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Solids settle slowly in laminar flow to form a concentrated layer of solids. This layer might be stationary or sliding. In order to see if it is possible to prevent the formation of such a layer or to disintegrate this layer it is necessary to know the conditions for incipient erosion. Data from three different types of experiments is considered.

It is found that for fluids with a relatively low yield stress, the apparent viscosity of the shear flow above the bed is a governing parameter by which the data can be unified into the Shields diagram for simple fluids. For relatively large yield stresses, entering the “gelled bed” regime, the data unifies also, but according to a different relation. An earlier established empirical relation is confirmed to apply also in this regime. 

On basis of the measurements and established principles, a methodology is proposed to predict the solids concentration in gelled beds as a function of flow conditions.
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1. INTRODUCTION

Solids are transported by yield-pseudo-plastic fluids in a number of industrial processes. An example is pipeline transport of mined ores. The ore is transported over large distances in engineered carrier fluids containing fines that provide yield-pseudo-plastic behaviour. Another example is the transport of (oil-sand) tailings, where segregation of fines and sand leads to huge difficulties. Another example is the transport of cuttings in deviated oil well drilling, where these are also transported in carrier fluids with specifically engineered properties.
Solids settle in laminar flow, Thomas (1979), Talmon and Huisman (2005), Wilson and Horsley (2004). Bed layers may take the form of a gelled bed (Talmon and Mastbergen 2004). Contrary to the conditions in a granular bed, there are no mechanical contacts between the solids in a gelled bed. Gelled bed conditions occur for instance in Horizontal Directional Drilling. In a closed conduit the pressure gradient may drive a gelled bed layer forward. This agrees with measured stratified flow conditions (Pullum et al. 2006). The sliding of such a bed layer has been observed in mildly inclined open channel experiments, Sanders et al. (2002) and Spelay (2007). Sliding was also observed in a horizontal channel where the bed was only subjected to shear stresses from lid-driven Couette flow (Talmon and Mastbergen 2004). 

In order to see if it is possible to prevent the formation of such a layer or to disintegrate this layer it is necessary to know the conditions for incipient erosion, it is necessary to quantify the conditions for which a bed layer in a yield-pseudo-plastic fluid can be eroded by a stream consisting of the same fluid. The only published analysis for these conditions is to the author’s knowledge by Wan (1985). It contains data (6 data points) and a semi-empirical model based on a narrow range of parameter values.
In this paper two additional data sets are presented that have not been utilised before in the determination of incipient erosion conditions in yield-pseudo-plastic fluids. This data concerns tests conducted by Shell in laminar pump-assisted belt-driven Couette flow, and tests conducted by Deltares in a carousel type of flume. In Section 2 a brief description of the tests is given. In Section 3 it is explored to what extent, the results can be characterised by dimensionless empirical relations that can be applied in a pragmatic approach. In Section 4 the results are evaluated, a methodology to predict the solids concentration in gelled beds is presented and consequences for bed formation and erosion in laminar flow are discussed.

2. EXPERIMENTS
The principle of the pump-assisted belt-driven Couette flow tests is sketched in Figure 1. A saturated solids bed was positioned in a small recession. Transparent fluids were used. Incipient erosion conditions were determined visually from video recordings. These tests were conducted within the scope of horizontal deviated exploration drilling for oil and gas, Riet and Leerlooijer (1998). 
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Fig. 1 Principle of belt-driven Couette flow set-up
Laminar flows of aqueous polymer solutions of Hydroxy Ethyl Cellulose (HEC), Poly Anionic Cellulose (PAC), Xanthan (XC), Sodium Carboxy Methyl Cellulose (CMC), Polyacrylamide (PAA) and Carbopol were created. These fluids have similar rheological properties as industrial drilling fluids. These fluids are pseudo-plastic and some have a yield stress. Median particle diameters were in the range from 0.4 mm to 4.5 mm, and the particles had a specific density of 2.6.
A carousel (an annular shaped flume) was used to investigate solid transport processes in non-Newtonian fluids, Figure 2. The employed fluids in the carousel tests are water based bentonite fluids. These fluids are yield-pseudo-plastic and have thixotropic properties. 
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Fig. 2 Carousel for solids transport experiments at Deltares
Before each experiment the flume was filled with a highly concentrated drilling-fluid-particle mixture (particle concentration ~30 v%). Some mixtures segregated and the solids settled out during the filling procedure and formed a granular bed. Other mixtures segregated also but formed a gelled bed layer. Starting with a small velocity difference between the channel and the lid, the velocity difference was increased stepwise in order to create different transport regimes. The data of the experiments is summarised in Talmon and Mastbergen (2004), including examples of measured time series.

