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Abstract

In this paper, a simplified 3D algebraic slip mixture (ASM) model is introduced to obtain the numerical solution in sand-water
slurry flow. In order for the study to obtain the precise numerical solution in fully developed turbulent flow, the RNG K—¢ turbulent
model was used with the ASM model. An unstructured (block-structured) non-uniform grid was chosen to discretize the entire
computational domain, and a control volume finite difference method was used to solve the governing equations. The mean pressure
gradients from the numerical solutions were compared with the authors’ experimental data and that in the open literature. The
solutions were found to be in good agreement when the slurry mean velocity is higher than the corresponding critical deposition
velocity. Moreover, the numerical investigations have displayed some important slurry flow characteristics, such as volume fraction
distributions, slurry density, slip velocity magnitude, slurry mean velocity distributions, and slurry mean skin friction coefficient

distributions in a fully developed section, that have never been displayed in the experiments.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Slurry pipeline transportation is a popular mode of
transportation in various industries. It has several ad-
vantages, such as its friendliness to the environment and
its relatively low operation and maintenance costs. In
general, slurry transportation is divided into three major
flow patterns: (1) pseudo-homogeneous flow (or homo-
geneous flow) and heterogencous flow; (2) heteroge-
neous and sliding bed flow (or moving bed flow), and (3)
saltation and stationary bed flow (Doron and Barnea,
1996). Pseudo-homogeneous flow is a slurry flow pattern
in which the slurry flows at a very high velocity and all
solid particles are distributed nearly uniformly across
the pipe cross-section. With a decrease in slurry flow
rate, the heterogeneous flow pattern occurs when there
is a concentration gradient in the direction perpendicu-
lar to the pipe axis, with more particles transported at
the lower part of the pipe cross-section, as is the case in
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most practical applications. As the slurry flow rate is
reduced further, the solid particles accumulate at the
bottom of the pipe and form a moving bed layer, while
the upper part of the pipe cross-section is still occupied
by a heterogeneous mixture. When the slurry flow rate is
too low to suspend all solid particles, a stationary bed
layer at the bottom of the pipe cross-section is observed.
This is the saltation and stationary bed flow (Vocaldo
and Charles, 1972; Parzonka et al., 1981). The slurry
velocity associated with the formation of a stationary
bed layer is called the critical deposition velocity. A bed
layer in the slurry pipeline is unstable and dangerous
during the operation of pipeline transportation. It
probably enhances pipe wear and causes plugging or
blockage of the pipeline. As a result, it should be avoi-
ded in design and operation of the pipeline transporta-
tion system.

Slurry flow is very complex. In a survey of the open
literature on slurry transportation investigations, it was
found that most investigations were made in labora-
tories to determine pressure gradients and critical de-
position velocities in slurry flows. Doron et al. (1987)
and Doron and Barnea (1993) proposed two-layer and
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Nomenclature

a secondary phase particle’s acceleration, m/s?
Ci;, Cy, C, constants

solid particle diameter, m

empirical constant

body force, N/m?

mean friction factor

acceleration of gravity, m/s?

turbulent intensity level

turbulent kinetic energy, m?/s?

von Karman’s constant

turbulent kinetic energy at point p, m?/s?
pipeline length, m

\ turbulent Prandtl number for energy

TR N0 Y A

S modulus of the mean rate-of-strain tensor
14 slurry mean velocity, m/s

Up mass-averaged velocity, m/s

Upk drift velocity, m/s

up mean velocity of the fluid at point p, m/s
Uyp slip velocity, m/s

Yo distance from point p to the wall, m

Ap/AL mean pressure gradient of the slurry flow,
Pa/m

Greeks

o volume fraction of solids

B coefficient of thermal expansion

P mixture density, kg/m?

0s solid particle density, kg/m?

Pw water density, kg/m’

g dissipation rate of turbulent kinetic energy,
m?/s?

