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DIFFERENT TYPES OF UNSTEADY FLOW OF SOLIDS GENERATED IN LABORATORY SLURRY PIPE LOOP
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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, krupicka@ih.cas.cz 
Abstract. Three different types of unsteady flow of solids (flow with dunes at the top of a stationary bed, flow with density waves due to an unstable slip point of a bed, flow with a sliding bed exhibiting a restratification effect) observed during lab loop tests are discussed. Special attention is focused to the density waves and to the restratification effect. It seems that both phenomena are associated with secondary current generated in the pipe loop and interacting with a granular bed in the stratified flow. However, more detailed experimental investigation is required to identify mechanisms that govern generation and development of the observed flows.  
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1. introduction 
The 2012-tests reported by Matoušek and Krupička (2013) and Matoušek et al (2013) with flows of slurries of various fractions of ballotini in a new 100-mm pipe loop revealed unsteady behavior of solids in the slurry flow similar to behaviors observed earlier in other laboratory loops (e.g. Matoušek 1997, 2002, Talmon et al 2007, van Grunsven and Talmon 2012, Brouwers et al 2013, Matoušek and Krupička 2013). In 2012 observed unsteady flow effects were particularly strong for medium-size fractions (300 – 600 micron) at mean volumetric concentrations Cv exceeding 0.2. It appeared that partially stratified flows of particles of this size formed stationary/sliding beds that were “fragile” and tended to be disturbed by carrying-liquid flow. Therefore, it was decided to do a series of detailed measurements to observe the unsteady-flow effects for one fraction of the medium-size ballotini in the loop.

2. DESCRIPTION OF EXPERIMENTS IN LABORATORY LOOP 

In May 2013, the tests were carried out for one ballotini fraction (B8-fraction, typical diameters d18 = 0.45 mm, d50 = 0.53 mm, d84 = 0.60 mm, specific gravity Ss = 2.46, settling velocity wt,50 = 0.074 m/s) at one overall system concentration Cv in two different lay-outs of the test loop. Integral quantities of the flow were measured at the highest available sampling frequency and installed steps in the average velocity vm of slurry flow were kept short at conditions where the unsteady flow effects occurred.  

2.1. LABORATORY LOOP

The laboratory loop at the Institute of Hydrodynamics (Fig. 1, detailed description given in Krupička and Matoušek 2011) is composed of two parts and this enables to set two lay-outs of the loop. A basic loop is located inside the laboratory building and its total length is 52 m (from which a horizontal part is 40-m long). This loop can be extended with additional section (41 m long from which horizontal-pipe sections take 11 m) that contains an inclinable U-tube located outside the building.
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Fig.1. Schematic sketch of laboratory loop at Institute of Hydrodynamics

Measuring sections for differential pressures (DP) are located in straight pipes of both parts of the loop. Two 2-m long measuring sections (DP1 and DP3) are positioned one after another at the end of a long straight pipe of the basic loop. A differential pressure is measured also over the integral 4-m long section (DP1+DP3) signed as DP2. One vertical measuring section (DP4, 1.5-m long) is located behind this horizontal section. Another two 2-m long measuring sections are located in the ascending- (DP5) and descending (DP6) legs of the inclinable U-tube. Transparent pipe sections for visual observation of flow are positioned behind the measuring sections DP3, DP5, and DP6.

Bends connecting the inclinable section with the basic loop shorten the length of a straight pipe in front of the first measuring section DP1. If the inclinable section is cut off (the lay-out is the basic loop), the length of the straight pipe in front of the DP1-section is 124.D (144.D in front of the DP3-section). If the inclinable section is included (the extended loop), the length of the straight pipe in front of the DP1-section is 50.D (70.D in front of the DP3-section).

2.2. MEASURED QUANTITIES AND DATA ACQUISITION SYSTEM 
In order to follow a development and celerity of low-frequency fluctuations associated with unsteady movement of solids in slurry flow it was necessary to measure flow quantities at different locations along the loop. Therefore, not only DPs and vm were measured but also pump quantities sensitive to flow fluctuations (e.g. the torque Mk and the outlet pressure pv). 