In experiments that started with a granular bed layer, the bed remained stationary throughout the whole experiment. With increase of the velocity difference the first particles were observed to erode at a certain point. In the experiments with a gelled bed layer the physical processes were different. From the lowest velocities on the gelled bed slid slowly through the channel. At higher flow velocities, in some experiments, minute wave-like disturbances were observed in the upper part of the bed layer. At higher flow velocities the first particles were observed to be eroded, and started to travel over the bed layer. The flow remained laminar. The volumetric solids concentration of the gelled beds was about 30 to 40% at incipient erosion.
3. ANALYSIS OF DATA ON INCIPIENT EROSION IN NON-NEWTONIAN FLUIDS
Principal dimensionless parameter groups describing incipient erosion are the dimensionless particle diameter d*, the dimensionless yield stress (y (in case of a fluid with a yield stress) and the critical shear stress (cr (Shields parameter). Definitions are:
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where d is solids diameter, g is gravity, (cr is the critical shear stress for erosion, ρs is solids density, ρf is fluid density and (cr is the dimensionless bed shear stress at incipient erosion (= the critical Shields number). The dimensionless yield stress (y is defined by:
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wherey is the yield stress. The dimensionless particle diameter d*is defined by:
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where (a is the apparent viscosity of the flow at the bed surface at critical conditions:
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where K is the Hershel-Bulkley consistency index and n is the Hershel-Bulkley flow index. 

In Figure 3 (= Shields diagram) a dimensionless presentation of the available data points is given, together with an empirical curve describing Newtonian conditions.
In the belt-driven tests, the shear stresses at incipient erosion are calculated from the imposed shear rate (flows were laminar). Also included in the graph are lines indicating the particle intrusion in the flow respect to the laminar sublayer (z+=u* z/(a<11.6) of turbulent flow and the logarithmic turbulent profile (z+>70). Many of the laminar data points of van Riet and Leerlooijer agree with results for the Newtonian fluid. Only experiments with very pronounced shear-thinning character (0.3<n<0.5) lay above the Newtonian fluid curve. In the experiments by Wan the particles were exposed to buffer layer flow, 11.6<d+<70. In the other two experiments shown in Figure 3 the particles were exposed to laminar (sublayer) flow. 
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Fig. 3 Critical Shields number as a function of the dimensionless particle diameter for horizontal flow. Newtonian curve according to Soulsby (1997)
The experiments with bentonite-sand-mixtures in the carousel show that the following two bed conditions can be discerned: a granular bed for (y <0.04 and a gelled bed for (y >0.07. This corresponds with plasticity theory (Ansley and Smith 1967): in a stagnant fluid (without considering thixotropy effects) particles settle for (y<0.062. The experiments by Wan were in the granular bed regime according to this criterion.
Figure 4 shows the critical Shields number versus the dimensionless yield stress. The semi-empirical formula of Wan (1985) is included in the graph: 
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. This formula appears to comply reasonably with the carousel data for (y > 0.05. The first term on the right hand side equals the critical Shields parameter for Wan’s particles in water. The graph suggests a unique relation to exist between yield stress and critical shear stress remote from the Newtonian curve: (cr = 4.4 (y. At incipient erosion, the bed shear stresses are greater than the yield stress of the pore fluid. The solid particles re-enforce the strength of the bed layer (Talmon 2010).
For van Riet’s experiments, included in Figure 4, the yield stress has been assumed equal to the shear stress measured at a shear rate of 0.5 [1/s].
A practical pragmatic approach to quantify incipient erosion conditions is to first calculate the Newtonian solution on basis of apparent viscosity and next to superimpose an empirically established explicit contribution of the yield stress:
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For the Newtonian solution the empirical description of the Shields-curve provided by Soulsby (1997) can be used:
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Fig. 4 Critical Shields number as a function of dimensionless yield stress parameter for horizontal flow 
A difficulty is that d* is a function of the apparent viscosity. Consequently an iterative calculation has to be conducted. A procedure that works well is:

