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Abstract

The tlow of solid liquid mixtures (slurries) has attracted much attention in research
work because of its importance to industry. Prediction of pressure losses associated
with slurry flow helps pipe designers select the correct pipe sizes for optimum energy

consumption, equipment sizing and reliable operation of the pipeline networks.

Many workers developed empirical correlations, but due to the randomness of the
problem they seem of limited use in design applications because they do not contain

an assessment except by trial and error, which 1s costly.

The existence of more than one particle size poses more complexities to the slurry
tlow problem but it 1s in need in practical applications. The aims of this work are

justified under the light of the observations on the state of the art in slurry transport.

An experimental program 1s designed to highlight the effects of this problem through
a predetermined set of test runs. The variables are grouped to optimise the number of

experiments and to remove the effect of dimensions on the prediction method.

The test rig 1s built to serve the aims of this exercise and test runs conducted, results
grouped and discussed for polyfractional slurries. A mathematical model 1s
developed 1n the form of an empirical correlation. Statistical tests are employed to

verity the goodness of fit.

Finally, conclusions and recommendations for further work are listed.
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1.1. Introduction:

In the chemical process industries (CPI1), solid materials are mixed with liquids and
conveyed hydraulically in pipelines. The mixture of solids, in particle form, with a
liquid medium 1s called slurry. The flow of slurries in pipelines is associated with
consumption of energy that 1s needed to overcome their resistance to flow This
resistance 1s translated in pressure losses across the length of the pipeline It i1s
necessary to reliably estimate these losses in order to design pipelines so that the
correct pipe diameter can be selected. The design procedure includes the selection of
the pumping equipment and the corresponding power rating. Inadequate design may

prove to be costly in terms of equipment cost, running cost and plant reliable

operation.

Prediction of pressure losses due to the flow of slurries 1s not an easy task because it
contains many variables pertaining to the properties of the liquid, the geometrical and
physical properties of the solids, the flow characteristics and the pipe geometry. In a
pipeline conveying liquids only, the problem is relatively easier. The existence of
solids brings 1in the complexities of the interaction between these solids themselves,
with the liquid that carries them and with the pipeline boundaries. A more complex
situation arises when the solids are of different sizes, shapes and concentrations. The
flow regimes in slurry flow become more complex than the laminar-transition-

turbulent patterns known in the clear liquid case.

The standard procedures used in the prediction of the pressure losses in pipelines
carrying liquid (for example water) use a pressure loss coefficient that relates the

friction experienced at the pipe boundary to a flow regime number (Reynolds

number) for a given pipe specification (relative roughness & / D)

In the case of slurries, the added solids affect the flow characteristics so that the
pressure loss coefficient as defined for liquids alone becomes 1napplicable. Because
of the importance of slurry flow, significant work has been done to predict its
behaviour mostly by deriving empirical correlations. Most of the research work has

been experimental in nature. The prediction of pressure losses, in particular,
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occupied a significant part of research on slurries due to their importance in pipeline

design.

In order to reduce the number of variables. non-dimensional parameters were
employed 1n various forms. As a result, numerous correlations emerged and the
pipeline designer 1s faced with the problem of which one to choose. Further
experimental work tried to depart from the pure empirical approach by introducing
mechanistic models based on physical mechanisms taking place in slurry flow These
models tried to analyse slurry flow under the effects of turbulent eddies, dispersion
and granular collisions of solid particles. Due to the complexities of these flow
mechanisms; drastic simplifications were needed to develop working formulas. The
resulting models, although employing physical principles, in theory, are empirical in
nature. They are tedious to solve and could hardly be merited over the other

correlations based on empirical approach.

The state of knowledge 1s still far from rendering the slurry flow amenable to
analytical solution. The best that can be done 1s to conduct further well thought
experimental work to develop a justified correlation that may be applicable to a

reasonably general slurry flow problem.

1.2. Economical Considerations:

The selection and implementation of a particular configuration of a pipe network,
pumping equipment and associated valves and fittings incur a great impact on the
expenditure of the budget allocated to build up a process plant. Furthermore, the
operating cost of such a selection, thereafter, will affect the economics, profitability

and reliable operation of such a process plant for its whole lifetime.

