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Investigation of the Flow Behavior of Solid-Liquid Settling Slurries in a
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Abstract

Developing accurate models for pressure drop in slurry pipelines is one of the most important challenges of researchers
around the world. Pressure drop is one of the most important technical parameters to be evaluated by the designer of
pipeline slurry transportation system. Also it is the parameter which dictates the selection of pump capacity. The
properties of slurries mainly depend on the tendency of the particles to settle out fromthe carrying liquid. The extent to
which the particles will be free to settle in horizontal flow depends on the terminal velocity, the turbulence and particle -
particle interaction. Physical models for the prediction of the pressure drop, flow regime, and specific energy
consumption are presented. Several studies for pressure drop prediction in slurry flow are available in literature. The
comparison between the proposed correlations with the experimental data of the settling slurries is satisfactory. Since
the decrease of the specific power consumption and increase overall the transport system efficiency, the carrying
capacity should be increased. The experimental investigations were performed on three different sorts of sand solids to
satisfy the economic advantage by adjusting the particle size. The experiments were conducted in 26.8 mm inner
diameter horizontal pipe on three sizes of sand particles of which mean diameter are 0.2 mm (fine), 0.7 mm (medium)
and 1.4 mm (coarse). Flow velocity was up to 7 m/s and overall concentration up to 33% by volume for each velocity.
The effect of slurry velocity and particle concentration on the slurry flow behaviour and pressure drop in the turbulent
regime was evaluated.

Keywords: Settling slurry, pressure drop, flow regime, specific energy consumption and particle size.

1. INTRODUCTION been experimentally studied for three different sorts of
sand mono-disperse quartz (0.2, 0.7 and 1.4 mm) mixed
with water at different concentration (from 4% to 33%) in
a laboratory pipeline test loop (D=26.8 mm) flowing at
different velocity (from 1 m/s to 7 nvs).

The most popular empirical models, related to the
pressure drop, used nowadays referred to 1950's. Durand
(1952) presented a correlation of dimensionless groups
contains the most important flow parameters and satisfies
excellent agreement with all fine slurries concentrations
and some medium slurries according to solid
concentration and velocity and didn't match with coarse
slurries. From point of view that the flow takes the form
of different regimes, froma simple stationary bed at low
speeds to a pseudo-homogeneous flow at high speeds

behqv_lorl of mlxtuhre ];Ir?wt;]n plpellnesh are l?ac;sed (_)nt_an Newitt (1955) introduced his correlation but the restricted
empirical approach rather than on a pnysical description .., yyinn of this correlation makes it limited to use.

of th? flow mechanisms. Although the physical approach Doubts were raised when Zandi and Govatos (1967)
was introduced in the form of a two-layer model. It has showed a large discrepancy of Durand's correlation.

rarec'jlyl been use_ccii mdpractll_ce.bIThlsl 'St bter(]:ause t_hﬁlthe Durand correlation seemed to be invalid for the solids
model was considered applicable only to the special tlow transport by saltation, therefore Zandi and Govatos

Colgdltlc;tns. £ th . tal tests sh tisfact suggested a criterion for separation of the heterogeneous
esulls ot the expenmental 1ests SNOw a satistaclory 54 sajtation regimes in a slurry pipeline with individual
agreement with certain correlations and failed to be correlations

explained by other correlations according to the particle Four distinct regimes were found existent, namely flow

SIz€, .SOII.d concentration and veloqty range. The with stationary bed, flow with moving bed, heterogeneous
mvestlgatlon_proved that these correlatlor_ls are prone to suspension and homogeneous suspension. For each
great uncertainty as one departs from the limited database o qine ~equations have been developed over the years.
that supports them. Flow behavior of settling slurries has Turian and Yuan (1977) proposed a method for

identifying the flow regime and displayed a correlation

The present paper discourses the investigation of the
behaviour of the hydraulic transport of settling solid-
liquid slurry with different grain sizes, velocities and
concentrations in horizontal pipelines. It summarizes the
results of preceding investigations that carried out to
describe the flow of sand-water mixtures in pipelines.
According to the comparisons between these models with
the experimental results it proposes a method of mixture
flow prediction. An attention has been paid to methods of
pressure loss evaluation and specific energy consumption
estimation, as power consumption represents substantial
part of pipeline hydraulic transport operational cost.

