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We investigate by experiment the in®uence of suspended solids upon the transition to turbulence in pipe ®ow. The particles are monodisperse and neutrally buoyant with the liquid. The role of the particles on the transition depends upon both the volume fraction, ¿ , and particle size. Below a critical particle diameter, particles alter the transition to larger critical Reynolds numbers for all ¿ . In contrast to this, larger particles move the transition to smaller Reynolds numbers for small ¿ , but they delay the transition at larger concentration.

Introduction

The stability of tube ®ow as the ®ow rate, and hence the Reynolds number, increases is a classic problem dating from the work of Reynolds ( 1883), yet it is still not completely solved. In the laminar regime, the ®ow is described by a parabolic prole known as Poiseuille ®ow. Above a critical Reynolds number, the laminar ®ow becomes unstable. Turbulent regions grow and are convected in the pipe; this is the intermittent regime. When the ®ow rate is further increased, the ®ow becomes fully turbulent [START_REF] Tritton | Physical °uid dynamics[END_REF].

In fact, in tube ®ow, the transition to turbulence cannot be simply described by a single critical Reynolds number. The situation is more complex and the transition happens to be globally subcritical: the ®ow is linearly stable for all ®ow rates and a nite amplitude instability is needed to trigger the transition [START_REF] Drazin | Hydrodynamic stability[END_REF].

The transition threshold depends on the amplitude of the perturbation applied to the ®ow. Experiments have been performed where laminar motion was observed as far as Re º 10 5 , but it has also been observed that the transition in pure ®uid can occur as soon as Re º 2100, provided that the perturbation is strong enough to allow the growth of turbulent `pu¬s' [START_REF] Tritton | Physical °uid dynamics[END_REF]. Recent studies have investigated with di¬erent kinds of perturbations the nature of the unstable modes, either in the inlet region or in the fully developed ®ow (see, for example, [START_REF] Eliahou | Laminar{turbulent transition in Poiseuille pipe °ow subject to periodic perturbation emanating from the wall[END_REF][START_REF] Darbyshire | Transition to turbulence in constant-mass-°ux pipe °ow[END_REF]. There exists a signi cant body of literature on the in®uence of particles on turbulence. Much of the work in this area of study is directed towards understanding how the particle size, in dimensional form or in relation to the viscous length-scale of the ®uid, a¬ects the turbulence intensity or the distribution of the particles at a bulk or local scale (see, for example, [START_REF] Li | Direct numerical simulation of particle{turbulence interaction[END_REF]. A review by [START_REF] Crowe | Numerical models for two-phase turbulent °ows[END_REF] addresses much of the literature in this area up to its date of publication. The noted work considers fully developed turbulence, and we emphasize that here we address a quite separate, although potentially related, question. The objective of the present work is to understand how transition to turbulence is impacted on by the presence of suspended solids in the simplest case of neutral buoyancy. More speci cally, we focus upon determining the point of transition between the laminar and the intermittent regime as a function of the particle volume fraction, ¿ , of the suspension. Because the particles are neutrally buoyant and largely drag free, the present work is related to recent work [START_REF] Bottin | Intermittency in a locally forced plane Couette °ow[END_REF][START_REF] Bottin | Experimental evidence of streamwise vortices as ¯nite amplitude solutions in transitional plane Couette °ow[END_REF] that has examined the global subcritical stability behaviour of planar Couette ®ow, u x ¹ y, forced by the presence of a single spherical bead or a spanwise wire xed at y = 0. We note, however, that the present work also has a practical aspect, as it is related to pipeline ®ow of slurries.

Experimental set-up

The experimental apparatus test section was a horizontal 2:6 m long glass tube with inner diameter D = 14 mm. The tube was thus longer than the entry length L e ¹ 1 m necessary for the laminar ®ow to fully develop at Re º 2000. In order to ensure that ®ow in the pipe was undisturbed by perturbations from a pump, the ®ow was driven by gravity. The suspension was delivered to the tube by over®ow from a tank positioned at a xed height to an outlet of variable height, passing through the glass tube as indicated in gure 1. A Moineau progressing cavity pump (PCM model MR2.6H24) carried the suspension back to the over®owing tank, but was isolated from the ®ow through the glass tube. With these ®ow conditions, the transition for pure ®uid took place at Re º 2300, but the ®ow was very sensitive to any kind of perturbation applied to the pipe. In order to control the transition with a known perturbation, a ring (solid annulus) of thickness 1:5 mm, tting tightly into the tube, was inserted in the pipe at its entrance. The perturbation produced by the ring then controlled the transition from laminar ®ow and brought the transition to Re º 2100, which is the lowest value that could be reached with this kind of perturbation. The in®uence of the particles on the transition was studied using this ring.

