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INTERNAL STRUCTURE OF SETTLING-SLURRY FLOWS: SOLIDS DISTRIBUTION AND FRICTION IN HORIZONTAL PIPE
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Institute of Hydrodynamics, Academy of Sciences of Czech Republic, Pod Patankou 30/5, 166 12 Prague 6, Czech Republic; matousek@ih.cas.cz 
Abstract. The paper discusses concentration profiles recently collected in a 100-mm pipe at the Institute of Hydrodynamics and relates them with the measured pipe-friction curves. The profiles and friction curves are employed to identify mechanisms governing solids distribution across a heterogeneous flow of settling slurries and to identify a relation between solids distribution and friction in the flow. Modeling approaches are discussed for predicting cross-sectional distributions of solids concentration in stratified flows of settling slurries.
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1. introduction 

Mechanisms governing solids transport and friction in flows of settling slurries are closely related to the internal structure of the slurry flows (i.e. to the distributions of solids concentration and velocity across the flows). Modeling capabilities for concentration- and velocity profiles in heterogeneous slurry flows has always been rather limited due particularly to the absence of suitable measuring techniques for an observation of the internal structure of heterogeneous flows. 
2. 2012-EXPERIMENTS IN LABORATORY LOOP 

In 2012, tests were carried out with ballotini fractions of different sizes in the extended version of the laboratory loop at the Institute of Hydrodynamics (description given in Krupička and Matoušek 2011). The total length of the extended loop is 93 m (a more detailed description of pipe loop lay-out including locations of measuring- and transparent sections is given in Matoušek and Krupička 2013a). The inclinable U-tube was set to the vertical position and served as a so-called SG-loop to determine the delivered concentration, Cvd, of the tested slurry. Just one set of tests was carried out in the basic loop with the extending part cut off from the loop. 
Integral quantities of the flow (differential pressures, average velocity of slurry flow vm) were measured at the standard default sampling frequency (1 Hz). Typically, the data were collected for 2 minutes at each installed vm. Collecting of a concentration profile (c-profile) took much more time. A typical c-profile in a pipe cross section was composed of 32 points and at each vertical position, y, the data were collected for 16 second (a detailed description of the radiometric method and device in Krupička and Matoušek 2011) at each position. Therefore, it took of about 10 minutes to scan the entire pipe cross section and produce a c-profile at the installed vm. A flow of slurry was approximately steady-state, except for velocities round the deposition-limit velocity (see Matoušek and Krupička 2013a), and thus the long period of time required to sense a c-profile should not affect an accuracy of the measurement. Resulting c-profiles were smooth with no unexpected differences in the local c(y) which supports the assumption that flows were quasi-steady-state during measurements and time averaging of c(y)-values over the measuring time period at each y was sufficient to smooth out local fluctuations in flow. Uncertainty of c(y)-measurement increased at locations near the pipe wall due to small proportion of slurry and high proportion of pipe-wall steel contributing to damping of intensity of the gamma-ray beam. 

Four fractions of glass bead (ballotini) were tested. The fractions are commercial products produced by the company Preciosa, they are narrowly graded with different characteristic particle sizes (Table 1).
Table 1

Solids properties

	Solids fraction
	d18
[mm]
	d50
[mm]
	d84
[mm]
	wt,50
[m/s]
	Ss
[-]
	φ
[deg]

	B134
	0.16
	0.18
	0.24
	0.019
	2.46
	

	B9
	0.40
	0.44
	0.48
	0.059
	2.46
	

	B8
	0.45
	0.53
	0.60
	0.074
	2.46
	28.5

	TK0810
	0.81
	0.90
	0.98
	0.141
	2.57
	27


3. OBSERVED FLOWS OF SETTLING SLURRY 
Slurries of different values of the system volumetric concentration Cv were tested. Typically, four different concentrations were chosen (of about 0.1, 0.2, 0.3, 0.4). The measured Cvd approached Cv at high velocities vm but dropped abruptly when vm reached the deposition-limit value vdl  (Fig. 1a,b,c,d).

3.1. PIPE FRICTION CURVES
The hydraulic gradient, iE,  plotted against vm in Figure 1 is determined as a mean value of the three values measured in the horizontal measuring sections DP1, DP2, and DP3 (see Matoušek and Krupička 2013a for description of DP-sections). In compliance with Cvd values, the values of iE drop significantly when vm decrease below vdl. For fractions coarser than B134, measurements are missing round vdl at high Cv. This is because of density waves that developed in the flow and made safe measurements difficult (see Matoušek and Krupička 2013a for description of density waves and other unsteady-flow effects). A strong restratification effect was observed in flows of B9- and B8 fractions at Cv exceeding say 0.2. The effect was observed in the coarsest TK0810-slurry too, but it was weaker than in the finer fractions (sizes typical for medium to coarse sand).
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Legend: line - water, □ ○ x + - slurry at different average concentrations