In order to sense low-frequency fluctuations of the measured flow quantities the data acquisition system was set to the highest available sampling frequency, i.e. 2 Hz. At each installed vm, the data were sampled for an appropriately long period of time; at velocities with strong unsteady flow effects this period was set to 5 minutes.

3. OBSERVED TYPES OF UNSTEADY FLOW OF SOLIDS 
Flows were observed in two lay-outs of the loop (the basic loop, the extended loop). In this paper, flows of very similar overall system Cv in both loop configurations are compared. In Fig. 2, values of the delivered concentration Cvd (averaged over the time period of data sampling at each installed vm) drop significantly when vm falls below 0.9-1.1 m/s, and deposit develops in horizontal sections of the loop. This threshold velocity can be seen as the deposition-limit velocity vdl. In fact, this is perhaps an appropriate way to define and determine vdl: it is a velocity at which abrupt change of solids mobility takes place. The observed vm-range within which particles stopped sliding was rather broad for an exact determination of a vdl-value. First particles interrupted sliding at vm of about 2.0 m/s, a steady-state deposit developed below 0.9 m/s. At velocities between these limits, the bed interrupted sliding regularly for a certain period of time. The period of time for which the bed interrupted sliding became longer with the decreasing vm, but remained in order of seconds. We call this behavior a "caterpillar behavior" of the sliding bed.

Values of the hydraulic gradient iE (again averaged over the time period of data sampling at each installed vm) measured in the vertical measuring section DP4 are virtually the same for both loops (Fig. 3). The situation is rather different in measuring sections located in horizontal pipes. Fig. 4 compares iE-vm developments in the 4-meter long DP2-section for the basic loop and the extended loop. It shows that the development is rather different in the two loops within the velocity range delimited roughly by the values of 1.7 m/s and 4 m/s. The abnormality in the development of the iE-vm curves has been observed before and it is called a restratification effect (Matoušek 1997, 2002, van Grunsven and Talmon 2012, Brouwers et al 2013, Matoušek and Krupička 2013). 
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Legend: □ - slurry in basic loop; ○ - slurry in extended loop
Fig.2. Average delivered concentration in two lay-outs of laboratory loop
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Legend: × - water; □ - slurry in basic loop; ○ - slurry in extended loop
Fig.3. Measured hydraulic gradient over vertical measuring section (DP4)
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Legend: × - water; □ - slurry in basic loop; ○ - slurry in extended loop 
Fig.4. Measured hydraulic gradient over 4-meter long horizontal measuring section (DP2)

Two additional unsteady-flow effects cannot be seen on the time-averaged iE-vm curves and affect the flow significantly. Consider that a measure of an unsteady character of solids flow is associated with fluctuations of measured flow quantities. This can be evaluated by the intensity of fluctuation of a measured quantity and it is defined as the ratio of the standard deviation of fluctuations and the time-averaged value of the measured quantity. Figure 5 shows that the intensity of fluctuations peaks at three different velocities within the range of measured vm. Each peak identifies a certain form of unsteady flow of solids in the loop. The different forms occur at different velocities, exhibit very different behaviour and perhaps are caused by different mechanisms. 

The observed unsteady flows of solids are due to

- the undulation of deposit surface (dunes at velocities of about 0.35 m/s),

- the unstable slip point of deposit (density waves at velocities of about 0.9-1.1 m/s, i.e. round the deposition limit),

- the restratification effect at velocities within the range of 1.7 - 4 m/s, i.e. well above the deposition limit.