In slurry practice, the models used to predict the
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1. Tank with stirrer

4. Pipeline section (1)

7. Pipeline section (111)

10. Return hose

13. Flow measuring system

8. Test section

2. Suction hose
5. Discharge valve

11. Sedimentation vessels
14. Pressure sensors

3. Centrifugal pump

6. Pipeline section (I1)

9. Transparent pipe

12. Control and calibration
15. Data acquisition

Figure (1) Schematic diagram of the experimental pipeline testloop

Lazarus and Nielsen (1978) suggested a new corre lation
depend on dimensionless analysis and the mass flow rate
ratio. Wilson and Addie (1995) investigated the friction
gradient of the settling slurries as stratified regimes.
Wilson correlation satisfies excellent agreement with
coarse slurries at different concentrations and some
medium slurries according to solid concentration and
velocity and didn't agree with fine slurries.

In 1970's a theoretical concept was introduced based on
the principle of force balances in the two layer pattern of
a mixture flow stratified into a bed (contact load) and
(suspended load). The two layer model (1996) appeared
to be a valuable tool for the prediction of fully-stratified
flow but problems arose with the application of the model
to a partially-stratified flow. This model is not suitable for
the present studied systems especially the fine slurries.
Wilson, Addie, Selgren, and Clift (WASC) and simp lified
WASC (1997) deduced an empirical correlation for head
losses of heterogeneous settling slurries. From all
previous studied models these two models result in highly
over prediction results and maximum solid effect of all
studied systems.

2. EXPERIMENTAL SETUP

An open-loop recirculation pipeline system, shown
schematically in Figure (1), was employed for testing the
slurry flow behavior.

A stainless steel pipe loop of internal diameter 26.8mm
was used for slurry parameters measurement. The test
section was located in the back (downstream) branch of
the piping loop system. A transparent section was
mounted at the end of the test section. Pressure
measurements were obtained over two sections of pipe.
The pressure is transmitted from the tapping points to
three pressure sensors through transmission lines and
transparent Perspex sedimentation vessels filled with pure
water. The control and calibration unit is used to calibrate
the sensitive pressure sensors, control different passes to
let the sensors read the pressure of any test point and to
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protect the pump. Pressure sensors were used to measure
the pressure losses between the pressure tappings. The
sensors output signals, which is proportional to the
applied pressure were displayed as an analogue value (in
milli-ampere). Also these analogue signals were
converted to digital signals by data acquisition system.
The digital data signal is entered to a computer, which is
accessed with the LABVIEW software that enables online
measurement, analysis and storage the data.

At the downstream end of the test pipes, a box divider
was mounted to allow the discharge to be diverted to a
plastic container. Since the divider arm was connected to
an electrical stopwatch, the slurry mass flow rate, slurry
velocity, slurry density and hence the volumetric
concentration could be determined, [12]. Three sorts of
the mono-disperse quartz sands, ps=2650 kg/m°®, were
used for preparing slurries of the experiments; fine
(d50=0.2 mm), medium (dsp=0.7 mm) and coarse (dso=1.4
mm). The solids volumetric concentrations from C,=4%
to 33%. The experimental work was performed through
wide range of velocities and measuring the corresponding
pressure losses through two pipe sections by three
pressure sensors.

3. MODELING

Since the first slurry pipelines were built, scientists have
tried to correlate the losses with the slurry to those of an
equivalent volume of the water. The loss of head per unit
pipe length due to friction, called the hydraulic friction
gradient. The hydraulic friction gradient of the slurry, in
[m-water/m-pipe], is higher than for an equivalent volume
of water. There are number of models to predict the
friction losses. Some of them use the drag coefficient
while others use the terminal velocity, and the others
consider the solids to be moving as a bed and suspended
fines above it. The theoretical results uses Churchill
equation (1977) for determining Darcy friction factor and
hence the hydraulic gradient for water.
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3.1. Durand-Condolios Correlation

Durand equations gained considerable popularity as a
design tool since 1952, but its validity began to be
questioned as the corpus of experimental data grew.
Durand correlation was constructed using technique of
dimensional analysis.
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A general empirical relationship was established for a
resistance due to friction as;

® = k¥" (8)

The @ - ¥ relationship might be determined using the
hyperbolic curve in the @ - ¥ plot proposed by Durand or
using the curve approximation giving k = 81, n = -1.5.
The ultimate correlation obtained by Durand is;
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Figure (2) Durand and experimental results of
coarse sand slurry at different concentrations

Durand's formulation gives independence for large
heavy particles for which Cp is virtually constant so a
discrepancy  between  Durand’s  prediction and
experimental data has been experienced specifically for
coarse slurry flow.