U viscosity of the mixture, kg/m s

Tpy particulate relaxation time, s

Subscripts

i, j, k general spatial indices

m mixture

s, z, w silica sand, zircon sand, and water

three-layer models of the slurry flow, and Wilson and
Pugh (1988) put forward a dispersive-force modeling in
heterogeneous slurry flow, but these models were derived
based on single-species slurry flow and cannot determine
the slurry density and volume fraction distributions and
the slip velocity between the liquid and solid particles.
Nassehi and Khan (1992) provided a numerical method
for the determination of slip characteristics between the
layers of a two-layer slurry flow, but no comparisons of
experimental results and numerical solutions were re-
ported. In this paper, a simplified two-phase flow alge-
braic slip mixture (ASM) model (Manninen et al., 1996)
is introduced to obtain the numerical solution in the
sand-water slurry flow. A control volume finite differ-
ence method (CVFDM) is used to solve the governing
equations, and an unstructured (block-structured) non-
uniform grid is chosen to discretize the entire com-
putational domain. The numerical investigations have
displayed some important liquid-solid slurry flow char-
acteristics, such as volume fraction distributions, slurry
density, slip velocity magnitude, slurry mean velocity
distributions, and slurry mean skin friction coefficient
distributions in a fully developed section, that have never
been displayed in the experiments.

2. Calculation models

2.1. Governing equations

The ASM model can model two-phase flow (fluid or
particulate) by solving the momentum equation and

continuity equation for the mixture, the volume fraction
equation for the secondary phase, and an algebraic ex-
pression for the relative (slip) velocity. ASM assumes
that a local equilibrium between the phases is reached
over short spatial length scales. This assumption re-
quires the dispersed phase (particles) accelerate rapidly
to the terminal velocity (Manninen et al., 1996). Thus,
typical dimension of the system should be much longer
than the characteristic length scale of acceleration. The
characteristic length scale of acceleration in water of
a particle with a diameter of 1 x 10~* m and density
of 3300 kg/m? is on the order of 5 x 107> m (Manninen
et al., 1996). This characteristic length is several orders
of magnitude smaller than dimensions of the system we
are modeling (see Section 3.1 for details); thus, ASM
model assumptions are fully justified.

The continuity equation for the mixture in the ASM
model is

2 (o) o (i) = 0 (1

i
The momentum equation for the mixture can be ex-
pressed as

& pmum,j + 6_x, pmum,ium,j

_ 6_p + i aum‘j 4 Gum%i
a axj Gx,- Hom @xj @x,-

a n
+ pm& + F; + o kz:; Ol P UDK, i UDK.j (2)

where 7 is the number of phases, F is the body force, o;
is the volume fraction of solids, p,, is the mixture den-
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sity, and p,, is the viscosity of the mixture, which are
expressed as

P = Y oupy and = oy (3)
k=1 k=1

iy and ip; are mass-averaged velocity and drift veloci-
ties, which are expressed as

o 22:1 Ok Pk

Uy = =——"—
Pm

The slip velocity is defined as the velocity of the

secondary phase (p) relative to the primary phase (g)
velocity:

and iip; = @iy — tiy 4)

Ugp =l — U (5)
The drift velocity and slip velocity are connected by the
following expression:

o S . %ip; o
Upp = VUgp — Z j (6)
i=1

D,
qi
Pm

The basic assumption in the ASM model is that, to
prescribe an algebraic relation for the relative velocity, a
local equilibrium between the phases should be reached
over short spatial length scales. The form of the slip
velocity is

(pm - pp)drzn aﬁm
- Pm—pp)dy [ Ol 7
bor lg.uqfdrag £ ot ( )
where
i = 1 +0.15 Re"¥7  Re < 1000
draig = 1 0.0183 Re Re > 1000

The volume fraction equation for the secondary
phase is

0 0 0
a (“ppp) + o (O‘ppp”m,i) = - s (“ppp”Dp,i) (8)

This ASM model can be applied in the laminar and
turbulent two-phase flows. In practice, since slurry
transportation is in the fully developed turbulent flow,
the RNG K-¢ turbulent model is used with the ASM
model in this study. The turbulent kinetic energy in
RNG K-¢ turbulent model is

