J. Hydrol. Hydromech., 60, 2012, 2, 115-124
DOI: 10.2478/v10098-012-0010-7

FLOW STRUCTURE OF COARSE-GRAINED SLURRY IN A HORIZONTAL PIPE
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The flow behaviour of coarse-grained slurry depends on particle size, shape, density and concentration,

1. Introduction

and on the density and rheological properties of the carrier liquid. The present paper describes the results of
an experimental investigation and flow visualisation of model coarse-grained particle-water mixtures in a
closed pipe loop with smooth stainless steel pipes of inner diameter 36 mm. Glass balls and washed graded
pebble gravel of mean diameter ds5) = 6 mm were used as model coarse-grained material. The effect of slur-
ry velocity and particle concentration on the slurry flow behaviour and pressure drop in the turbulent regime
was evaluated. Particle distribution in the pipe cross-section and motion of particles along the pipe invert,
particle saltation and particle conveying in the carrier liquid were investigated in a transparent pipe viewing
section and motion of individual particles was described. Velocity profiles of the carrier liquid and con-
veyed particles were determined.
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Pavel Vlasak, Bohué Kysela, Zfienék Chara: STRUKTURA PROUDU HRUBOZRNNE SUSPENZE
V HORIZONTALNIM POTRUBIL. J. Hydrol. Hydromech., 60, 2012, 2; 30 lit., 12 obr.

Tokové chovani hrubozrnnych suspenzi zavisi na velikosti, tvaru a hustoté ¢astic, koncentraci pevné faze
a hustot& a reologickych vlastnostech nosné kapaliny. Clanek popisuje vysledky experimentalniho vyzkumu
a vizualizace proudéni modelové hrubozrnné suspenze v experimentalni potrubni lince s hladkym nere-
zovym potrubim s vnitinim primérem 36 mm. Sklenéné kulicky a prany obly $térk (kacirek) se stfednim
zrnem dsp = 6 mm byly pouzity jako modelovy material. Byl vyhodnocen vliv rychlosti proudéni suspenze a
koncentrace pevné faze na chovani a tlakové ztraty suspenze. Rozdé€leni ¢astic v pti¢ném prifezu potrubi a
pohyb ¢&astic podél dna potrubi, jejich saltace a unaseni v nosné kapaliné byly zkoumany v transparentni
¢asti potrubi a byl popsan pohyb jednotlivych &astic a pro vybrané pripady byly stanoveny rychlostni profi-
ly nosné kapaliny a unasenych ¢astic.

KLICOVA SLOVA: hrubozrnné suspenze, turbulentni proudéni, tlakové ztraty, rozdéleni rychlosti, struktu-
ra proudu, vliv koncentrace.

the ocean bottom to the surface is hydraulic pipe-
lining (Maciejewski et al., 1993; Viasak et al.,
2011).

Pipeline transport of coarse-grained material is
not very frequently used due to the problem of se-
vere wear, material degradation, high critical veloc-
ity and consequently also operational velocities and
energy requirement. However, pipeline transport of
coarse particles (with diameter greater than 50 mm)
is of potential importance in the Alberta oil sands
industry, Shook et al. (2002). Both sand slurries and
non-Newtonian clay slurries are possible transport
media. Similarly, the most suitable method for
transport of poly-metallic nodules (which contain a
number of metals and therefore their exploitation
will be probably occurring in the near future) from

The pressure drop of coarse-grained slurries de-
pends on the flow velocity, solids concentration,
density, shape, and size distribution of the con-
veyed solid material, the size and roughness of the
pipe, and also the mutual particle-particle, particle-
liquid and particle-wall interactions. For heteroge-
neous and coarse-grained slurries the deposition
velocity is a very important parameter; at least as
importance as friction losses for design and opera-
tion (Matousek, 2009; Viasak and Chara, 2004).
The internal friction in the conveyed slurry and the
friction between the conveyed material and the pipe

115



P. Vlasak, B. Kysela, Z. Chara

produce a pressure drop, which determines the en-
ergy and pump technology requirements.