In order to compare the merits of different transport
systems, it is necessary to have a measure of the energy
required to move a given quantity of product over a given
distance. This measure is the specific energy consumption

32

(SEC). The specific energy consumption is therefore to
be related to the solids transported rather than to the
mixture. The lower the SEC, the more energy-effective
the pipeline is as a means of transport.

SEC = 2.73

[kw.hr/tonne.km] (10)
s “vd

Figures (2)-(4) present the experimentally and Durand
numerically effects of solid concentration on the
resistance curves of different particle size slurries. The
general trend is that increasing the mean slurry velocity at
certain concentration leads to increasing of the friction
losses. Experimental solid effect (i,, — i;) for all different
particle slurries is higher than Durand solid effect
especially at high concentrations. The solid effect for
different slurries is very high at low velocity (stratified
regime) and decreases as the slurry mean velocity
increases. As the solid concentration decreases the
limiting deposition velocity decreases and the
experimental and numerical results become closer to each
other and approximate to the water behavior so the solid
effect consequently decreases. As the solid concentration
increase the hydraulic gradient increase at certain slurry
velocity. For medium sand slurry, there is a difference
between the experimental and numerical results till
certain velocity the two behaviours coincide, this

coinciding velocity decreases as the concentration
decreases.
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Figure (3) Durand and experimental results of
medium sand slurry at different concentrations
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Figure (4) Durand and experimental
results of fine sandslurry at different
concentrations

The specific energy consumption (SEC) is plotted
against the solids throughput, the amount of dry solids
delivered at the pipeline outlet over a time period. Figures
(5)-(7) show the effect of solid concentration on the



experimental and numerical relations for coarse, medium
and fine sand slurries respectively. At any solid
concentration the specific energy consumption increased
as the solids throughput increased. As the solids
concentration increase the specific energy consumption,
for the same solids throughput, decrease. There is an
agreement between the experimental and Durand specific
energy consumptions at the same solid concentration.
Decreasing of specific energy consumption means the
increasing of the pipeline hydro-transport efficiency of
the sand slurries. The low concentrated sand slurries
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Figure (5) Durand and experimental specific energy

consumptions of coarse slurry at different
concentrations
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Figure (6) Durand and experimental specific energy
consumptions of mediumslurry at different

concentrations
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Figure (7) Durand and experimental specific energy
consumptions of fine slurry at different concentrations

hydro-transport in pipelines is available with very limited
solids throughputs accompanying with considerably high
specific energy.

Figures (8) and (9) compare the Durand resistance
curves of fine, medium and coarse-sand slurries at nearly
the same solid concentrations. From figures it's obviously
shown that the coarse sand slurry has the highest
resistance curve. At low slurry velocity the difference
between the resistance curves of different sand particle
diameter is very large especially at high solid
concentration (C,=30-33%). At high slurry velocity range
the resistance curves are coincide. The overlap between
the curves of different particle size at the same
concentration starts at velocity value that increases by
increasing of solid concentration. It could be noticed that
the solid particle size effect on the Durand flow behavior

is more significant for slurries with high solid
concentration.
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Figure (8) Durand resistance curwes of different
particle sizes slurries
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Figure (9) Durand resistance curwes of different
particle sizes slurries

3.2. Zandi and Govatos Correlation

Doubts were raised when Zandi and Govatos (1967)
showed a large discrepancy between Durand's prediction
and experimental data for a coarse slurry flow exhibiting
considerable stratification. Durand correlation seemed to
be invalid for the solids transport by saltation; therefore
Zandi suggested a criterion for separation of the
heterogeneous and saltation regimes.