Thus, the engineering stage in which the selection of pipe size and pumping power
are fixed 1s very important. The pipeline designer needs to know with fair accuracy
the pressure losses so that his determination of pipe/ pump sizes 1s correct. Failure to
achieve correct design the first time will result in either a costly replacement of the

non-performing equipment or hving with the wrong selection on the expense of
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higher operating cost and/ or less reliable plant operation. This will be translated in

higher running cost, more frequent plant shutdowns for maintenance and,

consequently, loss of production and revenues.

To 1llustrate the difficulties in designing a slurry pipeline, Appendix (B) shows a
relatively simple example that solves the problem for a 6” horizontal steel pipe for a
mixture of water and sand of an assumed spherical diameter of S mm and volumetric
concentration of sand content of 10%. Searching the literature, six correlations that
are of wide use were tried and the friction factor (as a ratio of the friction factor for
clear water) for each of them was plotted against Reynolds number, tig (B.1) The
results show clearly the confusion as to which correlation to adopt. For the normal
range of velocity of flow encountered in practice (in the neighbourhood of 2 m/s). the
correlation of Zandi and Govatos !'! gives an average friction factor that is approx. 23
times the clear water friction factor, Durand '*! 15 times, Fangary ¢/ «/ "' 7 times
while for the other three correlations (Chhabra and Richardson 4 Turian ¢f a/ 7' and

Swamee ') the range is from 6 down to 2 times.

Furthermore, the operating cost was studied in terms of annual money value per unit
of pipe length (PUC). Figure (B.2) shows that this could be anywhere between 145

and 10 $/m annually. Details of the calculations are covered in appendix (B).

In case a design error takes place by using an improper correlation, a decision has to
be made for plant optimisation that is costly and should have been avoided in the first
place. It is not only the operational cost that is to be studied further but, also, the
additional capital investment implications in replacements of equipment. These
replacements may prove to be of major nature that necessitates a revision of the
feasibility of the plant. The industrial practice for conducting feasibility studies
centres the capital expenditure on the major part of the project Ul (i.e. main
equipment purchase cost) and concludes the associated components as percentages of
the main equipment. Table (1.1) below exhibits the capital cost elements incurred in
a replacement of a system that has not been correct the first time. It is worth noting
that it 1s quite common, in industrial practice, not to consider those incidental losses

due to loss of production, service of capital and administration costs because they are



not good for obtaining bank loans but still they could a significant monetary burden.

Table (1.1), Capital Expenditure for Equipment Replacement

Cost Element % of Equipment Price

A) Direct Cost

- Pumping Equipment
(Purchase Price)

100
- Piping .
- Installation .
39
- Instrumentation & Control .
Direct Cost Total 170 _
B) Indirect Cost
- Engineering & Supervision ) 32
- Contractors Fees 30
Total (Direct + Indirect) 232 _
C) Contingencies (10% of A+B) 23
Grand Total of Replacement Cost 255

(*) Sensitive to Project Scale

If for example. the installed power that needs to be replaced is in the range of |
MW. then the cost of pumping equipment including electrical motors and switchgear
could easily be in the range of quarter a million dollars. The total replacement cost

may exceed double the equipment price.

To conclude the economical considerations, although the pipeline designer work has
a serious impact on the cost of a plant, he may only be left with much of guess and/
or trial and error work (or at best imitating similar application if he can find one). To
the knowledge of the researcher, in a sister company, a one million plus pipeline and

associated equipment project was never put into operation due to a design error of

the kind described.



1.3. Classification of Slurries:

Classification of slurries is an attempt to provide a rational basis for describing the
physical appearance and flow behaviour of solid- liquid mixtures '*'. Classification of
slurries 1s important in delineating their flow patterns. Mainly. classification relies on
19]110]

visual observation ~ The classification of slurries. in this manner, maps the

observed flow pattern to the pressure drop- flow rate relation 1"l

At high tflow velocities and for smaller particle sizes, the flow pattern (regime) is said
to be nhomogeneous 1n which all particles are evenly dispersed in the fluid medium.
All the solids in this regime are in suspension. Pressure losses in homogeneous

regime are excessively high so that this regime is avoided in practice.

As the velocity of flow decreases and (or) the particle size increases, the flow
pattern becomes helerogeneous. This pattern 1s marked with vertical concentration
gradient increasing towards the pipe bottom. In practice, some form of heterogeneous
pattern prevails because slurries normally contain mixed sizes of solids and flow
velocities fall within an acceptable range of pressure drop and reliable operation of a

pipeline system.