Fig.1a. Slurry flow of B134-ballotini (150-250 micron, d50 = 180 micron) in 100-mm pipe of laboratory loop
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Legend: line - water, □ ○ x + - slurry at different average concentrations

Fig.1b. Slurry flow of B9-ballotini (400-500 micron, d50 = 440 micron) in 100-mm pipe of laboratory loop
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Legend: line - water, □ ○ x + - slurry at different average concentrations

Fig.1c. Slurry flow of B8-ballotini (450-600 micron, d50 = 530 micron) in 100-mm pipe of laboratory loop
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Legend: line - water, □ ○ x + - slurry at different average concentrations

Fig.1d. Slurry flow of TK0810-glass spheres (800-1000 micron, d50 = 900 micron) in 100-mm pipe of laboratory loop

3.2. CONCENTRATION PROFILES 
The c-profiles measured at velocities above vdl are plotted in Figure 2. The figure compares profiles for different mean concentrations Cv at the same velocity vm for all four tested solids fractions.
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Legend: □ - measurements; line - prediction using turbulent-diffusion model

Fig.2a. c-profiles in flow of B134-ballotini for Cv = 0.10, 0.17, 0.24, 0.35 at vm = 2.25 m/s (left) and vm = 3.0 m/s (right)
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Legend: □ - measurements; ----- - prediction using turbulent-diffusion model

Fig.2b. c-profiles in flow of B9-ballotini for Cv = 0.11, 0.20, 0.29, 0.38 at vm = 2.25 m/s (left) and vm = 3.0 m/s (right)
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Legend: □ - measurements

Fig.2c. c-profiles in flow of B8-ballotini for Cv = 0.14, 0.26, 0.37 at vm = 2.25 m/s (left)
 and vm = 3.0 m/s (right)
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Legend: □ - measurements

Fig.2d. c-profiles in flow of TK0810-beads for Cv = 0.23, 0.37, 0.42 at vm = 2.25 m/s (left)
and vm = 3.0 m/s (right)

4. DISCUSSION OF SOLIDS SUPPORT AND FRICTION
4.1. NON-STRATIFIED FLOWS 
The shapes of measured c-profiles are rather different for different solids fractions and so are the pipe friction curves. At velocities above vdl, the slurry friction curves tend to deviate from the water curve with the increasing vm for the finest fraction (B134, Fig. 1a). The effect tends to be stronger in more concentrated flows. This is typical for flow of turbulent suspension in which collisional- and contact friction is negligible. Such friction behaviour can be modelled using any form of the equivalent-liquid model. The shapes of the c-profiles support the assumption that turbulent suspension dominates particle support in B134-slurry flows. They can be modelled using the turbulent-diffusion model with implemented hindered settling. Figure 2a shows results in the core of the flow. More detailed modelling might require applying a distribution of the solids dispersion coefficient across the flow, but a crude assumption that the coefficient remains constant over the core of the flow is successful as well.

4.2. STRATIFIED FLOWS 
Coarser fractions exhibit stratification at velocities above vdl and hence require another modelling approach. The shapes of c-profiles for the coarsest tested material TK0810 (Fig. 2d) show a thin sliding bed develops at Cv of about 0.23 and grows in thickness with the increasing Cv (0.37 and 0.42). The local concentration in the sliding bed is independent of the bed thickness and remains constant throughout the bed (a value of about 0.52 remains smaller than the local concentration in a stationary deposit). In flows of high Cv, the sliding-bed friction must dominate the total friction and form a shape of the iE-vm curve. The thickness of the sliding bed is virtually the same for vm = 2.25 m/s and 3.0 m/s (Fig. 2d) and hence the solids effect on the pipe friction curve should be also virtually the same. Therefore, the friction curves for water and slurry should go in parallel at these velocities and this is what happens as Fig. 1d shows. The stratified structure of the flow makes it suitable for modelling the flow using a two-layer model. A transport layer of a steep c-gradient above the sliding bed can be incorporated to the model through an appropriate layer-based formula for the friction coefficient at the top of the sliding bed. The c-profile across the transport layer is roughly linear (dc/dy = const) and its slope is related to the shear stress at the top of the bed. It is important to formulate a condition that enables dc/dy = 0 and hence makes an existence of a sliding bed possible (par. 4.3 below deals with this).