All three flow conditions develop a time variation of the mean density of slurry in a pipe cross section that can be recognized as low-frequency fluctuation on time signals of measured flow quantities. However, the density variations generated under the different conditions are of very different amplitudes and lengths. 
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Legend: × - intensity of fluctuation for water; + - intensity of fluctuation for slurry, □ -  measured iE for slurry

Fig. 5. Measured intensity of fluctuations of differential pressure (DP1) in basic loop

3.1. BED FORMS: DUNES AT SURFACE OF DEPOSIT
Bed forms are results of deposit undulation caused by the bed shear stress at velocities deep below the deposition-limit velocity. In our tests, we saw a development of dunes at the lowest installed velocities of flow in the loop. The dunes developed if a value of the bed Shields parameter dropped below a threshold value (typically of about 0.6) for the upper plane bed (UPB) regime. Dunes transport very little solids (Cvd < 0.015) and move with celerity that is considerably lower than the average velocity of flow in the discharge area above the bed. The wave length of observed series of dunes was typically in order of meters. Dunes developed over a quite long period of time, much longer than density waves at higher velocities. The measured fluctuations associated with dunes passing through a measuring section were much smaller than fluctuations associated with unsteady flows at higher velocities. Nevertheless, due to low values of time-averaged values of the parameters the intensity of fluctuations was not negligible (see the intensity of fluctuation of the differential pressure DP1 at vm = 0.34 m/s in Fig. 5). 

3.2. DENSITY WAVES DUE TO UNSTABLE SLIP POINT OF BED

Dunes are washed out if vm increases and the Shields parameter exceeds the threshold value for the UPB regime. The flow erodes the top of the deposit and maintains it plane. The thickness of the deposit diminishes due to erosion. The concentration of transported solids increases and so increases the hydraulic gradient. If the overall system concentration Cv is low, and hence the thickness of the bed is small, the bed starts to slide at a certain velocity of flow. The transition from stationary- to sliding bed is smooth; the slip point is stable. If the concentration is high, the eroded deposit thick, and the hydraulic gradient high, it happens that the slip point of the eroded deposit is not stable in the pipe loop. As a result, the bed tends to stop and go in short time intervals even though the average velocity of flow is constant. The transition from the stationary- to sliding bed (and vice versa) is associated with a development of density waves at velocities round the velocity where the abrupt change in solids mobility (and hence in the average delivered concentration, see Fig. 2), takes place, i.e. round the deposition-limit velocity. The density waves can cause significant fluctuations of the slurry density (and other flow quantities, see the intensity of fluctuations of DP1 at vm = 0.83 m/s in Fig. 5) and can eventually block a pipe. We experienced the blockage ourselves during our tests. Fortunately, ballotini is a nice material, easy to dilute and to remove hydraulically from a pipe without necessity to dismantle the loop.

We learned from our observations that waves develop no matter whether we approach the velocity range in which they occur from lower velocities by gradual increasing of vm or from higher velocities by gradual diminishing of vm. Surprisingly enough, it appeared that the length of the loop did not affect the number of density waves developed in the loop. We deduced that there were always four waves circulating through the loop, no matter whether the loop was short (the basic loop) or long (the extended loop). The waves were separated from each other by low-concentrated flow sections that kept the distance between neighbouring waves virtually constant (Figs. 6a and 6b). The wave celerity, c, was estimated from the DP-signals and signals of Mk and pv. In vertical sections, c ≈ vm, while in horizontal pipe sections c ≈ 1.3 m/s, i.e. higher than vm = 0.83 m/s, due to the presence of deposit below the discharge area of a pipe cross section. A signal analysis using the fast Fourier transform (FFT) revealed the periodicity of the waves (12.5 second in the basic loop, 21.5 second in the extended loop) and from this the number of waves could be determined when c was known. A development of waves always took some time (typically 1 to 2 minutes), after that we did not identify any further amplification of the waves circulating through the loop (at least during the rest of the total measurement time of 5 minutes). Fluctuations of measured quantities (in Figs. 6a and 6b) were not very different in the two different layouts of the loop indicating that the developed density waves might be of similar amplitude and length. Figures 6a and 6b suggest that the separate waves might be slightly higher and shorter in the basic loop than in the extended loop. 