The understanding of the slurry flow behaviour
makes it possible to optimize energy requirements,
to improve quality, safety, economy and reliability
of transport and/or processing of the transported
material. Advanced knowledge of the flow behav-
iour coarse-grained and complex slurries is there-
fore important for the safe, reliable and economical
design and operation of pipeline technology. The
preferred predictive tools are models based on the
physical description of slurry flow behaviour in a
pipeline (Matousek, 2005).

With the construction of large industrial pipe-
lines in the 1950°s, demand for reliable models
capable of predicting slurry flow behaviour grew.
Many empirical correlations exist for heterogene-
ous slurries which can be used successfully after
calibration (Govier and Aziz, 1972; Kupka et al.,
1970). The first substantial contribution to under-
standing of coarse-grained slurry flow was made by
Durand (1951) and Durand and Condolios (1952).
For mono-disperse particles conveyed by liquid in
horizontal pipe Durand (1951) proposed an empiri-
cal relationship for the dimensionless Durand func-
tion

¢=(i,—i)/ i c, =

—

:K[Fr/\/FrW(pp/po—l)} : (1)

where i, and i; — the carrier liquid and slurry hy-
draulic gradient, respectively, ¢, — the slurry volu-
metric concentration, K — material constant, Fr =
=yz2/ gD and Fr, = Wi / gD — the slurry and
mean particle Froude numbers, p, and p, — the wa-
ter and particle density, respectively, d — the parti-
cle mean diameter, D — the pipe diameter, V — slur-
ry mean velocity, wsy — the fall velocity of a medi-
um sized particle.

The right hand side of Eq. (1) can be simplified
to

K[Fr/\/FrW(pp /P, _1)}‘052

= K[Frw( P,/ p- 1)} @2 gm0 B )

where f and o — slurry material parameters, which
can be determined from experimental data. The
relationship of the Durand function ¢ versus slurry
Froude number Fr

o=(,—i)/i,c,=BFr % (3)

could be represented by a linear dependence in a
log-log plot (Vlasak and Chara, 2011). The Durand
model provides a simple tool for a wide range of
slurry conditions, it can be used to scale up the
frictional pressure drops of the heterogeneous slur-
ry, when the material parameters are determined
experimentally (Viasak and Chara, 2007).

Disadvantage of the Durand model is a low accu-
racy for the lower and higher velocity range, espe-
cially for fully-stratified and fully suspended flow
pattern. Silin and Kobernik (1962) found that the
model could be used within the range 4 < Fr/Fr,,"?
<15. Zandi and Govatos (1967) declared that the
Durand model is invalid if the saltation mode of
solids transport occurs and that the constant K for
ratios of Fr/Fr,"? <10 is different to those valid for
Fr/Fr,,"? >10.

For this reason attempts have been made to find
a general model of slurry flow. The first mechanis-
tic equation for coarse-grained particle flow was
probably that of Newitt et al. (1955), who distin-
guished between fluid friction, which is velocity
dependent, and particle-wall friction of the Cou-
lomb type, which is independent of velocity. Both
types of friction occur when coarse particles are
transported. Newitt et al. (1955) defined coarse
particle conveying as special pipeline flow, which
can be described as flow with sliding bed and parti-
cle saltation.

A slurry flow mechanism can be theoretically
described by a set of differential equations for the
conservation of mass, momentum and energy in the
slurry flow pattern. So called a microscopic model
provides a numerical solution to the equations in
the local position of a cross-section and as a result
it predicts the concentration and velocity profiles in
the pipe cross-section together with the pressure
drop over a pipeline length section (Shook and
Roco, 1991). The microscopic models employed a
very large number of empirical coefficients, which
have to be determined from experimental mea-
surements. 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 em-
pirical approaches is macroscopic modelling, which
applies the conservation equations to a large control
volume of slurry. It could be a pipe cross-sectional
area with approximately uniform concentration of
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solids in a unit length of a pipe. In the chosen vol-
ume the conservation equations are formulated
using averaged quantities over the control volume.