0 0 0 ok
— (Puk) + 2= (Pmtim k) = =— s
at (pm ) + axi (pmu 5 ) axi |:<aklu axl_ ):|

+ 1S? = pre 9)

Dissipation rate of the turbulent kinetic energy is
0 0
& (pm‘g) + a_xl (pmum‘i'g)

0 Oe P &2
=—|(au — Cro= 08> — Cyp. ——R (10
6x,[<a"um6x,->}+ et 20Pm (10)

where the coefficients a, and a, are the inverse effect
Prandtl numbers for £ and ¢, respectively. In the high-

Reynolds-number limit, a; = a, = 1.393. C}, and C;, are
equal to 1.42 and 1.68. f and Pr are the coeflicient of
thermal expansion and the turbulent Prandtl number for
energy. S is the modulus of the mean rate-of-strain
tensor, S;;, which is defined as

S = 2SijSij and S,'j = 2(axj + aXi ) (1 1)
R in Eq. (10) was expressed as
Cuput?’ (1 = n/ny) &
R = A m [ 12
14 Cp? k (12

where n =S - k/e, 1y =~ 4.38, { =0.012, and C, = 0.085.
2.2. Boundary conditions

Non-slip boundary condition is imposed on the walls,
and heat transfer is not considered in the entire com-
putational domain. For this paper, in the near-wall
zone, the standard wall function proposed by Launder
and Spalding (1974) was chosen due to its wide appli-
cation in industrial flows. When the mesh is such that
y* < 11.225 at the wall-adjacent cells, the viscous force
is dominant in the sublayer. The laminar stress—strain
relationship can be applied:

u =y (13)

. me,1¢/4kpl)/2yp

Y= 14
Il'tln ( )

The logarithmic law for the mean velocity is known to

be valid for y* > 11.225 (Fluent Inc., 1996). It can be

expressed as
1
u' = Z In(Ey") (15)

where & is von Karman’s constant, C, is turbulent model
constant, and &, and y, are the turbulent kinetic energy
at point p and distance from point p to the wall,
respectively.

To simplify the simulations, the mean velocity inlet
boundary condition and pressure outlet boundary con-
dition are imposed on the inlet and outlet of slurry
pipeline:

Uyinlet = CONStant, uyine; = Uzjnier = 0, and

Poutlet = CONstant (16)

3. Numerical computation
3.1. Physical problems and grid system

The geometry and physical problem studied in this
paper are as follows:

Horizontally straight pipeline length, L = 1.4 m; inner
diameter of the pipe, d =0.0221 m; range of the volume
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Fig. 1. Unstructured grid of the horizontal pipeline.

fraction of solid, oy, is 10-20%; range of mean velocity
of the slurry flow is 1-3 m/s; the densities of silica sand
and zircon sand are 2380 and 4223 kg/m?; mean particle
diameter, dp, is 1.1 x 107* m.

The length of the computational domain, x/d > 50,
was based on the suggestions from Wasp et al. (1979)
and Brown and Heywood (1991) to ensure that fully
developed flow results could be obtained in the pipeline
computational domain. A multi-block unstructured
non-uniform grid system with hexahedral elements was
used to discretize the computational domain, as shown
in Fig. 1. This unstructured grid system has five blocks
to form the entire computational pipeline. The distri-
bution of the grid on the circumference of computa-
tional pipeline is uniform, and each hexahedral element
in the grid system contains 27 nodes. The grid inde-
pendent study was made to select the optimum grid
distribution in this investigation, as shown in Table 1.
From Table 1, V' was mean velocity of the slurry flow,
and Ap/AL and f;,, were mean pressure gradient of the
slurry flow and mean friction factor in fully developed
turbulent flow, respectively. fi, could be obtained from

1 2n

fo=== [ fudo (17)

2n 0

where

Table 1

The grid distribution, 460 x 400, shown in Table 1
could ensure a satisfactory solution for the slurry flow.