Other patterns are observed at lower flow velocities or significantly coarser solids.
Moving bed and stationary bed patterns are observed as the flow velocities are
lowered beyond the industrially acceptable limits. Moving beds appear as the fluid
partially fails to suspend part of the particles. Instead, they crawl at the pipe bottom.
Stationary bed marks the total failure of fluid to suspend particles. Thus, a permanent
bed of solids settles at the pipe bottom. The solids density maps the tlow patterns
settling tendency 1n a reverse relationship. Higher densities give rise to settling
tendencies while lower densities assist 1n suspension. Moving and stationary bed
patterns are avoided in industry as they produce higher-pressure drops. pose the
dangers of pipe blockage and render the system operation unstable These patterns
may only be tolerated, in industry, if they do not interfere with the process
continuity. Most of the applications in which these patterns may exist are those ot

one single mode of hydraulic transport of solids (such as a point-to-point coal



transport, loading/ unloading of minerals and dredging applications). Also. they
naturally occur in rivers and gravitational flow applications. Hydraulic transport of
solids in multi- modes between different unit operations cannot tolerate bed
formations due to the necessity of changing the operating conditions of the separate
production units to stabilize the yield and/ or the quality of the product (such as

crystal growth, retention time for chemical/ phvsical processes, product washing and/

OT purity).

It 1s worth mentioning that the distribution of solid particles in a real pipeline cross
section could hardly follow a so clearly defined pattern as described above. A simple
pictorial representation L] (Figs. (1.1). (1.2)) reflects the complexity and randomness
of these patterns. In fig (1.1). the homogeneous pattern (a) represents small size
particles at high velocity while (b) represents larger particle size and the last picture
(c) represents a separated localized pattern. These patterns may well exist
simultaneously 1n a real problem. Moreover, particles deposition 1s shown 1n fig
(1.2), 1t 1s apparent that the layer 1s forming in a crescent shape The first picture
shows a wider span of the sides towards the upper side of the pipeline cross section
while the second picture shows a higher deposit at the bottom. Looking at
longitudinal cross section of a pipeline (fig. (1.3)) 1121 the picture shows distribution
of solid spheres set in motion from rest until inception of turbulence (more pictures
were reported by Govier and Aziz 1) Combining the different possible shapes of
the particles distribution in a three dimensional space, an irregular shape will accrue
having different wavy entities of solids. The complexity of these flow patterns has

" and

been experimentally established by several workers M1 Scarlett and Grimley '
Patanakar e/ a/ ''*' reported experimental results, using optical techniques, showing
spatial heterogeneity of the concentration distribution of solids in a pipe cross-
section. The complexity of these flow patterns is believed to result from the complex
interaction between the properties of the suspension, the dynamic flow conditions

[ 1]

and the pipe geometry (Rastiero' ™' cites numerous references on the subject. though

no account is given on how to resolve these complexities).
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1.4. Problem Statement

Slurry, by definition, 1s a mixture of solid particles and liquid carrier. This mixture is
set to motion by the energy supplied to the fluid stream by some form of pumpine
equipment. In turn, the fluid stream imparts some of its energy to the solids If the
energy supplied to the fluid stream is stopped, the stream will gradually become
stagnant. At the same time, the solids will take some form of trajectory motion until
they loose their energy and settle at the pipe bottom. A static liquid column cannot
move nor suspend solids for a considerable period of time. Thus. the solid-liquid

system 1s a dynamic one and can be physically defined by its variables

A single particle 1s dragged along by the fluid stream and is pulled downwards, due
to gravity, by its submerged weight. In the existence of turbulent fluid, turbulent
eddies produce upward forces that counteract part of, or all of, the settling effect of
the submerged weight of the particle depending on the intensity of turbulence and
size and shape of the solid particle. Thus, the particle experiences translational
motion 1n some form of suspension. Due to the imperfections in the geometrical
shape of the particle and the chaotic motion of the turbulent eddies, the particle starts
to rotate and sway in a random manner. Statistically speaking, the combined motion
of this single particle will lead 1t to sporadically collide with the pipe boundary and
rebound away. The frequency and nature of collisions with pipe boundary under
turbulent flow conditions 1s random. If one of these collisions ts magntfied, many
probable patterns of contacts with the pipe wall may be observed. The particle may
slide for some time on the boundary, may roll on 1t and (or) may just ricochet away
from the pipe wall. Most probably, a combined form of contact may be observed

Furthermore, the particle has to squeeze away some of the liquid as 1t approaches the

pipe wall.