Four sizes of spherical polystyrene particles, with diameters d = 40 § 6 mm (from Kodak, Rochester, NY, USA), 215 § 25 mm, 510 § 60 mm and 780 § 110 mm (all from Maxiblast, South Bend, IN, USA) and density » = 1:051 § 0:001 g cm ¡3 were used in the experiment. To obtain neutral buoyancy, the densities of the ®uid and of the particles were matched. We chose as the ®uid a mixture of 22% glycerol and 78% water by mass at 25 ¯C. The ®uid was maintained at this temperature by a thermostatically controlled reservoir in the ®ow loop. The viscosity of the ®uid mixture at this temperature is • = 1:64 § 0:04 cP.

A classical way to detect the pipe-®ow transition for pure ®uid is to inject dye and to observe the wavering of the streak as it passes down the pipe [START_REF] Tritton | Physical °uid dynamics[END_REF]). In the present experiment with particles, direct visualization of the particle motion in the suspension is a very straightforward way of observing the birth and convection of `turbulent pu¬s' in the ®ow. Whereas motion in the laminar regime is characterized by parallel particle trajectories, motion in a turbulent pu¬ presents a strong mixing in the radial direction. When the ®ow rate is increased, we observe more and more turbulent pu¬s to appear in the ®ow, and nally these merge once the turbulent regime is established.

To provide a more quantitative indicator of transition, we also measure the pressure drop between the entrance and the end of the glass tube with electronic manometers (Newport Omega PX 154). Pressure ®uctuations due to the larger pressure drop caused by the turbulent pu¬s can be clearly identi ed with a signal analyser (Hewlett Packard 3562A). Figure 2 shows pressure-drop spectra in the low-frequency range for the laminar ®ow and at the onset of intermittency, both for a particle volume fraction ¿ = 0:1. The spectrum in the intermittent regime displays strong ®uctuations for frequencies under 0:1 Hz. Using this spectral signature, the onset of intermittency can thus be clearly identi ed. In order to check that this spectrum was not related to the pump, we observed the pressure ®uctuations in the ®ow driven by the pump: the pressure spectrum was then observed to consist of `continuous noise' of the type shown by gure 2, plus a strong peak at the frequency of the pump rotation with its associated harmonics. By contrast, the ®uctuations when the ®ow is driven by gravity are observed to have only the `continuous noise'. Furthermore, this noise was determined to be unchanged when the pump was o¬ and the over®ow tank was lled manually. Consequently, the spectrum observed in the gravity-driven ®ow is considered to be truly independent of the pump. We could not identify any clear frequency in this pressure spectrum, beyond the fact that ®uctuations associated with intermittence are of frequencies smaller than 0.1 Hz. The order of magnitude of this frequency could suggest that it is related to the structure of intermittent ®ow in the pipe, characterized by an alternation of laminar and turbulent regions: this limiting value may thus be given by the ratio of the mean ®ow velocity U m = 0:2 m s ¡1 to the length of the pipe (1.6 m beyond the entry length) in the conditions of the experiment (Re ¹ 2100): f 1 = U m =L = 0:13 Hz. However, no clear variation of the pressure signal was observed for transition at larger ®ow rates, where the frequency f 1 is signi cantly increased.

The determination of transition was made by determining the midpoint between the larger ®ow rate, where laminar ®ow is observed (a ®at spectrum for the pressure ®uctuations and visualization of a quiet ®ow), and the smaller ®ow rate, where the ®ow is `strongly intermittent' (the spectrum of pressure ®uctuations is like the intermittent one in gure 2, and there is at the same time an alternation of quiet and strongly turbulent regions in the pipe). This method allowed very good reproducibility of the measurements. It was used to determine the threshold of transition for all the measurements, except for the large volume fraction measurements (¿ > 0:25) and the high ®ow rate situations (Re > 4500), where the pressure drop across the pipe exceeds the range of the pressure gauges. In the latter cases, the threshold was only determined by visualization.

Measurements of the critical Reynolds number associated with the start of intermittency were carried out for each particle size, at concentrations 0 6 ¿ 6 0:30. When the threshold of intermittency was reached, we measured the critical ®ow rate, Q c , and deduced the critical Reynolds number, Re c = 4Q c » =º • D, with the length-scale the pipe diameter, D. To measure Q c and ¿ , we collected a given volume of the suspension without altering the ®ow, by capturing ®uid at the outlet to the `thermostatically controlled reservoir' in gure 1. The time needed to get this volume yielded Q c . The particles collected in this volume were then sieved, rinsed, dried and weighed to obtain the mean particle volume fraction ¿ in the suspension ®ow. 