1 - calculate (cr for water (and from that (cr ).

2 - super impose the yield stress at the calculated (cr (of step 1).

3 - calculate the apparent viscosity with Eq.(4)

4 - calculate (cr|Newt with Eq.(6)

5 - calculate the sought (cr with Eq.(5).

6 - calculate the shear stress from (cr (of step 5).

7 - repeat step 3 to 6 until convergence (10 iterations will generally suffice).
Figure 5 shows the calculated versus measured (cr. Differences are generally not more than a factor 2. At least every value greater than (cr >0.15 involves yield stress influences.
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Fig. 5   Calculated versus measured critical Shields number, calculation according to the procedure of Section 3.2
4. EVALUATION

It has also been learned from the carousel experiments that the solids concentration in the bed adapts itself to the existing shear stress (Talmon 2010). Figure 4 shows that dislodging of particles from the bed commences when the acting shear stress is about 4 times the yield stress. Figure 6 shows that the bed concentration is about 30 to 35% under such a stress level. 

[image: image13.emf]
Fig. 6 Acting shear stress, yield stress and solids concentration (Talmon 2010)

According to this graph a higher stress level is necessary to achieve a higher bed-concentration, but this will be prevented by erosion of the bed surface, which is a self-regulation mechanism. For a regular concentrate slurry, having a substantial yield stress, a factor four of wall shear stress, compared to yield stress, is only reached in the turbulent flow regime. This means that erosion of the bed layer will not take place in the laminar flow regime, and that every solid that has settled can only be transported in the form of a sliding bed.

Such a condition is for instance recognised in open channel experiments described in Gillies et al. (2012), concerning oil sand tailings experiments. A volumetric concentration of 22.6 v% was measured at the invert of the pipe in laminar flow of an otherwise homogenous mixture at 13.5 v%. In the experiment, the wall shear stress was about 2.5 times the yield stress at the transition to turbulence.

The condition of incipient erosion is expectantly relevant for tailings beach slope development. It is currently unknown how to reliably predict beach slope, particularly if the flow regime is altered by discharging tailings at lower water contents. Experience shows (Jewell 2012) that the greater the volume and velocity of discharge, the greater the tendency for the tailings to scour flow channels, to flow further down the slope, and to produce a flatter bed.

As a pipe discharges on the beach a crater develops below the discharge point. Crater dimensions will be influenced by the erosion condition. Crater dimension might influence channel dimensions and beach slope. 
5. CONCLUSIONS

For fluids with a relatively low yield stress, the apparent viscosity of the shear flow above the bed is a governing parameter by which the data can be unified into the Shields diagram. For relatively large yield stresses where the bed has a gelled consistency, the data unifies also, but according to a different relation: approximately linear with the yield stress.
It is possible to calculate the solids concentration in gelled beds via established principles. It is also possible to quantify limiting conditions for gelled bed existence in laminar pipe flow with respect to (initiation) of erosion. This approach opens new opportunities for the calculation of pipe flow and tailings beaching.
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