For multiple of particles, the picture is more complicated. The particles move 1n a
nebular like pattern and randomly interact with themselves and the boundaries. They
contact each other while sliding or rolling over or around themselves The frequency
of these collision contacts i1s increased among themselves and the pipe boundary

They disperse and diffuse while dragged along with the fluid stream. Due to

10



increased number of particles, they experience motion in contined neighbourhood.
Thus, introducing an even more complex motions and modifying the way they are

dragged, uplifted, and collided within themselves and the boundaries.

Solids exist in various shapes and sizes in slurries. This further complicates the
nature of contact collisions. Coarser and heavier particles will be reluctant to move
after a collision in the same way that smaller and lighter particles would move. A
larger particle blocking the way of a smaller one may captivate the smaller particle
and stay attached to 1it. On the other hand, a larger particle gaining higher momentum
may rollover a smaller one making the path easier for the larger particle. In case ot
high concentration of mixed sizes, layer movements may be expected with intricate
motions. Smaller particles may serve as a smoother boundary for the coarser ones.
The smaller particles are more prone to be carried upwards by turbulence and, thus,

may give leverage to increased upward motion of the neighbouring coarser ones.

Added to this random state of motion are the effects of the fluid stream properties.
Fluid experiences shear stresses of various intensities depending on its viscosity.
velocity of flow, the disturbances due to solids and the roughness of the pipe
boundaries. These stresses give rise to turbulence and the existence of solid particles

disrupts the shape of an already random-turbulent fluid flow pattern

The random motions of solid particles and their interactions with themselves and the
pipe boundary (just described) consume additional energy when compared with the
fluid alone in the form of increased pressure drop across a given pipe length. The
only source of energy supply is the fluid stream that must continually maintain some

kind of a flow. Industrially, flow has to be made steady as much as practicable.

The slurry flow problem just described is a multi variable extremely random one. As
such, it is unthinkable to try to find an analytical solution. Instead, a well thought

experimental work might offer a workable solution.

The existence of small and large particle sizes in slurry simultaneously is common 1n

[ 1



industrial applications. As shown above, additional interactions take place due to the
coexistence of more than one particle size. However, prediction of pressure losses for

this kind of slurry (sometimes called polyfractional slurry) is much needed by

pipeline designers.

Under the given conditions, it is required to set up an experimental program that
correlates the pressure losses with the solid liquid flow system variables for
polytractional slurries. This program must highlight the impact of the added

complexity, due to the existence of more than one particle size, in slurry flow.

1.5. The Aims

The aims of this research exercise may be summarized as follows:

a) To carry out a comprehensive literature review in order to understand the state of

the art related to the problems of slurry flow.

b) To examine, experimentally, the relation between the slurry system variables
through carefully designed experiments. The experimental program includes the
synthesis of polyfractional slurry containing finer and coarser fractions at
different concentrations and the measurement of pressure losses across a given
length of a horizontal pipe, of 6” diameter, for a measured range of flow rates (50

to 200 cubic meters per hour).

c) To utilize a combined methodology embracing the prescription of a preset
program of experiments and the use of dimensional analysis to reduce the
number of variables to a fairly manageable size. This combined approach is
expected to reduce the amount of experimental work and highlights the

interactions between different variables.

d) To develop a pressure loss coefficient that leads to a more reliable prediction
method for the pressure losses in horizontal pipelines for polytractional slurry

containing a finer fraction coexisting with a coarser fraction of solids.

12
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2.1. Introduction:

Literature on slurries may be broadly classified into those treating non-scriling
slurries and those treating settling ones. The first category deals with rheology of
pseudo hiquids while the second category deals with mixture of solids of considerable
particle size. The treatment of non-settling slurries as a separate category is
considered out of the scope of this work, as it does not serve the voals of the

sponsoring body of this research exercise.

Analytical solution of the solid liquid flow system requires defining the many
variables involved and their functional relationships. The state of knowledge is still
far from being capable to render the solid liquid flow system amenable to analytical
solution. This has been reported clearly in literature and has become a common
knowledge. Previous work was, by a vast majority, experimental and empirical in

nature.