® = ky" (11)
Where;
K=280,n=-1.93if ¥ <10 (saltation) (n
K= 6.3, n=-0.354 if ¥>10 (heterogeneous) (In
Zandiand Govatos defined an indexnumber N, as;
& (12

Ny =—/——F——
¢ gDCuy(S, — 1)
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When N, < 40 saltation regime occurs but when Ng > 40
heterogeneous flow regime develops.

For heterogeneous regime, the index number N, = 40
and also W>10 will be illustrated in the following figures
of the resistance curves by red color (Zandi&Govatos I1).
Every resistance curve consists of saltation part and
heterogeneous part connected at deposition velocity point.
The saltation part of the curve will be shown by green
color (Zandi&Govatos I).
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Figure (10) Zandi and experimental results of coarse
sandslurry at different concentrations
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Figure (11) Zandi and experimental results of
mediumsand slurry at different concentrations

Figures (10)-(12) present the effect of solid
concentration variation on experimental and Zandi
resistance curves. Increasing the slurry velocity leads to
the increasing of the pressure losses at certain
concentration. The figures show that, at the same slurry
mean velocity the hydraulic gradient increase as the solid
concentration of the slurry increases. Investigating the
figure shows hydraulic gradient of Zandi approaches to
the water gradient as the solid concentration decreases.
The figure shows Zandi behaviour that for the same solid
concentration the hydraulic gradient firstly decreases
(stratified regime) and after limit deposition velocity
(heterogeneous regime) increases as the slurry velocity
increases but the experimental solid effect decreases as
the slurry velocity increases. The slope of Zandi

behaviour is higher than the experimental one so the
computational solid effect is higher than the experimental.
Experimental and numerical behaviours come to be close
to each other as the concentration decreases. The range of
velocity at which the two behaviours overlapped increases
as the solid concentration decreases.

For fine particle slurry the range of saltation behavior is
extremely narrow to be neglected due to the fine particle
of sand tends to be heterogeneous over a wide range of
behavior. From all figures and at all concentrations for
different sand particle slurries, there are no matching
between experimental and Zandi numerical behaviours so
this correlation can't be used to explain the behaviour of
the studied system.
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Figure (12) Zandiand experimental results of fine sand
slurry at different concentrations

3.3. Wilson and Addie Correlation

Wilson and Addie investigated the friction gradient of
the settling slurries as fully stratified regimes. Fully-
stratified flow occurs for coarse particles where almost all
of the particles travel as contact load. The ratio of particle
diameter to pipe diameter is of major importance in
determining the presence of this flow type, which does
not normally occur for d/D ratios less than 0.02. Fully-
stratified flow is less likely if the particles are broadly
graded. Fully stratified flow is more likely for larger
values of Sg and smaller values of V.. This type of flow is

less energy-efficient than heterogeneous flow.
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Figure (13) Wilson and experimental results of coarse

sand slurry at different concentrations

In dealing with fully-stratified flows it is often desirable
to employ a simple method, even if some loss of accuracy
may be entailed. The simplest method is that of Newitt,
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this method considers the ratio to be a constant. In

m-—1
fact, this term is not a constant. Wilson found this relation
can be approximated to reasonable accuracy by the

expression;
im - if ( Vm )
s, —1 \0.55V,,

The conservative designer may be content to know only
the maximum velocity at the limit of deposition, Vgm,
since maintaining the operating velocity above this value
ensures that deposition will not occur.

For large pipes, and particles near the Murphian size
(particles at which the velocity equal the maximum
deposition velocity), the new analysis shows that the
particle size no longer influences Vg directly. Wilson
(1992) proposed that the Vg, for fully-stratified flow with

the shear layer (marked Vsm max) Should be determined by
a power-law approximation, [8];
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Figure (14) Wilson and experimental results of
mediumsand slurry at different concentrations
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Figure (15) Wilson and experimental results of fine
sand slurry at different concentrations

Figures (13)-(15) present the experimental and Wilson
resistance curves of coarse, medium and fine sand slurries
at different concentrations. The general trends is that
increasing the mean slurry velocity leads to increasing the
hydraulic gradient at the same solid concentration and at
the same slurry mean velocity the hydraulic gradient
increases as the solid concentration increases. The solid
effect decreases as the slurry velocity increases. The

experimental and numerical Wilson hydraulic gradients
for coarse sand slurry are typically matching or all solid
concentrations and at all velocity range.