3.2. Numerical method

In the numerical investigation of slurry transporta-
tion, all governing equations, wall boundary conditions,
and inlet and outlet boundary conditions were solved in
a Cartesian coordinate system by the CFD solver,
FLUENT 5, which used a CVFDM. Heat transfer was
neglected, and the slurry flows were steady state. At the
same time, the slurry flows were in pseudo-homoge-
neous flow (or homogeneous flow), and heterogeneous
flow and sliding bed flow (or moving bed flow). The
second-order upwind scheme was selected as the dis-
cretization scheme in the governing equations. The
SIMPLE algorithm from Dormaal and Raithby (1984)
was used to resolve the coupling between the velocity
and the pressure. To avoid the divergence, the under-
relaxation technique was applied in all dependent vari-
ables. In the investigation, the under-relation factor for
the pressure, p, was 0.2 and 0.3, that for the velocity
components was 0.5-0.7, and those for the turbulence
kinetic energy and turbulence dissipation rate were 0.6—
0.8. The segregated solver was adopted to solve the
governing equations sequentially. In the segregated so-
lution method, each discrete governing equation was
linearized implicitly with respect to that equation’s de-
pendent variable. A point implicit (Gauss-Seidel) linear
equation solver was used in conjunction with an alge-
braic multi-grid method to solve the resultant scalar
system of equations for the dependent variable in each
cell. The numerical computation was considered con-
verged when the residual summed over all the compu-
tational nodes at nth iteration, Ry, satisfied the following
criterion:
<10 (18)
Ry
where R is the maximum residual value of ¢ variable
after m iterations.

All the numerical computations in this paper were
based on the grid distribution, 460 x 400, and carried
out in an SGI Origin 2000 at the Hemispheric Center for
Environmental Technology (HCET) at Florida Inter-
national University (FIU) in Miami.

Grid independent test (V' =2 m/s, 57 <x/d <61, o =0.189, d, =0.00011 m, silica sand-water slurry flow)

Cross-sectional x axial 224 x 300 340 x 300 460 x 300 500 x 300 460 x 400 460 x 500
Total cells 67,200 108,000 138,000 150,000 184,000 230,000
Ap/AL (Pa/m) 2220 2205 2177 2094 2154

fm 2.53 2.463 2.325 2.335 2.335




J. Ling et al. | Int. J. Heat and Fluid Flow 24 (2003) 389-398 393

4. Results and discussion
4.1. Comparisons of numerical and experimental data

The slurry mean pressure gradient is an important
parameter in slurry transportation and pipeline design.
To verify and check the numerical results from the ASM
model, a lab-scale flow loop was constructed at HCET,
and extensive experiments for the silica sand-water and
zircon sand-water slurry flows were made (Skudarnov
et al., 2001). Experimental data from Skudarnov et al.
(2001) and other experimental data from Newitt et al.
(1955) are compared with the numerical results, as
shown in Fig. 2.

Fig. 2(a) shows the comparison of the numerical re-
sults with the experimental data from Skudarnov et al.
and Newitt et al. in silica sand-water slurry flow with
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Fig. 2. Comparisons of the numerical solutions from ASM model with
the experimental data from Skudarnov et al. (2001) and Newitt et al.
(1955) in fully developed turbulent flow (p,, = 998.2 kg/m?, d =0.0221
m, d, =0.000097-0.00011 m). (a) Silica sand-water slurry, p; =2381
kg/m, o4 =20%, (b) zircon sand-water slurry, p,=4223 kg/m,
o = 10%.

the same pipeline geometry, mean velocity, volume
fraction, particle size, and particle density. Fig. 2(b) il-
lustrates the comparison of the numerical results with
the experimental data from Skudarnov et al. in zircon
sand-water slurry flow. Based on the experimental in-
vestigations made by Skudarnov et al., the critical de-
position velocities shown in Fig. 2(a) and (b) are 0.97
and 1.58 m/s, respectively.