Much work was done for the prediction of pressure losses in slurry flow. The
importance of the 1ssue to industry, the complexity of the solid liquid flow problem
and the various inconsistencies found in the developed empirical correlations could
be enumerated as the main reasons for the continued interest in the pressure losses
associated with slurry flow. It could be, theoretically, argued that empirical
correlations have the shortcomings of their limited use to the experimental data for
which they were developed, nevertheless, they still form the most convenient method
for research work 1n the field of slurries. Dimensional analysis 1s, normally, used to
reduce the number of variables to a reasonably manageable size and to correlate the
pressure losses to physically meaningful parameters. Generally speaking. much of
the reported experimental work on slurries pressure drop concentrated on single
particle size, at various concentrations and of perfect particle shape (mostly perfect
spheres). As such, polyfractional slurries (coexistence of more than one particle size)
were not well represented in the previous work. Moreover, the general trend In

research 1s invariably similar

14



As a general observation, in a real hydraulic design problem of a pipe network

conveying slurries, a designer is left to decide on a design velocity out of over sixty

15 C . , . :
121 Others reported similar comments about the diversity of results in

16]. [17]

correlations

obtaining pressure losses for slurries

2.2. Transport of Solids in Heterogeneous Regime:

Heterogeneous regime 1s, statistically, the most suitable means of slurry transport in
industry for the relatively coarser particles. It incurs reasonably lower pressure losses
compared with bed flows on one extreme and homogeneous flows on the other. Bed
flows need more energy to overcome the contact friction with the pipe boundaries
and between the particles themselves while homogeneous flow requires high
operating flow velocities, thus, higher energy to sustain particles in complete and
evenly distributed pattern. Still, more importantly, bed flows pose the threat of
blockages and operational instabilities in pipelines. Bed flows, in industry, may only
be tolerated in the pure transport applications between a loading point and a
reception/ piling facility of solids while in process applications where difterent

production units are involved, solids can at best be allowed to flow heterogeneously.

A collection of some empirical correlations for predicting pressure losses associated
with heterogeneous flow 1s shown 1n table 2.2.1. Among many investigators, Zandi,

] ) reviewed and tabulated

" Govier and Aziz "' and later Pirie "' and Turian ef a
many of the empirical equations pertaining to heterogeneous flow regime. These
correlations, mainly, apply to slurries containing solids of uniform shape (perfect

spheres) and single particle size.

To 1dentity this flow pattern, a criterion was needed. Durand 2l took the particle size
and defined an upper limit of particle size of 2 mm above which settling occurs while
Zandi and Govatos ''' used the free falling velocity of the solid particle (terminal
velocity) below 0.174 mm/sec instead. Further on, critical velocity was defined
below which a crawling bed of solids appears at the pipe bottom indicating a change

of flow pattern (regime).



The physical basis for these correlations attributed the excess pressure loss observed.

due to the existence of solids, to the extra work needed to keep the solid particles in

suspension (completely or partially). Thus, the pressure gradient in slurry 1s assumed

to be that of liquid plus excess gradient due to solids. mathematically:
I =1, 41 (2.1)

Where 1, 1s the pressure loss for the slurry (mixture), /;is the pressure loss for liquid

alone and 75 the excess due to solids (all in meter liquid per meter of pipe length).

Table (2.1) summarizes the empirical equations that were most frequently used.

Universally, a pressure loss coefficient (¢) was functionally related to a non-

dimensional flow number () (a combination of a modified form of Froude number

and the coefficient of drag), thus:

@ =ky (2.2)

i 12 0.5
Where ¢=-2—= And W = 7
C.i, gD(5 —1)

Where (', 1s the void that solids occupy as a percentage of a measured volume of
slurry (volumetric concentration), J" is the mean velocity of flow, ('p the coefficient

of drag for a particle, D the pipe diameter and S the specific density of solids.

Experimental evidence showed poor degree of fit in these correlations. Zandi '
compiled experimental data, calculated the pressure loss for the same conditions and
concluded that a pipe designer may end up with a prediction of pressure losses that
are too high or too low by as much as 67%. Another compilation by Pirie '*! indicated
up to 83% . error. In an attempt to enhance the fit of the Durand correlation, Zandi
and Govatos ''! attributed the inaccuracies to the inability of Durand to separate the
settled part of the particles from the suspended part and proposed a dimensionless

number (N analogous to Reynolds as a separation criterion, thus:
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N, =y | for  N;< 40  all solids are in suspension

tor N;- 40 solids start settling (2 3)

On the same issue, Babcock !'* reported N, of 10 as a separating criterion. In both
cases improvements in prediction were reported. Later on. Pirie ™ and Khan er o/ !
collected a great number of experimental data from the published literature for
various particle sizes, pipe diameters, carrier liquids, solid materials and
concentrations. They made log plots of dimensionless pressure gradient versus a
modified form of Froude number. The results showed poor fit indicating loss of
correlation. According to Khan er a/ "' a variation of 4 fold was observed

However, original data and their sources were not reported.