The mechanistic approach for coarse particles
was first made rigorous by Wilson who interpreted
the very high concentration experimental results of
Streat and Bantin (1972). They used idealized con-
ditions (mono-sized glass spheres and smooth
pipes) which defined the friction process clearly.

To extend this model to lower concentration,
Wilson (1976) proposed for settling slurries a two-
layer model, with clear fluid in the upper layer.
Wilson and Thomas (1985) considered a fully strati-
fied flow in which all particles are concentrated in
the lower portion of the pipe (concentration in the
layer near the pipe invert approaches the loose-
packed value) and the Coulombic contribution to
particle-wall friction is dominant. In the upper layer
only clear fluid is presented. Only two coefficients
are required to predict the pressured drop and the
relationship between in-situ and transport concen-
trations. These coefficients are coefficient of Cou-
lombic sliding friction between solid particles and
pipe wall, and the friction at the interface between
the two layers, which could be treated as a rough
boundary. For the slurry flow Coulombic friction
may be slightly velocity-dependent.

The two-layer model was extended even for finer
particles based on experimental data from the large
test pipelines of the Saskatchewan Research Coun-
cil (Shook et al., 1986, Gillies et al., 1991). The
RSC two-layer model (Shook and Roco, 1991;
Shook et al., 2002) is based upon force balance for
the upper and lower horizontal layers:

Upper layer:
—dP/dz=(7,8,+7,5),)/ 4, (4)

lower layer:
—dP/dz=(1,S, — Ty, + F, )/ 4, (5)

where 7;, &, — kinematical stresses, respectively, S;.
S, — partial perimeters and A4, A4, — cross-sectional
area of the upper and lower layer, respectively, £, —
Coulombic force and 7, — interfacial friction factor.
The model satisfied the material balance constraints
on total flow and solids transport rate for V; as bulk
velocity in the respective layer or total in situ solids
concentration ¢; is related to the partial concentra-
tions by

AV:A1V1+ A2V2 (6)

and

c, AV =clAV+ c2A>V> or c,A = c1A; + cAs. (7)

The two layer model recognizes the difference
between the velocities of the particles and the fluid
(Maciejewski et al., 1993). In the present version of
the so-called RSC model slip is neglected within
each layer. However, because the layers differ in
solids concentration and velocity, there is a differ-
ence in the mean velocities of the particles and the
fluid for the pipe as a whole.

Since the layers represent an oversimplification
which is useful for rational analysis, the friction
factor must be regarded as a correlating parameter
whose magnitude cannot be entirely interpreted
physically. Slip between the particles and the fluid
results in a continuous transfer of energy from the
fluid to the particle and this in turn requires energy
to be transferred from the particle to the wall. The
trajectory of a single particle has been described by
many research workers, as a skipping motion (salta-
tion) which produces intermittent contact with the
wall. The time-average retarding force on a particle
was assumed by Newitt at al. (1955) to be propor-
tional to the immersed weight of the particle.

All the above mentioned quantities, including the
Reynolds number, friction factor and Coulombic
friction are defined for each layer as well as the
interfacial friction factor fi, and the flow parame-
ters could be determined (Matousek and Krupicka,
2009). The two-layer model may be used for the
description of the fully or partially stratified flow
patterns and prediction of the deposition velocity
limit, pressure drop due to friction, thickness and
translational velocity of the sliding-bed, and also
the value of the mean slip between the solid and
liquid phases (Matousek, 1997). It can be used for
high values of concentration (Gillies and Shook,
2000) and also in the case of the non-Newtonian
carrier (Pullum et al., 2004). The presence of the
stationary layer introduces an additional inde-
pendent variable — the thickness of the bed deposit
layer.

