–1 close to the deposition 
limit velocity (Vcr ≈1 m.s–1) to maximum velocity values about 
5.5 m.s–1. 

Transparent viewing pipe sections for visual observation 
were situated just behind the measuring sections in both the 
horizontal and the inclinable sections. The vertical U-tube 
enables evaluation of the transport concentration of the solid 
phase, cv. The flow divider allows collection and weighing of 
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slurry samples in the sampling tank of the calibrated volume 
and measuring of the transport (delivered) concentration of 
solids and slurry flow rate (Krupicka and Matousek, 2011). 

 
 

 
 
Fig. 1. Experimental test loop at the Institute of Hydrodynamics 
AS CR, v. v. i., Prague. 
A – horizontal section, B – inclinable section, C – short vertical 
section; 1 – mixing tank, 2 – centrifugal slurry pump, 3 – elec-
tric motor, 4 – slide valves, 5 – pycnometer, 6 – slurry output 
tank, 7 – transparent viewing pipe section, 8 – differential pres-
sure transducer, 9 – electromagnetic flow meter, 10 – radio-
metric device, 11 – flow divider, 12 – flexible hose. 
 

To measure vertical profiles of chord-averaged volumetric 
concentration and local concentration, cv,L , map the loop is 
equipped with radiometric density meters, which consist of a 
gamma-ray source (Caesium137Cs, activity 740 MBq) and of a 
detector [a scintillating crystal of NaI(Tl)]. Due to the different 
local absorption properties of the solid particles and liquid the 
density of mixture or concentration of the solid phase can be 
determined. A multi-channel digital analyser enables an evalua-
tion of the energy spectrum of the detected signal. A special 
support, controlled by the computer, serves for positioning both 
the source and the detector to measure local mixture densities in 
a pipe cross-section and determining the vertical chord-
averaged concentration profiles and the concentration distribu-
tion through the pipe. The radiometric device was mounted 
upstream of the measuring sections in the horizontal part of the 
loop. A measuring time period of 16 seconds was used to sense 
the local concentration at each position. It was found to be 
sufficiently long to suppress fluctuations in gamma ray intensi-
ty (Krupicka and Matousek, 2012). 

To determine the local concentration distribution through the 
pipe cross-section, parallel projections of gamma-ray beams 
were provided at several angles around the pipe axis (i.e. from 
0 to 175° at interval of 15°), and the collected data were pro-
cessed by the computer tomography method. Measurement of 
the local concentration map is rather time consuming; however 
it made it possible to evaluate the effect of the slurry velocity, 
Vs, and transport concentration, cv, on the solids distribution. 
 
MEASURED MATERIAL 
 

The studied mixtures consist of graded basalt pebbles with a 
narrow particle size distribution (particle diameter, d, ranging 
from 8 to 16 mm, d50 = 11.0 mm, density ρp = 2 787 kg.m–3). 
Water was used as the carrier liquid and the transport volumet-
ric concentration of the studied mixtures, cv, ranged from 3 to 
15% (Vlasak et al., 2013a). 

 
 

 

 
 

 
 

Fig. 2. The graded basalt pebbles; original (d50 = 11.7 mm) and 
after degradation (d50 = 11.0 mm). 

 

 

 
Fig. 3. Effect of particles degradation on pressure drop is 
(D = 100 mm). 
 

During the experiments an intensive degradation of solid 
particles was observed; the originally angular basalt rubble 
quickly degraded and formed a rounded shape (see Fig. 2). The 
degradation depends on time, velocity and concentration, for 
low velocity the degradation process is slow. After short pump-
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ing times at high velocities (over 3 m.s–1) the particle shape and 
size became practically stabilized. The mean particle diameter 
changed from the original value d50 = 11.7 mm to d50 = 11.0 
mm (about 94% of the original value), and the mass portion of 
particles smaller than 5 mm did not exceed 10% even after 
several hours of pumping.  