Results

Figure 3 shows the critical Reynolds number as a function of the particle volume fraction for the di¬erent sets of particles. The results indicate two di¬erent situations.

(i) For small particles with D=d > 70, such as the 40 and 215 mm particles, the transition is moved to larger Reynolds numbers. Re c is a monotonically increasing function of the particle volume fraction. Furthermore, the data for the two sizes collapse on a single curve, so that, at a given ¿ , the threshold of transition does not depend on the size of the particles in this range of D=d.

(ii) For large particles with D=d 6 70, such as the 510 and 780 mm particles, the behaviour depends on the concentration. For small concentrations the transition is moved to lower Reynolds number. The magnitude of the e¬ect, meaning the di¬erence in transition Re from its value at ¿ = 0, depends on the size of the beads. Conversely, for large concentrations (¿ > 0:2) the transition is delayed to larger Re and the curve for the 510 mm particles tends to collapse on the curves found for the smaller particles.

Discussion

The behaviour for small particles seems simpler, since it is independent of the size of the particles. The observed delay to the transition, when the Reynolds number is expressed in terms of the pure liquid viscosity, is expected, based upon an enhancement of the viscosity due to the suspended particles. Common models for the e® ective viscosity, • e , of a suspension do not depend on the size of the beads and provide a viscosity increasing with the average concentration ¿ . A well-known example is Krieger's viscosity [START_REF] Krieger | Rheology of monodispersed lattices[END_REF][START_REF] Phillips | A constitutive equation for concentrated suspensions that accounts for shear-induced particle migration[END_REF], which expresses • e as a function of ¿ according to

• e • = µ 1 ¡ ¿ ¿ m ¶ ¡1:82 ; (4.1)
where • is the viscosity of the pure ®uid and ¿ m = 0:68 is the close-packing (maximum) concentration for spherical particles. This empirical formula was determined for low Reynolds number but is commonly used at nite Reynolds numbers. We plot the critical Reynolds number of the suspension using this concentration-dependent viscosity, i.e. Re cs = Re c • =• e , in gure 4. We nd that for the small particles Re cs is approximately independent of the concentration and remains close to the value for the pure ®uid, Re cs º 2100. For ¿ > 0:25, we observe a steep increase in this threshold, suggesting the presence of an additional mechanism for dissipation beyond the viscosity enhancement observed in Stokes ®ow suspensions. However, we have only a limited range of concentration data, because the large ®ow rates required to achieve transition at the elevated e¬ective viscosity result in a large pressure drop. The large pressure exceeds the range of the pressure gauges and also necessitates the use of the pump for ¿ > 0:3. We have chosen not to consider pump-driven ®ows in this work. We now examine the dependence of the transition upon concentration for large particles. Figure 5 presents a blow-up of gure 3 for small concentrations. At rst, at very low volume fractions, Re c decreases steeply with increasing volume fraction and the curves for the di¬erent particle sizes appear to collapse. It should be mentioned that a very small decrease is also observed for the 215 mm particles, but this can be considered to be within error. For larger concentrations, the behaviour and in particular the minimum Re c (when the concentration is varied) depend upon particle size. In particular, for the 780 mm particles, intermittency is observed at Re c = 1400 for ¿ = 0:04. This is the smallest Re c found in this work. Similar results were also observed without the ring at the entrance, suggesting that the transition is indeed triggered by the particles. For d = 510 mm (D=d : = 27:5), the transition is delayed for ¿ > 0:10 and for d = 780 mm (D=d : = 18) it is delayed for ¿ > 0:15. For ¿ > 0:25, the curves seem to collapse with those for the small particles as can be seen in gure 3. We note that the shift towards smaller Re c occurs for particles for which the particle Reynolds number, Re p = Re(d 2 =D 2 ), is larger than 1, as can be seen in table 1. One can suspect that the velocity ®uctuations induced by the particles depend upon Re p and that for large enough Re p the transition is triggered by the noise induced by the particles.

We should also mention that large particles are known to a¬ect the ®ow and enhance turbulence intensity for fully developed turbulent ®ows. We may assume that particles need to be larger than the Kolmogorov scale, l K ¹ DRe ¡3=4 (ca. 50 mm for the present experiment), to participate in turbulence [START_REF] Landau | M ¶ ecanique des[END_REF]. This length-scale may give the order of magnitude of a minimum size above which particles can enhance turbulence. This is in qualitative agreement with the present results, but it should be mentioned that the ®ow at the threshold of transition is intermittent and turbulence is not yet fully developed.