For the finer B8-slurries, the shapes of c-profiles are similar to the TK0810-slurries at the same velocities. It must be remembered, however, that some of the profiles can be affected by the restratification effect. Measurements in flows of the finer B9-slurry were less disturbed by the restratification effect and therefore shapes could be compared of the measured c-profiles and pipe friction curves. The solids effect on total friction seems to diminish with the increasing vm, i.e. the slurry curves approach the water curve at high velocities (Fig. 1b). This indicates that the contribution of contact load on total friction diminishes when vm increases; the flow becomes less stratified. In partially stratified flows, both suspended load and contact load are present in a proportion that none of the two can be neglected. This makes modelling of both support and friction complex. Fig. 2b shows that the turbulent-diffusion model is relatively successful in matching the measured shapes of c-profiles in the upper part of the pipe cross section, except for the highest Cv where perhaps large amount of transported solids hinders an ability of carrier turbulence to support individual particles. 
4.3. Sliding bed condition 
The measured c-profiles in three tested fractions (B134 excluded) exhibit a sliding bed. Measurements for this type of slurry flow are scarce and the most common predictive models for c-profiles do not take a presence of a sliding bed into account. The distribution of the local concentration can be considered uniform across the bed (i.e. dc/dy = 0). In order to be able to predict a presence of a sliding bed and its thickness, it is necessary to define conditions at which the zero c-gradient can occur and the bed can slide at the same time.

Let's consider a stratified flow of contact load (no particles supported by carrier turbulence) in which a certain portion of solids is transported in the sliding bed and the rest in the transport layer (a linear c-profile, i.e. dc/dy = const) and let's simplify the flow to a 1-D problem as sketched in Figure 3. The solids stress increases with the depth below the top of the transport layer. Throughout the transport layer, the shape of the stress- distribution curve causes that a value of the τs-gradient increases with the depth (Fig. 3) provided that a value of the internal friction coefficient tanφTL = τs/σs (τs = solids shear stress at position y; σs = solids normal stress at position y) is considered constant, i.e. independent of y. At the interface between the transport layer and the sliding bed,
y = yb, the maximum value of the τs-gradient is reached. Its value is
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(cb = local concentration in sliding bed; tanφSLB = internal friction coefficient in sliding bed; 
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 = density of solids; 
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= density of fluid; Rh = vertical position y of hydrodynamic axis of flow; g = acceleration of gravity) and it remains constant throughout the sliding bed because the values of cb and tanφSLB do not vary with y at y < yb (see Matoušek and Krupička 2013b for more details). The condition 


[image: image20.wmf]i

E

bSLB

s

ctan

S1

×j>

-








(2)

needs to be satisfied to set up a bed at positions y < yb. A line of the distribution of the applied stress, 
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(dp/dx = pressure differential over x-length) crosses the τs-distribution at the yb-position because the local fluid shear stress τf  becomes zero at yb, which is the condition that determines the top of the sliding bed. . An additional condition, formulated for y = 0, i.e. at the pipe wall below the bed, determines whether the bed slides or does not move. The bed slides if 
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(μs = coefficient of mechanical friction between sliding bed and pipe wall; τs,w = solid shear stress at pipe wall). Evaluation of our measured c-profiles in flows where presumably almost all solids were transported as a contact load using this set of conditions confirmed that the suggested conditions for a flow with a sliding bed were realistic and could be actually satisfied in the observed flows.

The evaluation procedure is demonstrated on a reconstruction of two c-profiles in Figure 4. Input parameters to the procedure were Cv (the average volumetric concentration in the vertical centreline of pipe cross section), iE, cb (= 0.5), μs (= 0.23), and tanφTL = tanφSLB (= 0.35). As a first step, the solids stress distribution was evaluated from c(y) and the value of the solids shear stress determined at the pipe wall below the bed, τ​s,w, Then the solids shear stress at the pipe wall was used to calculate the applied stress value at the pipe bottom,
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(the fluid component of the wall shear stress is neglected). A position of the point of intersection of the distribution lines determined the position of the top of bed. Finally, the local concentration and solids shear stress were evaluated within the transport layer above the bed.
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Legend:─── - applied stress, ●----○ - solids shear stress 

Fig.3.  Schematic distribution of local concentration and stress along vertical axis of pipe cross section. a) local concentration; b) shear stress under the conditions of sliding bed and 
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Legend: □ – measurements, lines - prediction

Fig.4. Predicted distribution of local concentration (left) and shear stress (right) along vertical axis of pipe cross section in flow of TK0810-beads for Cv = 0.37 at vm = 2.25 m/s (up) 
and vm = 3.0 m/s (down).

5. CONCLUSIONS
Four different fractions of glass beads were tested in a 100-mm pipe loop. Flows of different tested slurries exhibited quite different behaviour and patterns resulting from different dominating mechanisms of solids friction and support in the flow. 

Flows of the finest fraction were sliding-bed free. Their frictional pressure drop could be modelled using the equivalent-liquid concept and the concentration profiles using a turbulent-diffusion model. 

Flows of coarser fractions exhibited a sliding bed at velocities above the deposition limit and at sufficiently high mean concentrations in the pipe. An evaluation of conditions for an existence of a sliding bed shows that bed mobility and the thickness of the bed are related primarily to values of the hydraulic gradient, density of solids, local concentration in bed, and the friction coefficients within the bed and at the pipe wall. The criteria derived from the conditions can be used to predict the bed thickness and mobility mode. The procedure is demonstrated at two measured c-profiles and it shows that a reasonable match can be found for measured- and predicted profiles provided that suitable values of the friction coefficients are applied.
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