Another 1ssue, that seems to have not been adequately resolved, is how to predict
pressure losses for slurries with more than one particle size. Recommendations were
made to employ an average size characteristic based on the coefficient of drag,
summarized in table (2.2). But still the accuracy of prediction of pressure losses falls
within the accuracy limits of the individual correlation used and in the absence of
fine solids !'!. Noting that averaging methods did not yield satisfactory results, Wasp
et al ! used successive calculation of pressure drops for each size and sum up to
obtain the total drop. The underlying assumption was that pressure drop due to each
particle size i1s invariantly dependent on their corresponding sizes. Obviously, this

assumption ignored the interaction that may exist between finer and coarser solids

Experimental observations of Sobota I*'! and Fangary ef a/ Plin two separate works
showed that fine particles, when existing along with coarse particles, cause a
reduction (or increase) of pressure drop depending on their ratio in the mixture.

However, definitive ratios were not reported.

To resolve the discrepancy found in the their prediction method for the fine particles
combining with liquid to form a pseudo liquid, Wasp et al =1 broposed a separating
criterion in the form of a concentration distribution '*"!. The following equation that

represents a logarithmic relation was proposed:

17



(2 4)

Where (' 1s concentration near the pipe top (homogeneous part). (4 is the

concentration at the middle of the pipe (heterogeneous part). {/; the terminal velocity.

05 . - | . .
) 1s the friction velocity ( / is Fanning

k von Karman constant and (/«( ( [ /2)
friction tactor). No recommendations were given on how could the concentrations be
measured or predicted or on what proximity of the pipe middle should the
concentration (; be considered. The work of Wasp ef a/ concentrated on excluding
the effect of fines by simply combining them with the fluid.

| <2]

On the same lines, Charles and Charles reported pressure drop decrease due to

China Clay (extremely fine material) in sand of around 35°. concentration while

23]

Kenchnington reported pressure drop increase for virtually same maternial and

concentration.

In a more recent review to delineate the different flow regimes, Turian ef a/ !
compiled published data and proposed an extended pressure drop correlation scheme

that denotes a separate formula for each regime.

For the flow with stationary bed:
~1 096

.
077 _ [ 7~
07717~ -0.4054 (2 5)

— f, =12127C
/ .fn .fn D Dg(b B 1)

For saltation flow (starting of moving bed formation)

-2
e a3 ]
‘1.()46(1 —{}.4213 (26)

W D Dg(S B 1)

.f' - .f;i' — ] 070q11()18.f

I8



For heterogeneous flow:

B I"j 71— 6938
- £, 2301158687 120 01677 27,
Dg(s -1)
For homogeneous flow:
_ B [’2 —‘—0-353]
£ f, =8538" M g 1428 01516) ] i 8
Dg(s—1)

Where f and f,, are the Fanning friction factors for slurry and water, (is the

volumetric concentration of solids. ("jy1s the coefticient of drag. 1™ is the mean flow

velocity, D1s the pipe diameter, gis the gravitational acceleration and A is the ratio

of solids to liquid density.

The study of these formulae reveals that, for the saltation regime, the numerical
coefficient assumes a high value that decreases as the regime changes to
heterogeneous and homogeneous (continued increase of flow rate) reflecting higher
losses with bed formation. The exponent of solids concentration decreases indicating
decreased eftect at higher flow rates, which contradicts most of the correlations
reported (see table 2.1). The exponents for the Fanning friction factor and the
coefficient of drag show a marked increase with flow rate. Previous work ]
imposed limitations on the increase of the coefficient of drag. The coefficient of drag
1s less sensitive to flow changes for large particle size but this 1s not retlected in the
above equations. Tunan er al Pl extracted data for their review from numerous

sources that were not reported, which gives no means of knowing what the different

experimental conditions were or how they were interpreted.