2. Experimental equipment
and material

The present paper describes experimental inves-
tigation of two different coarse-grained particle
conveyed by water. The mixture flow parameters
were measured on an experimental closed pipe loop
with a test section of smooth stainless steel pipes
with an inner diameter D = 36 mm, see Fig. 1
(Vlasak and Chara, 2011). The mixture was forced
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by a booster pump, WARMAN 3/2 C — AH, from
an open storage tank, a variable speed drive was
used to control slurry flow rates.

The mixture flow-rate and concentration were
measured by a KROHNE-CORIMASS-800 G+
mass flow-meter. The maximum mean mixture
velocity ¥, was about 6 m s'. The measurement
section was equipped with three Hottinger-Baldvin
PD-1 differential pressure transducers (measuring
range up to 0.1 MPa, carrier frequency 5 kHz) mon-
itored by a computer. The accuracy of the transduc-
ers was declared as 1% of the individual sub-
ranges, the accuracy of the mass flow-meter about

2.5%. With respect to the accuracy of the pressure
transducers and flow rate measurement, the possi-
ble measurement error in the pressure gradient val-
ue is less than 3%.

A two meter long, transparent section was used
for visual observation of flow pattern and particle
movement, which was recorded using the digital
video camera, NanoSenze MKIII+, with a frequen-
cy up to 1 000 frames per second. The temperature
of the mixture was maintained at about 12 °C by
the heat exchanger.

1 || 11

Fig. 1. Layout of the experimental pipeline loop (1 — slurry tank, 2 — pumps, 3 — control valve, 4 — flow meters, 5 — heat exchanger,
6 — transparent section, 7 — measurement section, 8 — pressure transducer, 9 — sedimentation vessels, 10 — flow divider, 11 — density

and discharge measurement).

Fig. 2. Glass balls (p, = 2 540 kg m™, d = 6 mm) and washed graded pebble gravel (pp=2650 kg m>, 4 mm < d < 8 mm).

The measured mixtures consist of bulk materials
of different particle shape, but of the same mean
diameter, dso = 6 mm. Glass balls (p, = 2 540 kg m’)
and washed graded pebble gravel (p, =2 650 kg m’)
were used as model coarse-grained solids, see Fig.
2. The glass balls were of uniform size distribution

(particle diameter d = 6 mm), the graded pebble
gravel has a narrow particle size distribution (parti-
cle diameter d ranged from 4 to 8 mm). Water was
used as the carrier liquid. The volumetric concen-
tration of the studied mixtures reached relatively
low values (¢, ranged from 2.7 to 10.4%).
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Because the density of the used solid materials
slightly differs, the mixture density was used for
comparison of the measured mixtures instead vol-
umetric concentration, which is for gravel mixture
and glass balls mixture with the same density
slightly lower. The effects of the two different solid
materials, flow velocity V, and volumetric concen-
tration ¢, on the mixture flow behaviour, pressure
drop versus the mean velocity relationship and flow
pattern were studied experimentally.

3. Pressure drop

Flow of heterogeneous slurries may be defined
by asymmetrical velocity and concentration distri-
bution, where a Coulombic friction contributes to
the friction losses. A flow pattern with a bed layer
and a skew concentration distribution generally
exist for these slurries (Wilson, 1976; Shook et al.,
1986; Matousek, 2007; Sobota et al., 2009). The
deposition velocity limit is at least of the same im-
portance as friction losses for design and operation.

The effect of solids concentration and mean ve-
locity on the mixture pressure drop i, versus the
mean velocity V; relationship of glass balls and
pebble gravel water mixtures is illustrated in Fig. 3
and 4.

The effect of particle concentration of spherical
glass ball-water mixture is practically independent
on flow velocity; on the contrary it slightly increas-
es with decreasing velocity for gravel mixture.

1.0 . . . . .
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Fig. 3. Pressure drop i; versus mean mixture velocity V for
glass water mixtures (¢, = 10.4, 6.5, and 2.9%, respectively).