The waves were observed visually as well. They could be clearly identified in the flow and so could be identified their effect on the deposit. At some velocities, a passing wave caused that the bed started to slide for a while and stopped again when the wave left. 

Although flow quantities fluctuated heavily in time and space, the points on the time-averaged iE-vm curves did not exhibit any scatter (see Fig. 4). On the other hand, a presence of an excessive number of bends (the extended loop) could cause the flow to become so unstable that no measurement was possible at certain velocities (points are missing at vm < 0.9 m/s for the extended loop in Fig. 4 and Fig. 8b). 
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Legend: ▬▬ - DP1,  - DP3, —— - DP4, ∙∙∙∙∙∙∙∙ - pump torque Mk 

Fig. 6a. Time variation of various measured quantities along basic loop at vm = 0.83 m/s.
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Legend: ▬▬ - DP1,  - DP3, —— - DP4, ∙∙∙∙∙∙∙∙ - pump torque Mk 

Fig. 6b. Time variation of various measured quantities along extended loop at vm = 0.81 m/s.

Talmon et al (2007) did similar tests and showed that density waves could be generated in a laboratory loop. Their tests on self-excitation of density waves were carried out in the loop that was very similar to our basic loop (internal diameter of 100 mm, total length 52 m). The difference was that their loop did not contain any vertical sections. Their tested material was finer (sand of d50 = 200 micron, d85/d50 = 1.9) than our B8-ballotini. They identified a generation of one wave that circulated through the loop at the celerity smaller than vm (c = 1.2 m/s, vm = 1.62 m/s for the test No. 42 at mean slurry density of 1410 kg/m3, Fig. 7). The self-excitation of the wave in the loop was explained using the linear stability theory that suggested that the instabilities were caused by an adverse relation between the settling flux and local concentration in suspension flow near the top of the stationary bed. 
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Fig. 7. Time variation of measured local concentrations in various vertical positions in pipe cross section of laboratory loop (Talmon et al 2007).

Since our observations show different results (more than one wave in the loop, waves mutually separated, wave celerity higher than vm in horizontal sections) it seems that some additional mechanism(s) (e.g. a secondary flow in an asymmetric discharge area above a deposit) may contribute to generation of waves in a loop. More detailed experiments with measuring locations all around a loop would be required to identify where exactly and why the waves are generated and how they develop along the length of a pipe.

3.3. RESTRATIFICATION EFFECT AT VELOCITIES ABOVE DEPOSITION LIMIT
We do not know for certain whether the restratification effect is actually an effect of unsteady flow of solids. But since the vm range of its occurrence contains the range where the caterpillar behaviour of the sliding bed (the bed interrupts sliding regularly) occurs we can take as a preliminary assumption that it is the case. The restratification effect (Fig. 4) is identified not only at velocities with the caterpillar behaviour of the sliding bed but also at much higher velocities where all particles move so fast that individual grains cannot be followed by eye. The upper threshold for the restratification effect (v​m of about 4.0 m/s in our particular case) can be seen as the velocity at which turbulent suspension becomes a dominating mechanism for particle support. This suggests that the effect is associated with flow stratification and occurs in flow with sliding bed.

Interesting information about the restratification effect is obtained when DPs are measured separately in two measuring sections in series. Figures 8a and 8b compare iE-vm curves from two 2-m long sections (DP1, DP3) and from the 4-m long integral DP2-section. The plots send three important messages:

- the curves from DP1 and DP3 are rather different from DP2; the measurements over shorter sections DP1 and DP3 show a stronger restratification effect than the measurement over the integral DP2-section;

- there is a clear shift in the curves for DP1 and DP3;

- a presence of an extending part of the loop in front of the measuring sections considerably amplifies the effect.

An interpretation of the first two messages is that the flow varies not only in time but also in space (along the length of measuring sections) and that the length scale of the spatial variation is of about the same length as the measuring sections DP1 and DP3, i.e. 2 meter. Perhaps, such a spatial variation is a product of secondary flow in form of a longitudinal swirl that interacts with the flow structure and primarily with the sliding bed. The third message supports this hypothesis. A presence of a system of bends in front of a measuring section amplifies the effect suggesting that the secondary flow due to centrifugal-force induced swirl is an important source responsible for the restratification effect. 