At high slurry velocity there are very small and
insignificant deviations between the two gradients to be
neglected (trivial over prediction of Wilson results).
Wilson is the perfect model to describe the coarse particle
slurry behaviour. From literature Wilson model is
appropriate for stratified slurries so the studied coarse
particle slurry is stratified regime.
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Figure (16) Wilson and experimental specific energy
consumptions of coarse slurry at different concentrations

Experimental hydraulic gradient and numerical one of
the medium sand slurry coincide at low slurry velocity
and have a certain difference at high velocity (V>3.5nV/s)
at high solid concentration slurries (C,=33% and 18%)
but at low concentration slurries (C,=6%) there are
relative analogy in behaviours with water. Wilson
succeeded to simulate the medium sand behaviour at
certain circumstances. The slope of the experimental
curves decreases as the slurry velocity increases but the
slope of the numerical curves increases.

There is a remarkable difference between the
experimental and numerical hydraulic gradients for fine
particle size slurries especially at high concentrations but
at low solid concentration there is a comparative analogy.
Wilson is not suitable correlation for fine sand slurries
investigation due to this fine sand slurry is dreamy to has
stratified regime.
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Figure (17) Wilson and experimental energy consumptions
of medium slurry at different concentrations

Figures (16)-(18) show experimental results and Wilson
relation of the specific energy consumption with solids
throughput for coarse, medium, and fine sand slurries at
different solid concentrations. Figures illustrate that at any
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concentration the experimental and Wilson energy
consumptions increases as solids throughput increases.

There is high agreement between the experimental and
numerical calcu lations of specific energy consumptions of
coarse sand slurries at all solid concentration. The
agreement decreases for medium and fine slurries
especially at high solid concentrations. As the solids
concentration increase the specific energy consumption,
for the same solids throughput, decreases for all sand
slurries. Decreasing of specific energy consumption
means the increasing of the pipeline hydro-transport
efficiency of the sand slurries.
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Figure (18) Wilson and experimental specific energy
consumptions of fine slurry at different concentrations

Wilson behaviors depending on the variation of the
solid particle size could be shown obviously in figures
(19)-(20) by comparing the behaviours of coarse, medium
and fine sand slurries at nearly the same solid
concentration. Investigating of behavior shows that there
is no effect of solid particle size.
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Figure (19) Wilson resistance curves of different particle
sizes slurries

25
¢ Coarse, Cv=4.8%
—~ 2 1 |OMedium, Cv=6%
[ : )
o Fine, Cv=4% o
o 4.
T 1.5 A
£ @
o} ®
g 17 P
: o
E 05 ; a®
= PG
g aR®
0
0 2 4 6 8
V(m/s)

Figure (20) Wilson resistance curves of different particle
sizes slurries
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3.4. Wilson-Addie-Selgren-Clift (WASC)
Correlation
In heterogeneous slurry, only a portion of the solids is

carried out by granular contact (contact load), another
portion is suspended by a fluid, (suspended load). The

presence of suspended load reduces the ratio of In~If

value less than for the fully-stratified flow. The central-
value parameter will be denoted by Vs, signifying the
value of mean velocity Vy, at which the stratification ratio
is 0.50, [26].
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As noted above, the particle-associated velocity, w, can

be considered as.
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It has been observed that the exponent M is often near
1.7 for narrow particle grading, and decreases as the
grading becomes broader.
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Figure (21) WASC and experimental results of
coarse sand slurry at different concentrations
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It must be remembered the proviso that a calculated M
larger than 1.7 must be reduced to that value so that the
equation will be modified to;