The effect of particle shape is negligible for low-
er mixture densities (p, = 1045 kg m™ and p, = 1100
kg m™), the pressure drops are practically the same,
see Fig. 5. For the highest measured slurry density
ps = 1160 kg m™ a slight difference was found, it
increases with decreasing mixture mean velocity.
For low mixture velocity range the gravel particles,
especially these of bigger size, slide along the pipe
invert on the contrary of the glass balls, which
move by rolling mode even at low velocities. The
gravel sliding mode could be the reason for the
slightly increasing pressure drop.

10 T T T T T
gravel, p,=2650 kg/m3
08+
A p=1160 kg/m®
® p=1100 kg/m®
£ 06 m  p=1045 kg/m® _
E
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02+ 1
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0 1 2 3 4 5 6
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Fig. 4. Pressure drop i, versus mean mixture velocity V for
gravel water mixtures (¢, = 9.7, 6.1, and 2.7%, respectively).
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Fig. 5. Comparison of i/V; relationship for glass balls and
gravel water mixtures.
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It was observed that both the studied mixtures
were significantly stratified, however the two-layer
model strongly underestimates the slurry pressure
drop (Vlasak et al., 2011), see Fig. 6. It was visually
confirmed that the studied mixtures do not create a
real continuous bed layer.

Probably with regard to the particle size to pipe
diameter ratio d/D (which is about 0.17) they origi-
nate significant wall roughness of the pipe invert.
The particles moving along the pipe invert give rise
to large eddies, which substantially affect the mix-
ture flow, mainly for higher flow velocities, and
help the particles to reach the saltation or in some
cases even freely suspended flow mode. The rela-
tive high value of slip velocity between carrier liq-
uid and conveyed particles, mutual interaction and
collisions of the particles, contribute to high level
of turbulence not only in the lower section of the
pipe. Additional pressure drop, which significantly
increases the total pressure drop plays important
role.

1.0
two layer model A
08}
o glass balls, p.=1100 kg/m®
A gravel, p.=1160 kg/m*
T 061 water
E
__t/‘
04}
A
TLM glass balls
02} 1
TLM gravel
0.0 L
0 1 2 3 4 5 6

V, [m/s]

Fig. 6. Two layer model (TLM) approximation of glass ball
(¢, = 6.5%) and gravel (c, = 9.7%) water mixtures.

The Durand model well describes pressure drop
even for the studied very coarse-grained particles
(relative to the pipe diameter) for the mixture densi-
ty ps > 1100 kg m™ (i.e. concentration ¢, > 5%). For
lower mixture concentration (i.e. concentration ¢, <
5%) it is valid for medium and higher flow veloci-
ties (V; > 1.7 m s™), i.e. when Fr > 8, see Fig. 7.
However, this velocity range is better supported by
the Durand model and the relationship ¢ = 91 Fr®®
approximates well the flow behaviour of both glass
ball and gravel water mixtures at medium and high-
er flow velocities.

4. Particle and velocity distribution in a pipe

The gravel and glass ball low concentrated mix-
tures (p, = 1 045 kg m™) flow were recorded using a
digital video camera. The particles were significant-
ly stratified, they moved mostly in a layer close to
the pipe invert, however for moderate and higher
flow velocities an intensive saltation, and even sus-
pended flow of particles was observed. Some parti-
cles moved in the central and even upper regions of
the pipe cross-section.

100

- ¢=71 Fro™
101 glass gravel
A A p.=1160 kg/m®
o ° p.=1100 kg/m®
o n =1045 kg/m*
P Y
1
1 10 100
Fr
-0.
- $=91 Fr®®

10}
glass gravel

& A p=1160 kg/m®
o e p=1100 kg/m*
o m p=1045kg/m*
Fr>8
1
10 Fr 100

Fig. 7. Plot of Durand function ¢ versus Froude number Fr.