We note that the in®uence of particles on the velocity pro le in pipe ®ow is known to be a function of the particle concentration and size. In conditions of very low Reynolds number and high concentration, particles migrate towards the centre of the pipe and blunt the velocity pro le (see, for example, [START_REF] Hampton | Migration of particles undergoing pressure-driven °ow in a circular conduit[END_REF], but this e¬ect is not observed in the present experiment: the entry length L of this migration is given by L=D > 1000 for the largest particles at ¿ = 0:3 [START_REF] Nott | Pressure driven °ow of suspensions: simulation and theory[END_REF], while our tube length is less than 200 diameters (at smaller ¿ and for smaller particles, the entry length is larger). However, there exists a second type of migration, the so-called `tubular pinch e¬ect', which is inertial and causes a single particle to move to a position at a distance of 0:3D from the axis (Segré & Silberberg 1962;[START_REF] Han | Particle migration in tube °ow of suspensions[END_REF]). This e¬ect is, in fact, observed with the larger particles used in the present experiment. A further point is that particles introduce ®uctuational velocities to the system whose form and coupling to the mean ®ow may vary with Re p . Unlike the case of uniform ®ow, the in®uence of Re p on the structure of the dual wakes caused by shear ®ow around suspended bodies is, while under study [START_REF] Zettner | The circular cylinder in simple shear at moderate Reynolds numbers: an experimental study[END_REF][START_REF] Bottin | Intermittency in a locally forced plane Couette °ow[END_REF][START_REF] Bottin | Experimental evidence of streamwise vortices as ¯nite amplitude solutions in transitional plane Couette °ow[END_REF], not well understood. The issues raised here lead naturally to a question to be answered in the future: do the particles alter the threshold of the subcritical transition through coupling of the base ®ow to velocity ®uctuations, or because their migration alters the base ®ow itself?

Conclusion

This work leads to two de nite conclusions regarding the in®uence of suspended neutrally buoyant solids upon the transition away from laminar ®ow. The in®uence depends upon the particle size and concentration. The rst conclusion is that particles can cause a delay in transition to larger Re c : for su¯ciently small particles at all ¿ and for larger particles above a critical volume fraction, e.g. for D=d = 18 above ¿ = 0:15, the transition to turbulence is delayed. This behaviour becomes independent of the size of the suspended particles at ¿ > 0:25 for the range 18 6 D=d 6 280 investigated here. This e¬ect can be partly explained by the enhancement of the e¬ective viscosity of the suspension. However, for volume fractions larger than 25%, the delay in transition is found to be substantially larger than can be explained by a simple renormalization by e¬ective viscosities. A second, and quite di¬erent, conclusion is that particles may actually induce transition at smaller Re c . For low volume fraction and above a certain critical particle size, neutrally buoyant particles alter the transition to turbulence in pipe ®ow to smaller Reynolds numbers. The e¬ect increases when increasing the size of the particles.

Since this work was completed, we have examined di¬erent particle to pipe ratios in an e¬ort to develop the scaling of the phenomena [START_REF] Matas | Transition to turbulence in particulate pipe °ow[END_REF].
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 1 Figure 1. Sketch of the experimental apparatus.
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 2 Figure2. Fluctuations of the pressure drop across the pipe for the laminar and the intermittent regime in a suspension of particle volume fraction ¿ = 0:1. The zero frequency value of the spectrum, related to the mean value of the pressure drop, is much larger and is not represented on the graph.
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 3 Figure 3. Critical Reynolds number, Rec, as a function of the volume fraction of the suspension for the di® erent sets of particles. The error bars correspond to the uncertainties in the iden-ti¯cation of the intermittent regime and in the measurement of the viscosity. N, d = 40 mm; ¤, d = 215 m m; °, d = 510 m m; ¯, d = 780 mm.
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 4 Figure 4. Critical Reynolds number of the suspension using Krieger' s viscosity, Recs = Rec • 0 =• e , as a function of particle volume fraction, ¿ . N, d = 40 mm; ¤, d = 215 m m; °, d = 510 mm; ¯, d = 780 m m.
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 5 Figure 5. Critical Reynolds number, Rec, as a function of the volume fraction of the suspension for the di® erent sets of particles (blow-up). N, d = 40 m m; ¤, d = 215 m m; °, d = 510 mm; ¯, d = 780 mm.

Table 1 .

 1 Particle diameters and values of the particle Reynolds numbers for a pipe Reynolds number Re = 2100

	d (mm)	40	215 510 780
	Rep	0:017 0:5	2:8	6:5
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