Note that the difference of 20.D, i.e. the difference in the length of straight pipe in front of the measuring sections for DP1 and for DP3 affects the shape of the iE-vm curves in the extended loop but this effect is significantly damped in the basic loop. Note also that in the basic loop, the restratification effect does not entire disappear even though the straight piece of pipe is long and the presence of the bend-induced secondary flow in the measuring section is less likely. Hence, the question arises whether secondary flow of other origin than the centrifugal-force based flow also contributes to the effect. Perhaps, the secondary flow due to an asymmetrical shape of the discharge area above the bed in stratified flow is a good candidate. Identification of such secondary flow and of its effect on the flow structure and the sliding bed requires much more sophisticated experiment than the one we present here. We hope to be able to do it in the near future. In the meantime, we can try to get more information from the data collected during the present experiment.
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Legend: × - water; □ - slurry in DP4-section, ∇ - slurry in DP1-section, ∆ - slurry in DP3-section
Fig. 8a. Measured hydraulic gradient in basic loop (long straight pipe in front of DP1)
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Legend: × - water; ○ - slurry in DP2-section, ∇ - slurry in DP1-section, ∆ - slurry in DP3-section
Fig. 8b. Measured hydraulic gradient in extended loop (short straight pipe in front of DP1)
Fluctuations associated with the flow at velocities with the restratification effect (Fig. 9) are smaller and their length scale much shorter than in case of slower flow with density waves (Figures 6a and 6b). Instantaneous differences in DP over two adjacent measuring sections did not disappear with time averaging as it was the case with the density waves round vdl (see Figs. 8a and 8b). At velocities with the restratification effect, the intensity of fluctuations of both DP1 and DP3 is stronger in the extended loop than in the basic loop. This corresponds with the observed stronger restratification in the extended loop and suggests that the amplified fluctuations are due to the bend-generated swirl. However, the fluctuation frequencies seem to be very similar in the measuring sections DP1 and DP3 for both loop lay-outs. The FFT-analysis of the signals gives less clear results than for the density waves round vdl. Nevertheless, it seems that a typical frequency of fluctuations is slightly lower than 1.

Visual observations at high velocities with the restatification effect did not allow following individual particles. One could observe that the internal structure of the flow changed much faster than in the case of density waves round vdl.  No distinct waves were observed but the interface of the layers tended to fluctuate heavily. The fluctuation frequency of the interface seemed to be very similar to the fluctuation frequency of the measured DP-signals. 
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Legend: ▬▬ - DP1,  - DP3, —— - DP4, ∙∙∙∙∙∙∙∙ - pump torque Mk 

Fig. 9. Time variation of measured quantities at vm = 1.96 m/s in basic loop

4. CONCLUSIONS

Effects of unsteady flow of solids were observed in flow of the 0.53-mm ballotini mixture at the mean concentration of about 0.3 circulating through the 100-mm pipe loop of two different lay-outs. The effects are associated with stratified character of the settling-slurry flow and tend to become strong at high concentration of solids in pipe. 

Strong density waves developed in the loop at velocities round the deposition-limit velocity (defined as the average velocity at which particle mobility changes abruptly). Four separate waves were identified. The number of waves appeared to be independent of the length of the loop. It is not clear where exactly the waves are generated and why. The role of secondary flow due to an asymmetric shape of the discharge area above deposit is proposed for further investigation.

An effect of restratification of flow was identified at velocities above the deposition-limit velocity. Secondary flow in a form of longitudinal swirl(s) of the length similar to the length of the measuring section (2 meter) seems to be responsible for the restratification effect. A presence of a bend (a system of bends) in front of a measuring section amplifies the effect suggesting that the secondary flow due to centrifugal-force induced swirl is an important source responsible for the restratification effect. 
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