It is clear that in Fig. 2(a) all slurry mean velocities
for numerical results and experimental data are higher
than the critical deposition velocity, and the numerical
results are in good agreement with the experimental data
although the numerical results from the ASM model
result in a little under-prediction. From Fig. 2(b), the
numerical results are still in good agreement with the
experimental data, and a little under-prediction from
the numerical results exists when the mean velocities of
the zircon sand-water slurry flow in the numerical and
experimental investigations are higher than the critical
deposition velocity. A big discrepancy between the nu-
merical results and experimental data takes place when
the mean velocities of slurry flow in the numerical and
experimental investigations are lower than correspond-
ing critical deposition velocities, and the discrepancy
would be further increased with a decrease in the slurry
mean velocity.

In practice, the available flow area in the pipeline
would be reduced, friction loss would be increased, and
the pressure gradient in the slurry flow would be in-
creased if the slurry velocity is lower than the corre-
sponding critical deposition velocity and a stationary
bed of the solids is formed in the experiments. However,
the ASM model cannot change its available flow area
when the slurry flow velocity is lower than the corre-
sponding critical deposition velocity. As a result, a big
discrepancy would occur for a slurry velocity that is
lower than the critical deposition velocity. It is evident
that the ASM model can provide a better prediction of
pressure gradient if the slurry mean velocity is higher
than the critical deposition velocity. Yet the ASM model
would result in a bigger deviation if the slurry mean
velocity is lower than the critical deposition velocity.

4.2. Slurry density, volume fraction, and skin friction
factors

The slurry density and volume fraction are important
parameters in slurry flow analysis. In experiments, it is
difficult to measure the slurry density and volume frac-
tions at any point of the pipe cross-sectional area, but it
is easy to obtain them in numerical investigation.

The density distributions of the silica sand-water
slurry flow with different mean velocities are shown in
Fig. 3. Fig. 3(a) and (b) show the density distribution
contours in the cross-sectional area of the pipeline in
V=2 and 3 m/s, and Fig. 3(c) illustrates the density
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Fig. 3. Mean density distribution of the silica sand—water slurry flow (p, = 2381 kg/m?, p,, =998.2 kg/m?, o =

20%, d =0.0221 m, d;, = 0.00011 m).

(a) Density contours at ¥ =2 m/s, (b) density contours at V' =3 m/s and (c) density distribution along the vertical centerline.

distributions along the vertical centerline of the pipeline.
It is clear from Fig. 3(a) and (b) that the density dis-
tribution contours are symmetrical in the horizontal
direction. Because of the effect of the gravitational force,
the density distribution contours are asymmetrical in the
vertical direction. Since the density of solids is usually
higher than that of primary fluid in slurry flows, on the
top of the pipeline, the slurry mean density is relatively
small and close to the water density, 998.2 kg/m?, and in
the lower part of the pipeline, the slurry mean density is
increased gradually based on the action of gravity. In
the central part of the pipeline, the slurry mean density
is kept in a small variant range, which is about 1237—
1284 kg/m?, as shown in Fig. 3. However, it should be
pointed out that the central area of the slurry flow with
the small variance of the slurry mean density would be
enlarged with an increase in the slurry mean velocity.
For the same silica sand-water slurry flow with
ps=2381 kg/m?, p,=998.2 kg/m3, o =20%, d=
0.0221 m, and dp =0.00011 m, the central area with the

slurry mean density in ¥ =3 m/s is bigger than that in
V' =2 m/s, comparing Fig. 3(a) with (b).

Fig. 4 shows the volume fraction distribution con-
tours of silica sand and water in the slurry flow with
V=2 and 3 m/s, oy =20%, p,=2381 kg/m?, p, =998
kg/m?, d=0.0221 m, and d, =0.00011 m. Fig. 4 shows
that the volume fractions of silica sand and water are
symmetrical in the horizontal direction, but the volume
fractions of silica sand and water have a big gradient
in the vertical direction because of the asymmetry of
density distribution in the slurry flows.