Also. Turian ef al ' compiled correlations of critical velocities from many sources in
tabulated form. The tabulated relations of critical velocity versus the different tlow
parameters showed substantial variations. They concluded that critical velocity is not
particle size dependent but it corresponds to the square root of the pipe diameter.

increases with the increase of concentration and then decreases. This was attributed

|9



to hindered settling. As the mass of the solids increases, the settling 1s hindered due
to increased particle interaction with concentration. The independence of the critical

velocity from the particle size does not agree with the results of other workers. For

|24

example, Wilson'~"' proposed a relation in which the particle size was represented 1n

terms of the terminal velocity and appeared in the exponent of the exponential:

V. =0.6U, |—exp ” (29)

Where 1, is the critical velocity for suspension,l/,is the terminal fall velocity

and f is the fanning friction factor.

It is worth noting that nothing was mentioned in the work of Turnan ¢/ a/ *Iabout
slurries with multi sizes (polyfractional slurries). Also, Pine "l restricted her

investigations to slurries of single-sized particles.

More recently, previous empirical correlations were challenged on the basis of an
increasingly emerging experimental evidence of their inadequacy to provide an
insight into the flow structure 251 Wilson ! reported that Durand famous equation
overestimates pressure losses at the lower range of operating velocities while the

same equation underestimates the losses at higher velocities.
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2.3. Transport of Solids Containing Moving Beds:

Slurry flow with moving beds was investigated by many workers. The reason is.
partly, to distinguish this pattern by i1dentifying the velocity below which it is formed
(critical or deposit velocity) so that the velocity of flow is kept reasonably higher
than this value and partly because, in some applications not including centrifugal
pumps as prime movers, it may be an economical alternative mode of slurry
conveying for short distances 1if accompanied with extremely high solids
concentration (single mode transport of solids in loading/ unloading and piling
applications). To discern the existence of moving beds, many relations for the
inception of bed formation were developed. Table 2.3 summarizes some of the
critical velocity relations cited in the literature 1 "1 1" Televantos ** reported
results on moving beds at high solids concentration. Earlier works, reported by
Televantos, “* based on the measurements of Condolios and Chapus related the

mean velocity above the moving bed to the hydraulic diameter of the pipe area above

the bed. thus:

S (2 10)
\/2th

Where | is the mean velocity above the bed, R, the hydraulic radius of the area
above the bed and K 1s a function of the particle size and concentration. Televantos
work " reported a 65% error in this relation. The same equation was used to detect
inception of settling by substituting the full radius of the pipe in place of the
hydraulic radius. In a previous work by Newitt er a/ (reported by Televantos). the
pressure drop for moving beds was developed from the balance between the work
done on the particles and the energy dissipation due to the excess pressure gradient,

thus:

- .
L 66(8 - 1) 25
C.i, 73

1!

(2.11)
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Babcock !"* reported a correlation constant of 60.6 instead of 66 for 1-inch pipe and
6.6 for 6-inch pipe indicating dependence on pipe diameter. More recent
experimental work on deposition by Gillies and Shook '*’! correlated the deposition
velocity (shown i1n table 2.3) to the carrier liquid properties, modified by the

existence of fines, and the coefficient of drag as a replacement of the widely used

Durand relation.

Newitt ¢/ al ' were among the first to base their differentiation between solids
contribution to pressure losses from that of liquid resistance on a physically based
approach. Thus, pioneering what has come to be known as mechanistic modelling
Newitt ef al divided the heterogeneous flow into two parts. The first 1s that of
particles 1n suspension for which they attributed excess pressure gradient to re-
suspension mechanism that overcomes the settling tendencies of solids as they

approach their terminal fall velocity. Thus, their equation:

L .

—y ]

=l _100| — Yy (2.12)
1,.C gD (s —1) |

H

The second part is that of particles moving at the pipe bottom for which they
attributed excess pressure gradient to the force required to overcome the friction of
the solids at the pipe wall. This mechanism balances the submerged weight of
particles assumed transmitted to the pipe wall with the pressure gradient required tor

driving them. Equation (2.12) above gave this relation combined for both parts.