1
M = min |(0.25 — 136%)72,1.7 (20)

Figures (21)-(23) present the experimental and the
WASC resistance curves of coarse, medium and fine sand
slurries at different solid concentrations. Increasing the
slurry velocity at certain solid concentration leads to
increasing of the pressure losses. From figures there is a
large difference between experimental and computational
behaviours at all concentrations and particle sizes so this
model can't clarify the studied cases. The figures show at
the same slurry mean velocity the hydraulic gradient
increases as the solid concentration of the slurry
increases. The smallest the solid concentration of the
WASC resistance curves is the highest curve slope. There
are great differences between WASC resistance curves at
low slurry velocity but they marry up at high slurry

velocity.
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Figure (23) WASC and experimental results of fine
sand slurry at different concentrations

3.5. Turian and Yuan Correlation

The flow takes the form of different regimes. Four
distinct regimes were found (flow with stationary bed,
flow with moving bed, heterogeneous suspension and
homogeneous suspension) in slurry flow depending upon
several flow parameters.

As regime identification is an important criterion for
slurry pipeline design to select suitable correlation of
pressure drop for that regime, a method has been
proposed to identify the regime using Turian and Yuan’s
approach. The pressure drop correlations are applicable to
a particular regime for which they were developed. The
correlations show ill prediction of pressure drop when
they apply for other regimes. Thus regime identification
becomes important for slurry pipeline design as they are
the prerequisite to select suitable pressure drop correlation
in that regime. The main problem arises because of
difficulty to define the boundaries between the flow
regimes. These boundaries are poorly defined because
these are based on visual observations of particle motions.
The approach of Turian and Yuan claims to provide a
completely self consistent definition of the flow regime
boundaries. Turian and Yuan established that the excess
pressure gradient in each flow regime can be correlated
using an equation of the form:
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f, —f =K C* £ CBYFS (21)
The coefficients K', & o« , ¥ and & have values that are

specific to each flow regime. The best available values of

these coefficients in each flow reglmeoarselglven by, [26];
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* 3
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Figure (24) Turian resistance curves for different
regimes of coarse sand at solid concentration 31%
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Figure (24) shows all regimes that can be obtained from
Turian model of the flow of coarse slurry at solid
concentration (C,=31%) with experimental results. The
figure illustrates that at low slurry velocity (v<1.5m/s) the
flow regime is fully stratified (sliding bed), as the slurry
velocity increases (1.5m/s<v<3.5m/s) the regime become
saltation, finally as the slurry velocity increases
(3.5m/s<v) the regime become heterogeneous. The results
obtained from this figure obey the theoretical results. At
low slurry velocity the high concentrated coarse sand
particles settled in the bottom of the pipe forming the
sliding bed regime, as the slurry velocity increase the
particles of the solid will be transported in saltation to
heterogeneous regimes.
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Figure (26) Turian resistance curves for different
regimes of mediumsand at solid concentration 33%

Figure (25) shows all regimes that can be obtained from
Turian model in the flow of coarse slurry at solid
concentration (C,=4.8%) with experimental results. In this
figure, all trends are coinciding such that it is difficult to
identify the specified flow regime at certain velocity.
With deeply focusing it's found that at v<3mv/s the regime
is stratified with increasing the velocity v>3m/s the
regime become heterogeneous. Comparing this figure
with the previous one explains that increasing
concentration enhance the interference between the solid

particles.
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Figure (27) Turian resistance curves for different
regimes of mediumsand at solid concentration 12%

Figure (26) shows all regimes that can be obtained from
Turian model calculations in the flow of medium sand
particle slurry at solid concentration (C,=33%) with
experimental results. In this figure, at the majority of
velocity range the closest regime to the experimental one

is the heterogeneous regime but at very low velocity,
v<2.5m/s, the saltation is most possible regime and at
high slurry velocity the experimental trend of the medium
sand slurry at solid concentration 33% unusual such that it
cant be explained by any Turian correlations.

Figure (27) shows all regimes that can be obtained from
Turian model calculations in the flow of medium sand
particle slurry at solid concentration (C,=12%) with
experimental results. In this figure, approximately at the
whole velocity range it's clear that the closest regime to
the experimental one is the heterogeneous regime but at
very low velocity, v<2.2m/s, the stratification is most
possible regime.
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Figure (28) Turian resistance curves for different
regimes of fine sand at solid concentration 30%

Figure (28) shows all regimes that can be obtained from
Turian model in the flow of fine sand particle slurry at the
solid concentration (C,=30%). In this figure, at low slurry
velocity range v<1.8m/s there are irregular random
variations of regimes. These unsystematic variations
remain to small velocity range. For slurry velocity
v>1.8m/s the heterogeneous regime is the closest regime
to the experimental one. Usually, all practical hydro-
transport are carried out in heterogeneous suspension
regime because of lowest pressure drop and subsequent
less power requirement.