On top of the pipeline, the volume fraction of silica
sand is close to zero, and the volume fraction of water
approaches unity, as shown in Fig. 4. It means that most
slurry flow on top of the pipeline is water. In the central
part of the pipeline, the volume fractions of silica sand
and water are almost kept in a small variant range. In
the lower part of the pipeline, the volume fractions of
silica sand are increased gradually, and the volume
fractions of water are decreased accordingly. The sum of
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Fig. 4. Volume fraction contours of silica sand and water (p, =2381 kg/m?®, p,, =998.2 kg/m3, o =20%, d =0.0221 m, d, =0.00011 m). (a) Silica
sand, V' =2 m/s, (b) silica sand, V' =3 m/s, (c) water, V¥ =2 m/s and (d) water, V=3 m/s.

volume fractions of silica sand and water is equal to
unity at any point of pipe cross-sectional area for the
same slurry flow.

The slurry mean skin friction factors from the pipe-
line inlet to fully developed turbulent flow region are
shown in Fig. 5. All slurry mean skin friction factors
would drop sharply from the pipeline inlet, then, be
raised gradually. At x/d = 50, the slurry mean skin
friction factors are constant. Fig. 5 illustrates that the
slurry mean skin friction factor would be constant in the
fully developed turbulent flow. At the same time, Fig. 5
shows that the slurry mean skin friction factors will be
increased as the slurry mean velocity and solid particle
density increase. It means that a higher slurry mean
velocity and solid particle density would result in a
bigger flow loss and slurry mean pressure gradient in
slurry pipeline transportation.

4.3. Slurry mean velocity profiles and slip velocity
magnitude

The velocity profile of the slurry flow in the hori-
zontal pipeline is mainly affected by the slurry density,
volume fraction, and mean velocity. As a result, the
velocity profile of the slurry flow in the cross-sectional

area of the pipeline is a little bit different from that of
single-phase flow. In general, the velocity profile in
single-phase flow is symmetric around the pipe center-
line, and liquid density is kept as a constant in the cross-
sectional area of the pipeline. However, in the slurry
flow, the velocity profile is asymmetrical around the pipe
centerline.

Fig. 6 shows the mean velocity contours of silica
sand-water and zircon sand-water slurry flows with
V =3 mls, oy = 20%, silica sand density p, = 2381 kg/m?,
zircon sand density p,=4223 kg/m?, water density
pw =998 kg/m®, d =0.0221 m, and d,=0.00011 m.
From Fig. 6, it is clear that the slurry mean velocities
near the wall drop down sharply due to the strong vis-
cous shear stress in the turbulent boundary layer and
non-slip boundary condition on the wall. Like the slurry
densities and volume fractions, the velocity distributions
in the slurry flows are symmetrical in the horizontal
direction, and the velocity profiles are asymmetric in the
vertical direction due to the density gradients in the
slurry flow.

It is clear from Fig. 6(a) and (b) that the maximum
slurry velocity center appears at the upper part of the
pipeline, not at the centerline. This phenomenon of
slurry flow has been proved with experiments (Roco and
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m). (a) Silica sand-water slurry, p, =2381 kg/m3, o =20%, (b) zircon
sand-water slurry, p, =4223 kg/m?, o = 10%.

Shook, 1985). On the other hand, comparing Fig. 6(a)
with (b), it can be found that the location of the maxi-
mum velocity center in zircon sand-water slurry is
higher than that in the silica sand—water when the slurry
velocities, volume fractions, pipeline geometries, and
particle diameters are the same. The figures indicate that
the location of maximum velocity center with a higher
slurry density is higher than that with a lower slurry
density.

Fig. 6(c) shows the velocity profiles of the silica sand—
water and zircon sand-water slurry flows with same
velocities and geometries along the vertical centerline of
the pipeline. Two slurry velocity profiles are asymmetric
in the vertical direction, and the velocity profiles in the
lower part of the pipe centerline would be lower than
those in the upper part. This occurs because the density
of solid particles is usually higher than that of liquid; the
slurry density in the lower part of pipe centerline should