The effect of particle degradation on dependence of pressure 
drop, is, on slurry velocity, Vs, is more significant for flow in 
horizontal pipe sections than for that in vertical, see Fig. 3. The 
descending part of is/Vs relationships represents the stabilized 
(i.e. after degradation of solids) mixture well. It is obvious that 
the effect of degradation appears mainly for mixture velocities 
exceeding 3 m.s–1 and slightly increases with the increasing 
mean mixture concentration. It is higher for the horizontal pipe 
section than for the vertical one. To avoid the effect of degrada-
tion on mixture flow behaviour during pressure drop and con-
centration distribution measurements the degraded solid materi-
al was used. 
 
MIXTURE FLOW BEHAVIOUR AND PRESSURE DROP 

 
The effect of the mean velocity, Vs, and solids transport con-

centration, cv, on the mixture’s pressure drop, is, of basalt peb-
ble-water mixtures in horizontal and vertical pipes is illustrated 
in Fig. 4. 
 
Horizontal conveying 
 

In the horizontal pipe section the measured mixtures were 
significantly stratified. From visualization observation it fol-
lows that for low mixture velocities (from about 0.80 m.s–1) 
individual particles slid and rolled along the pipe invert, with 
increasing velocity bottom formations similar to ripples and 
dunes originated along the pipe invert. For velocity interval 
between 1.5 and 2.5 m.s–1 dunes disaggregated and disconnect-
ed sliding bed layer combined with particle saltation over the 
bed formation was observed. With increasing flow velocity 
thickness of the sliding bed layer decreases and for moderate 
and higher flow velocities, particles saltation becomes domi-
nant mode of particle movement. However, most of the parti-
cles remained in contact with the pipe wall. Bottom formation 
contributed to the hydraulic roughness of the respective portion 
of the conduit, what substantially affected the mixture flow and 
energy dissipation. The pressure drops are produced mainly due 
to the mechanical friction between the transported particles and 
the pipe wall. The relatively high value of slip velocity between 
conveyed particles and carrier liquid along with mutual parti-
cle-particle and particle-pipe interactions and collisions resulted 
in a significant increase of the total pressure drop (Vlasak and 
Chara, 2011; Vlasak et al., 2011a). 

The particle velocities increased with increasing vertical dis-
tance h from the pipe invert (Vlasak et al. 2012, 2014). The 
velocities of the saltating particles were significantly higher 
than those of the particles moving in contact with the pipe wall 
(Lukerchenko et al., 2006).  

A practically parallel course of the pressure drop-velocity 
curve is /Vs was found for water and mixtures of all measured 
concentrations in the horizontal pipe sections (see Fig. 4). This 
confirmed the assumption that for fully stratified mixtures the 
main proportion of frictional energy losses was evoked by 
Coulomb friction between the solid particles and the pipe wall. 
Comparison with the results of Wilson and Addie’s (1997) 
horizontal flow model showed that the model overestimated the 
experimental data and the difference increased with increasing 
concentration and decreasing mixture velocity. 

 
 

Fig. 4. Pressure drop, is, effect of mean transport concentration, 
cv, and mean mixture velocity, Vs, in horizontal and vertical 
pipe sections (basalt pebble-water mixture, D = 100 mm). 
Comparison with results of Wilson and Addie (1997) and Ma-
tousek (2009b). 
 
Vertical conveying 
 

In contrast to horizontal conveyance the particles in the ver-
tical pipe section tend to migrate away from the wall region and 
concentrate in the core portion of the pipe. Thus the near-wall 
zone in which most of the shearing occurs can be considered as 
behaving like a carrier liquid alone (Newitt et al., 1961). When 
the particles moved mostly in the core portion of the pipe, 
pressure drops were produced mainly by pipe wall-liquid fric-
tion, and the share of inner friction and drag between particles 
and liquid became less important. The experimental results 
were compared with the vertical flow model of Matousek 
(2009b). The vertical model underestimated the measured data, 
and the difference increased with increasing flow velocity. 

As follow from the pressure drop/velocity relationship (see 
Fig. 4), with increasing concentration and flow velocity, the 
portion of inner friction increased, some particles migrated to 
the pipe wall due to the mutual collisions, and consequently the 
effect of particle-wall friction increased as well as the drag due 
to particle-liquid slip.  