4. COMPARISON BETWEEN CORRELATIONS
OF HYDRAULIC GRADIENT
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Figure (29) Resistance curves of all models for coarse
sand slurry at solid concentration 31%
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Figure (29) illustrates the resistance curves of the
coarse sand slurry at high solid concentration (C,=31%).
All resistance curves of different models have the general
trend in which the head loss increases as the slurry
velocity increases. The highest solid effect of the different
resistance curves belongs to the WASC model. The
correlation that matches with the experimental results is
the Wilson and Addie model at all velocity range. As a
result, it's recommended to choose Wilson and Addie
model to simulate or to design the flow of coarse sand
particle slurry (dso=1.4 mm) with solid concentration 31%
in pipe diameter 26.8 mm.
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Figure (30) Resistance curves of all models for coarse
sand slurry at solid concentration 4.8%

Figure (30) shows the resistance curves of the coarse
sand particle at low solid concentration (C,=4.8%). At
this extremely low solid concentration the most behaviors
are coincide and nearly approach to the water behavior so
the distinction between these trends is very difficult in
this overlap trends. The correlation that matches with the
experimental results is Wilson and Durand models. It can
be concluded that Wilson correlation of head loss
calculation must be used to optimize the design of
pipeline (has internal pipe diameter 26.8 mm) has a coarse
slurry flow (dsp=1.4 mm) at any solid concentration (from
C,=4.8% to 31%) to obtain maximum efficiency and
minimum  power consumptions. At low solids
concentration of this coarse sand slurry Durand
correlation might be used in the calculations. This case of
coarse slurry flow has a stratified regime at low velocity
and heterogeneous regime at high slurry velocity (these
velocities differ according to solid concentration).

Figure (31) illustrates the resistance curves of the
mediumsand slurry at high solid concentration (C,=33%).
The experimental solid effect decreases as the slurry
velocity increases. The correlation for head loss
calculation that matches with the experimental results
especially at low slurry velocity is the Wilson model
(v<3.5m/s). At high velocity range (v>4.5m/s) the Wilson
model becomes not suitable and the matching become
between the experimental and Durand model.

For the slurry velocity range, 3.5m/s<v<4.5n/s, there is
no matching between the experimental results and any of
correlations so the most approximated correlation for this
velocity range either Wilson or Durand. If it's desired to
simulate the medium sand particle slurry (dse=0.7 mm)
with solid concentration 33% in pipeline diameter
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26.8mm it's recommended to choose Wilson model at low
slurry velocity and choose Durand at high slurry velocity.
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Figure (31) Resistance curves of all models for medium
sand slurry at solid concentration 33%
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Figure (33) Resistance curves of all models for fine
sand slurry at solid concentration 30%

Figure (32) illustrates the resistance curves of the
medium sand particle at low solid concentration (C,=6%).
Most behaviors of different correlations are coincide and
highly approached to the water behaviour. Also at this
low solid concentration the experimental results are
coincide with water behavior. The correlation that
matches with the experimental results is the Durand and
Wilson models respectively. So that in the simulation of



the medium sand slurry (dsg=0.7 mm) that flows in
pipeline diameter 26.8 mm and according to the solid
concentration (from C,=6% to 33%) either Wilson or
Durand or both of themshould be used.

Figure (33) illustrates the resistance curves of the fine
slurry at high solid concentration (C,=30%). The
correlation that matches with the experimental results is
Durand model. Durand is the preferable correlation to fine
sand slurry flow heterogeneously in pipeline diameter
26.8 mm at different solid concentrations from C,= 4% to
30%.

5. CONCLUSIONS

The aim of this study is to establish a relationship
between some pressure gradient equations for slurry flow
and the experimental data obtained for the flow of three
patches of sand particles (0.2, 0.7 and 1.4 mm) in water
carrier fluid at different concentrations (4%-33%) and
velocities (up to 7m/s). The variables are determined in
accordance with the experimental conditions. The solid
particles that are present in the slurry generate additional
momentum transfer that leads to increase in the pressure
drop.