The effect of the increasing slurry velocity on the
glass ball water mixtures flow pattern and the parti-
cle vertical distribution is illustrated in Fig. 8. The
glass balls mostly roll along the pipe invert for low-
er slurry velocities (V;=1.3 and 1.5 m s™). Howev-
er, they do not create a solid bed. The bed consists
of only about one or two layers of particles. Some
of the balls move in form of dunes along the pipe
invert; some particles saltate with significant rota-
tion in the lower part of the pipe. For higher mix-
ture velocities (V; = 1.8 m s and 2.2 m s™) more
and more particles move in the saltation mode, with
some particles becoming fully suspended and can
reach into the highest region of the pipe.
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v, [ms’]

Fig. 8. Flow pattern of glass balls water mixture, p, = 1 045 kg m™ (¢, = 2.9%).

V. [ms™]

Fig. 9. Flow pattern of gravel water mixture, p, = 1 045 kg m™ (¢, = 2.7%).

The effect of the increasing mixture velocity on
the mixture flow pattern and the particle distribu-
tion in vertical cross-section for low concentrated
gravel slurry (p; = 1 045 kg m™) is well illustrated
in Fig. 9. Depending on their shape, the gravel
particles slide and roll along the pipe invert for the
low mixture velocities (V;=1.0ms™ and 1.5 m s™).
With the increasing mean mixture velocity the par-
ticle velocities also increase and individual particles
pass to saltation mode (V;=1.9 m s and 2.6 m s™).
For the higher slurry velocities (V; = 3.8 m s)
more and more particles lift off the pipe invert,
move in the saltation mode and occupy the central
part of the pipe, where local velocities reach maxi-
mal value. For the highest velocity range the salta-
tion height and length (Lukerchenko et al., 2009a;
2009b) substantially increase. Some particles (es-
pecially the smaller ones) moves even suspended in

the carrier liquid and can reach the top of the pipe
(Vy=53ms™).

These results were confirmed also from time se-
ries of the particle motion, see Fig. 10. At low mix-
ture mean velocities (V, = 1.9 m s') the gravel par-
ticles slide and roll along the pipe invert, the parti-
cles in the second layer or moving in saltation mode
move faster in comparison with the particles in
contact with pipe wall. With increasing mixture
velocity more particles move in saltation mode. The
particles moving in central part of the pipe reach
significantly higher velocities than sliding or rolling
particles moving in contact with pipe, as it is illus-
trated for mean velocity ¥, = 2.6 m s™'. For flow
velocities ¥, = 3.8 m s and more the saltation be-
comes very important mode of the particle move-
ment. Substantial proportions of particles move in
saltation mode with long length and height of the
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jumps or freely suspended in central area of the
pipe cross-section.

The saltation of particles is essentially three-
dimensional process, what is possible to watch also
from the visualisation of the pipe flow pattern. Par-
ticle-particle and particle-bed collisions represent
the main mechanisms producing the lateral disper-

|

I E - -

sion of the saltating particles. This behaviour can be
described only by the 3D pattern of particle motion
(Lukerchenko et al., 2009a; 2009b). Similar particle
motion can be observed in channel flows. In the
pipe the particles move longitudinally and transver-
sally and they can reach side wall of the pipe and
slide along it.

!

| e
2 a
ﬂﬂ

e,

Fig. 10. Time series of gravel conveyed in water at different mean mixture velocity ¥, = 1.9, 2.6, and 3.8 m s™', respectively,

ps=1045kgm™ (¢, =2.7%).

Visualisation of particle movement made possi-
ble to evaluate in some case local longitudinal ve-
locity of individual particles v, and its dependence
on the mean mixture velocity V; and distance y of
the particle centre of gravity from the pipe invert.
The local particle velocity and the mean mixture
velocity ratio v,/V; and theoretical turbulent veloci-
ty profile (according to Blasius) are illustrated in
Fig. 11. It can be seen that the slip velocity is prac-

tically constant and independent on particle posi-
tion in pipe.

We tried to determine also the water velocity dis-
tribution from movement of some tracer particles in
upper part of the pipe, see Fig. 12. The local water
velocity values were evaluated for two different
flow pattern, so called without particles and with
particles. The first one, without particles, illustrates
the velocity distribution in the part of pipe, where
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conveyed particles are not instantaneously present.
The second pattern represents distribution of water
local velocity in pipe where particles are conveyed
in the lower portion of the pipe cross-section. It this
pattern the velocity profile is due heterogeneous
distribution of particles asymmetrical, and local
velocity values in the upper portion of pipe increas-
es.