3.30979

3.08914

0.5

0.4 4
4 { |— Silica Sand-Water Slurry

0.3 |- - - - Zircon Sand-Water Slurry

0.2 -
0.1

0.0

-0.1 4
-0.2 4
-0.3 4

0.4

Dimensionless vertical centerline, y/d

0.5 T T T
0 1 2 3 4

(©) Mean Velocity Profile, m/s

Fig. 6. Velocity contours and profiles of the silica sand-water and
zircon sand-water slurry flows (o =20%, p, =2381 kg/m?, p, =4223
kg/m?, p,, =988.2 kg/m3, V=3 m/s, d, =0.00011 m, d =0.0221 m). (a)
Velocity isograms of silica sand-water, (b) velocity isograms of zircon
sand-water and (c) velocity profiles along the vertical centerline.

be higher than those in the upper part based on the effect
of gravity. As a result, compared with the upper part of
the pipe centerline, water will spend more energy to
drive silica sand in the lower part, which results in a
lower slurry velocity in this area.

On the other hand, with an increase in the slurry
density, the velocity profile in the upper part of pipe
centerline would be increased further and that in the
lower part would be reduced accordingly, as shown in
Fig. 6(c).

The slip velocity in an ASM model is defined as the
difference between the liquid velocity and solid particle
velocity and is a function of the density of the slurry
flow. Fig. 7 shows the slip velocity magnitudes of the
silica sand-water slurry flow along the horizontal and
vertical centerlines based on a non-slip boundary con-
dition on the wall. As in Fig. 7(a), the slip velocity
magnitude distribution is symmetric along the horizon-
tal centerline since the slurry density along the hori-
zontal centerline is symmetric. However, it is evident
from Fig. 7(b) that the slip velocity magnitude distri-
bution is asymmetric along the vertical centerline. The
slip velocity magnitude in the upper part of the pipeline
is relatively larger than that in the other parts since the
slurry density in the upper part is relatively smaller. In
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Fig. 7. Slip velocity magnitude distributions of silica sand-water and
zircon sand-water slurry flows (p, =2381 kg/m?, p, =4223 kg/m?,
py =988.2 kg/m3, oy =20%, d=0.0221 m, d, =0.00011 m). (a) Slip
velocity magnitudes along the horizontal centerline, (b) slip velocity
magnitudes along the vertical centerline.

the central part of the pipeline, the slip velocity magni-
tude is kept in a small variant range. In the lower part,
the slip velocity magnitude is dropped down sharply due
to the larger slurry density and volume fraction of solids
near the wall and non-slip boundary condition on the
wall. On the other hand, the slip velocity magnitude
would be increased, and the central part along the ver-
tical centerline would be decreased, with an increase in
the slurry density, as shown in Fig. 7(b). In any case,
based on Fig. 7, it is clear that the effect of the slip ve-
locity on the slurry flow is negligible in the heteroge-
neous and sliding bed flow (or moving bed flow) because
the slip velocity magnitude is small.

5. Conclusions

The numerical investigation in slurry flows is valuable
and interesting research because it can provide infor-

mation that cannot be obtained in experiments. Based
on our numerical investigations, the following conclu-
sions can be made:

1. The ASM model can provide a good prediction for
the liquid-solid slurry flow if the slurry mean velocity
is higher than the corresponding critical deposition
velocity. The numerical predictions for the pressure
gradients are in good agreement with the experimen-
tal data.

2. The slurry density and volume fraction distributions
are symmetric in the horizontal direction, but they
would have a big gradient in the vertical direction.
In heterogeneous and sliding bed flow (or moving
bed flow), most of slurry flow on the top of the pipe-
line is water, while slurry mean density and volume
fraction of solids would be increased gradually in
the lower part of the pipeline. Slurry mean skin fric-
tion factor would be increased as the slurry mean
velocity and solid particle density increase and would
be constant in fully developed turbulent flow.

3. Velocity profiles in the slurry flow are symmetric in
the horizontal direction, but they are asymmetric in
the vertical direction. The velocity profiles in the
upper part of the pipeline are higher than those in
the lower part. The slip velocity magnitude is usually
small, and the effect of the slip velocity on the slurry
flow is negligible in the heterogeneous and sliding bed
flow (or moving bed flow).
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