It was not until Wilson, and workers who followed, that mechanistic modelling took
its shape. Wilson 1 sed a force balance model for the determination of the limit
deposit velocity for stationary beds. Further on, Wilson = developed his famous
two-layer model. The basic features of the model lie in the assumption that solids
divide themselves into a portion suspended by liquid (suspended load) occupying the
upper part of the pipeline and a portion contacting the pipe wall (contact load)
comprising the solids moving in continuous contact with the pipe bottom (moving
bed) and solids moving in sporadic contact with the pipe wall (saltating solids). The

concentration of solids was arbitrarily divided into two constant parts. The upper

24



concentration defines the suspended load while the lower concentration. contains
most of the solids 1n a loosely poured form, and defines the contact load. Figure (2 1)
shows the geometrical representation of the two-layer model. The geometrical
representation shows an abrupt change of concentration at a single dividing line. This

simplification can only be physically justified when all the particles move as one bed

e bloc
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Fig. (2.1). Wilson Two-Layer Model Geometry

By conducting a force balance for the two layers, Wilson obtained the pressure drop
for each layer in terms of the shear stresses experienced at the pipe perimeter of each

area and at the virtual interface between layers. The set of equations are:

dP , ,
For the upper layer: — A = 15| + 1,0, (2 13)
dx
dP .
For the lower layer: ; Ay =185, 0,8 + up X r (2 14)
be
_ dP , T
For the whole pipe: y A=108,+ 125, +up > F (2 15)
b

Where A is the area, 7 is the shear stress, S is the perimeter and up Y F 1s the sum

of the normal forces exerted normally on the pipe wall leading to Coloumbic friction
resistance and the subscripts denote the perimeters shown on fig. (2. 1). The shear

stresses are calculated using Fanning friction factor except for the shear stress at

| J
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transition that is calculated using rough boundary conficuration. The normal forces

are calculated from the submerged weight of the particles and the hvdrostatic

pressure of the fluid column.

The geometry of the two layers is determined by an empirical formula that
determines the contact portion first and then the suspended portion is found by

subtraction from the total solids concentration. The formula takes the form of 2

power law:

—

C. ('Y (UN( 2 A
. —L —. -—*.O.6exp(45ﬁ--a1 (2.16)
¢ \rr) )\ L

o
N\

el
——

Where | 1s the velocity of incipient suspension and U, is the terminal velocity and f
is Fanning friction factor. Further on, Gillies et al " proposed a logarithmic

empirical relation:

(' |
— = exp(-0.0184 — = 17
- P( U,) (217)

Alternatively, Matousek '**! proposes to calculate the suspended fraction first and

- report further formulas indicating

cgave yet another formula. Khan and Richardson
disagreement between different authors on the method to separate the contact from

the suspended load.

The second main flaw with the two-layer model 1s the calculation of the shear stress
at the interface. The interface could not be as sharp as configured by Wilson but
more realistically shall assume a gradual shape, which casts much doubt on this
stmplification physical significance. Also, the shear stress at the interface cannot be
measured experimentally. Thus, the assumption of its friction behaviour cannot be
based on measurable physical means. The only way possible for Wilson to overcome
the nability to measure shear stresses at interface was through carrying out iterations
of velocities ot tlow 1n both layers until an agreement between the pressure drops

between lavers was obtained. The process included the pre-assumption of a certain



friction factor at the interface (apparently for the sake of obtaining a converging
solution of the iteration scheme rather than some solid physical justification) In an
effort to assess the validity of the friction factor assumption at the interface, Riet ¢7 «/
1 and Miedema ¢r al ) repeated the numerical iterations to solve the two laver
model and concluded that the friction factor at the interface gives different results for
different model input variables. In a recent work. Matousek *° established
experimentally in a series of lab tests on sand water mixtures the sensitivity of the
friction factors at the pipe wall and interface to the suspension mechanism and
concentration of solids. A closing remark on the two layer model, the flow velocity
range 1n pipelines 1s well 1n the turbulent region, at least in industnal applications
where considerable settling can not be tolerated and economical factors dictate
smaller pipe sizes, thus the assumption of maintaining distinct layers 1s much in
doubt. However, in open channel flow the layered model may gain more

significance. Also, by definition, the two-layer model 1s for a flow with bed while 1n

industry the pattern 1s more or less heterogeneous.

Doron ef al ' ") in a series of papers, proposed a layered model based on that of
Wilson’s. The same problems apply to the division of the contact and the suspended
load and the configuration of the transition layer (a layer added to the two layer
model in an effort to extend the interface to a region rather than a line). Even more,

Pirie ¥ noted that Doron model was unstable when iterations were carried out.
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