0.6
Particle local velocity v
051 o V=1.9mis ool
o V=26mis &,
041 § v=38mss 2
water velocity (Blasius) 8o
Q o3¢t
S 0.
021
0.1}
00 1 1 1 1 1 1
00 02 04 06 08 10 12 14

AR

Fig. 11. Local particle velocity v, over mean mixture velocity
V; ratio, gravel water mixture at different mean mixture veloci-
ty V,=1.9, 2.6 and 3.8 m s, respectively (p; = 1 045 kg m™,
¢, =2.7%).

1.0

o) Q)
[}
0.9 ..O
0.8 o P
e}
g o7 _ oe
Water local velocity
0.6 ® without particles o ]
O  with particles o
0.5 1
o
04 L L L L L L
00 02 04 06 08 10 12 14

VIV,

Fig. 12. Local water velocity v over mean mixture velocity Vj
ratio, gravel water mixture at mean mixture velocity V, =
=19ms’ (p,=1045kgm>, ¢, =2.7%).

5. Conclusions

The coarse-grained particle-water mixtures stud-
ied in the smooth pipe of relatively small diameter
(D =36 mm) were significantly stratified.

Asymmetrical velocity distribution was observed
in the upper part of the pipe, i.e. the local velocity
values increased in comparison with flow without

bed formation. The difference between particle and
water velocity values appears to be practically in-
dependent on particle distance from the pipe invert,
and mean mixture velocity.

The study revealed that coarse-grained particles
conveyed by liquid in pipe moved principally in a
layer close to the pipe invert, however for moderate
flow velocities (1.6 m s™ < V, < 1.8 m s™), saltation
of particles was observed and particles were also
present in the central and upper areas of the pipe
cross section for flow velocities higher than 3.8 ms’.

The narrow sized pebble gravel-water mixtures
reached nearly the same hydraulic gradient as the
glass ball-water mixtures of the same particle mean
diameter, the difference increased with increasing
concentration.

The Durand model accurately predicted the flow
behaviour of coarse-grained particle-water mixtures
for moderate and higher flow velocities and Durand
number (for V, > 1.7 ms™, i.e. Fr > 8). The accura-
cy of this model is influenced by the model parame-
ters, which should be determined experimentally.
The Durand model can be recommended for scale
up of the frictional pressure drops at moderate and
higher flow velocities (V;> 1.7 m s™).

The two-layer model significantly underesti-
mates the mixture pressure drop. This is probably
due to an extremely high value of pipe/particle di-
ameter ratio, resulting in amplified particle/particle
and particle/pipe wall interactions, which signifi-
cantly contribute to higher energy consumption and
particle saltation movement.
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List of symbols

A; — cross-sectional area of upper and lower layers [m?],
¢y, ¢; — volume concentration of particles [-],

d — particle diameter [m],

dsp — mean particle diameter [m],

D — inner diameter of pipe [m],

fiz — interfacial friction factor [—],

F, — Coulombic force [ kg m s?,

Fr - slurry Froude number [—],

Fr, - mean particle Froude number [—],
j hydraulic gradient [m m™],

K - material constant [-],

S;  — perimeter of upper and lower layers [m],

v — local longitudinal velocity of carrier liquid [m s ],

v, — local longitudinal velocity of individual particles

[ms'],
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V' — mean velocity [m s,

wsg — the settling velocity of a dsy sized particle [m s'l],
y — vertical distance from pipe invert [m],
o, f — slurry material parameters [—],

p —  density [kg m™],

T —  shear stress [kg m™ s7%],

7] — Durand function [-].

Subscripts

o — carrier liquid,

P — particle, solids,

K —  slurry, mixture,

i=1,2 — upper and lower layer, respectively.
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