The sand slurries have different trends in the
development of the hydraulic gradient dependence on the
mean velocity but customarily the hydraulic gradient
increases as the mean velocity increases. At the same
slurry mean velocity, as the solids concentration increases
the flow friction loss generally increases, and the specific
energy consumption for the same solids throughput
decreases. With the increasing of the particle size the
friction loss and specific energy consumption mostly
increase.

Wilson and Durand correlations are the most
appropriate models to simulate the experimental results
for the three patches of sand slurries at different
concentrations and velocities. Wilson is applicable for
coarse sand slurry at different concentrations. For medium
slurry at high concentration Wilson is valid for low
velocity (v<3.5m/s) and Durand is lawful for high
velocity (v>4.5m/s) but at low concentration either
Wilson or Durand is official at all velocity range. Durand
is authorized for fine slurry at all concentrations. The
matching between the experimental with Durand and
Wilson specific energy consumptions emphasize the
adaptation of these models to simulate the studied system.

Usually, all practical hydro-transport of the studied
systems are carried out in heterogeneous regime at the
majority of velocity range because of lowest power
requirement but at very low slurry velocity the stratified
regime is the dominant one.

It is observed that not all expressions developed for the
slurry flow simulate the experimental results. Since the
expressions developed by various authors for slurry
pressure gradients are based on the empirical correlation
of the data collected from experiments conducted in a
laboratory, they can be expected to be valid only for
conditions similar to those of the conducted experiments,
and their extrapolations outside mentioned areas might
yield incorrect results. Therefore, one should be careful in
using empirical formulas and special tests should be
conducted to determine accurate flow regimes and the

relationships between the bulk velocity and pressure
gradients for each specific situation.

LIST OF SYMBOLS
C Delivered concentration of the solid [-]
Cp Drag coefficient [-]
Cp Particle drag coefficient at terminal velocity [-]
C, Volumetric concentration of solid [-]
C,q Delivered volumetric concentration [-]
d Particle diameter [m]
ds, Mass median particle diameter [m]
dgs Diameter of which 85% of particles are finer [m]
D Pipe internal diameter [m]
f Darcy friction factor of the fluid [-]
fe  Fanning friction factor of the carrier fluid [-]
fy  Fanning friction factor of the slurry [-]
F, Froude number [-]
ir Hydraulic gradient of the fluid [-]
i,, Hydraulic gradient of the mixture flow [-]
K Durand and Zandi empirical coefficient [-]
K" Coefficient of Turian and Yuan correlation [-]
M Particle distribution parameter [-]
n Durand and Zandi empirical coefficient [-]
N. Zandiand Govatos indexnumber [-]
Rey  Newtonian fluid Reynolds's number [-]
Sn  Relative density of the delivered mixture [-]
S, Relative density of the solid particle [-]
SEC Specific Energy Consumption [kw.hr/tonne.km]
V  Velocity [m/s]
V,, Mean velocity [nvs]
Vi,  Maximum value of limit deposition velocity [m/s]
(Vo dmax  Value of Vg, for fully-stratified flow
with shear layer [m/s]
v, Terminal settling velocity of the solid particle [mV/s]
Vs, Velocity at midpoint fromfully stratified
and heterogeneous [m/s]
wsy  Terminal settling velocity of particle size ds [MVs]
wgs  Terminal settling velocity of particle size dgs [m/s]
Greek Letters
€ Specific roughness [m/s]
Ke  Fluid dynamic viscosity [kg/m.s]
p; Fluid density [kg/m’]
p, Particle density [kg/m’]
@ Excess pressure gradient [-]
@7 Dimensionless number, equation (23) [-]
Y Dimensionless number, equations (7,8,11) [-]
6 Coefficient of Turian correlation, equation (21) [-]
o Coefficient of Turian correlation, equation (21) [-]
y Coefficient of Turian correlation, equation (21) [-]
§ Coefficient of Turian correlation, equation (21) [-]
o, Normalstress of solid (intergranular) [kg/ms?]
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