Within the above discussed constraints, the pipe flow should 
be under conditions where the effect of particle-liquid slip 
velocity appears to be not very important, that is, when the 
mixture’s mean velocity is at least about four times higher than 
the hindered particle slip velocity (Wilson et al., 2006). 
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Fig. 5. Effect of pipe inclination alpha on frictional and total 
pressure drops, is. 
 

 
Fig. 6. Effect of mixture velocity, Vs, and pipe inclination alpha 
on frictional pressure drop, is, in descending and ascending pipe 
sections, pipe diameter D = 100 mm. 

 
The experimental result did not confirm the assumptions of 

some authors (e.g. Newitt et al., 1961) about the almost negli-
gible effect of the large particles on the frictional pressure drop 
in a vertical pipe. The present results show that the pressure 
drops of coarse-grained mixtures in vertical pipes increase with 
the increase solids concentration similarly to the results of 
Chung et al. (1998).  

 

 

The frictional pressure drops in the horizontal pipe section 
were found to be significantly higher than those in the vertical 
pipe due to the fact, that for fully stratified coarse-grained slur-
ries the contact load produced significant energy losses. The 
hydrostatic effect ∆p = (ρs – ρo).g. ∆h, where ρs and ρo  are the 
densities of the mixture and carrier liquid, respectively, and ∆h 
is the height of the mixture column, is not included in Figs. 4–6 
(except Fig. 5, cv = 0.08).  

The effect of the pipe inclination on the experimental pipe 
loop was also studied. The pressure drops in an inclined pipe 
can be described by the well-known Worster and Denny (1955) 
formula, and can be divided into two parts: non-recoverable 
frictional pressure drops (energy loss due to the friction be-
tween the mixture and pipe), and the hydrostatic pressure dif-
ference, which in principle leads to a gain in potential energy. 
 
Inclined pipe sections conveying 
 

The effect of the pipe inclination on pressure drops was in-
vestigated for three values of concentration and three mixture 
flow velocities (Vs = 2.20, 2.88, and 3.52 m.s–1). It was found 
that for heterogeneous and fully stratified coarse-grained slur-
ries the effect of pipe inclination on frictional pressure drops in 
ascending pipe section increases with increasing inclination 
angle up to about 30°, and then gradually decreases. The main 
increase in pressure drop is, similarly to the case of vertical 
pipe flow, due to the hydrostatic pressure difference.  

Fig. 5 illustrates the effect of pipe inclination on total pres-
sure drops and frictional pressure drops for ascending and de-
scending pipe sections for three values of mixture volumetric  
concentration, cv = 0.041, 0.076, and 0.123. The frictional pres-
sure drops are not significantly influenced by the pipe inclina-
tion for low concentration values (for cv = 0.076 the frictional 
pressure drops are only about 8% higher; for cv = 0.123, about 
13% higher, Vlasak et al. (2013b)). Fig. 6 illustrates the effect 
of pipe inclination on frictional pressure drops for different 
mixture velocities and concentration cv of about 10% for a 
slightly different solid material (density ρp = 2895 kg.m–3; 
particle diameter, d, ranging from 8 to 20 mm). The effect of 
inclination on frictional pressure drops could be practically 
neglected when the mixture’s volumetric concentration cv was 
less than 8% (see Fig. 5), especially for higher flow velocities.  
 
CONCENTRATION PROFILES AND DISTRIBUTION 
 

An important parameter for understanding a physical mech-
anism of the heterogeneous mixture flow is the concentration 
distribution in the vertical cross-section of the pipe, which has a 
great effect on the mixture’s flow behaviour and pressure drop, 
too. The concentration distribution in the vertical profile of 
a horizontal pipe was measured and analysed with the use of a 
radiometric device. Fig. 7 presents the effect of the mean 
transport mixture concentration, cv, on the chord-averaged local 
volumetric concentration, cv,L, distribution in the horizontal  
layers of the pipe cross-section for three constant mixture ve-
locities, Vs = 1.8, 2.8, and 4.1 m.s–1. 

The concentration profile for the low velocity, Vs = 1.8 m.s–1, 
can be divided into two parts.  The local concentration tends to 
approach zero in the upper portion of the pipe; the zero concen-
tration regions (i.e. practically only the carrier liquid) increased 
with decreasing mean mixture concentration and occupied from 
30 to 50% of the profile. A nearly linear concentration distribu-
tion can be recognized in the lower portion of the pipe; in the 
bed layer the concentration increased with increasing mean  
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Fig. 7. Vertical profiles of chord-averaged local volumetric 
concentration, cv,L, in a horizontal pipe; effect of the mean 
transport concentration, cv, for constant flow velocity. 
 
concentration from about 40 to 60%, which is close to the 
loose-packed value. 

For the moderate mixture velocity, Vs = 2.8 m.s–1, a similar 
shape of concentration profiles was observed; however for the 
lower mean concentration values a layer with a local maximum 
concentration could be observed at height h  from 10 to 12 mm 
from the pipe invert. For these concentrations and velocity 
values, the occurrence of intensive particle saltation was observed. 
With an increase in the mixture velocity to Vs = 4.1 m.s–1, this  

 

 
Cv =13.6%, Vs =2.0 m/s 

 

 
Cv =10.2%, Vs =2.8 m/s 

 

 
Cv =  4.5%, Vs =3.8 m/s 

 
Fig. 8. Local volumetric concentration, cv,L, distribution in 
vertical cross-section of a horizontal pipe; effect of the mean 
mixture velocity, Vs, and mean in situ volumetric concentration, 
Cv (determined from integration of the local concentration 
maps). 
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trend increases and the maximum local concentration in the bed 
layer decreases to cv,L = 0.30 or cv,L = 0.40, depending on the 
mean concentration value. The observed concentration profiles 
are in good agreement with the profiles measured by Pugh and 
Wilson (1999), Matousek (2009a) or Sobota et al. (2000, 2009) 
for heterogeneous mixtures of different solid materials with 
smaller particle diameters.  

From the observed local concentration maps (see Fig. 8), it 
is evident that conveyed particles tend to occupy the bottom 
part of the pipe, and their distribution is symmetrical to the 
vertical plane of symmetry. With increasing mixture velocity 
and concentration values, even the very coarse-grained particles 
measured commonly moved in the area above the pipe invert up 
to one half of the pipe diameter. The observed particle concen-
tration near the pipe’s lateral walls was slightly less than that in 
the central part of the pipe cross-section.  

The observed local concentration maps are in good agree-
ment with the concentration maps measured for mixtures of 
different solid materials with smaller particles (Przewlocki et 
al., 1979). Some errors were detected in regions close to the 
pipe wall, and especially near the pipe top, where due to the 
strong effect of the pipe material on gamma-ray absorption, a 
higher range of errors was detected (increasing concentration in 
the area near the pipe top). 
 
CONCLUSIONS 
 

The study of coarse particle–water mixtures’ turbulent flow 
in horizontal, vertical, and inclined smooth pipes of inner diam-
eter D = 100 mm 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 moderate and higher flow velocities particle 
saltation became the dominant mode of sediment transport and 
particles were also observed in the central and upper portions of 
the pipe.  

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

Frictional pressure drops in the ascending pipe section in-
creased (compared to the horizontal pipe section) with increas-
ing inclination angle up to about 30°, and then gradually de-
creased. The main increase in pressure drops was, similarly to 
the case of vertical pipe flow, due to the hydrostatic pressure 
difference. 

Measurement of the concentration distribution in the hori-
zontal 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), while a nearly 
linear concentration distribution can be recognized in the lower 
portion of the pipe. The concentration in the bed layer increased 
with increasing mean concentration and decreasing mixture 
velocity from about 40% up to the values close to the loose-
packed value, which demonstrated the formation of a movable 
or stationary bed layer. 
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