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Analysis of flocculation in a jet clarifier. Part 2 -Analysis of aggregate size distribution versus Camp number

Among the various existing technologies for water treatment, the jet clarifier is considered as an effective and compact system as it couples flocculation and clarification in a single unit. In this work, a quasi-two-dimensional apparatus was designed to visualise the interaction between floc size distribution and hydrodynamics in the flocculation zone of a jet clarifier. Measurements of the number of flocs and their size distributions are performed by means of shadowgraphy method and image analysis. Thanks to a coupling between population size distributions and results on local hydrodynamics, the evolution of the number of aggregates along the jet is directly correlated to the recirculation loop present in the flocculation zone. The relative independence of the floc size distributions on the flow rate is discussed in light of the Camp number Gt which remains constant for different flow rates investigated and can thus explain the efficiency of the jet clarifier in terms of flocculation.

Introduction

Conventional water treatment technologies, consisting in coagulation, flocculation, sedimentation, and/or filtration, have widely been used to eliminate suspended particles and colloids that cause turbidity. To speed up the removal of suspended solids, raw water must first be coagulated and flocculated to create large aggregates that can easily settle. To that end, addiction of a chemical such as either aluminum sulfate or ferric chloride under rapid mixing results in the destabilization of the negatively charged suspended particles that are thereafter brought together by the action of slow mixing, a process commonly known as flocculation. The theory of agglomeration was firstly developed by Smoluchowski at the beginning of the 20 th century [START_REF] Smoluchowski | Versuch einer mathematischen Theorie der Koagulationskinetik kolloider Lösungen[END_REF]. The fundamentals of his theory are presented and discussed in more recents papers such as those of [START_REF] Elimelech | Particle deposition and aggregation[END_REF], [START_REF] Thomas | Flocculation modelling: a review[END_REF] or [START_REF] Gregory | Encyclopedia of colloid and interface science[END_REF]. [START_REF] Smoluchowski | Versuch einer mathematischen Theorie der Koagulationskinetik kolloider Lösungen[END_REF] considered collisions of spherical particles in uniform and laminar shear flow assuming that the velocity gradients (G) induced by the shear generate relative motion between particles and thus the possibility to collide and aggregate.

With his model, the number of collisions between particles i and j of diameters di and dj can be quite simply expressed as stated in Eq. 1.

= 6 + Eq. 1

where ni and nj are the particle number concentrations. [START_REF] Smoluchowski | Versuch einer mathematischen Theorie der Koagulationskinetik kolloider Lösungen[END_REF] thus defined the orthokinetic collision rate coefficient kij as Eq. 2.

= 6 + Eq. 2

This expression is one of basic elements to discuss the agglomeration kinetics, through the Population Balance Equation of Eq. 3.
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Eq. 3

The terms on the right hand side of Eq. 3 deal respectively with the birth and the death of aggregates of size k. The first term represents the rate of of formation of flocs of size k from the agglomeration of any pair of flocs such that i + j → k. The second term is the rate at which a aggregate of size k collides with any other aggregate.

Given a certain number of assumptions [START_REF] Gregory | Encyclopedia of colloid and interface science[END_REF], it is possible to express from Eq. 3 the rate of change of total particle concentration under the following form:

= - 4 
Eq. 4

where corresponds to the total volume of particles.
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Eq. 5

As can be seen as constant during an aggregation process then Eq. 4 becomes a first-order rate expression and can be integrated into Eq. 6:
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Eq. 6

This simplified model is recalled here to illustrate some important features of flocculation and shows that the extent of flocculation depends on the non-dimensional term Gt. The total number of collisions occurring in the suspension, is thus related to Gt, known as the Camp Number which is a performance indicator and a basic design criteria. For typical water treatment, the recommended values of the Camp Number range between 1⋅10 4 and 2⋅10 5 [START_REF] Camp | Flocculation and Flocculation Basins[END_REF]. Hence, specification of the Camp number and either the spatially averaged velocity gradient (G) or residence time (t) suffices to determine the total tankage and mixing power required [START_REF] Chen | The Civil Engineering Handbook[END_REF]. Indeed, the global velocity gradient (G) is defined as: G = , P μV Eq. 7

where P power supplied or dissipated in the tank, V the volume of the tank and µ the dynamic viscosity of the fluid. P is connected to the viscous dissipation rate of the total kinetic energy ε as:

ε = P -V Eq. 8
Whereis the density of the fluid. Thus, the global velocity gradient G can be directly connected to ε G = . / 0 Eq. 9

Where 0 is the kinematic viscosity of the fluid. The average velocity gradient G employed in the flocculation tanks studied by the early study of Camp ranged from 20 to 75 s -1 , and the hydraulic retention times (t) from 10 to 100 min [START_REF] Camp | Flocculation and Flocculation Basins[END_REF]. Nowadays, flocculators are commonly designed to have Gt values in the range of 10 4 to 2.10 5 , G values may range from 7 to 100 s -1 and residence times are typically in the range 20 to 45 minutes [START_REF] Chen | The Civil Engineering Handbook[END_REF], [START_REF] Gregory | Encyclopedia of colloid and interface science[END_REF]). For any water, there is an optimum combination of G and t.

Among the various existing technologies for water treatment, the jet clarifier is considered as an effective and compact system as it couples flocculation and clarification in a single unit (Degrémont On a flocculation point of view, numerous studies have proven a direct connection between floc size and hydrodynamics. Investigators such as [START_REF] Thomas | Turbulent Disruption of Flocs in Small Particle Size Suspension[END_REF], [START_REF] Parker | Floc Breakup in Turbulent Flocculation Processes[END_REF], [START_REF] François | Strength of Aluminum Hydroxide Flocs[END_REF] or [START_REF] Ducoste | Turbulence in flocculators: Effects of tank size and impeller type[END_REF][START_REF] Ducoste | The influence of tank size and impeller geometry on turbulent flocculation: I. Experimental[END_REF] shown that the steady-state maximum floc size is related to the average intensity of the turbulent fluid motion, especially ε or G under the following equation: To our present knowledge, the literature about the floc size, either in terms of average size or size distribution, is rather scarce in the case of jet flocculators. The main available data are generally presented in terms of turbidity removal and their conclusions do not converge on all points. [START_REF] Romphophak | Study of Flow Pattern in Jet Clarifier for Removal of Turbidity by Residence Time Distribution Approach[END_REF] studied the effect of flow rate used on the jet clarifier to reduce the turbid synthetic water: it was concluded that efficiency of about 80% can be achieved at the flow rates of 40 -70 L/h (values of Gt). [START_REF] Kumar | Residual turbidity in hydraulic jet flocculators[END_REF] showed that, for square and circular flocculators (37000 < Gt < 60000), the turbidity removal was maximum when the nozzle was located 50% of the height of the tank and that when the detention time increases the residual turbidity sharply falls. In the case of higher Camp numbers (90000 < Gt < 216000), [START_REF] Randive | Comprehensive Analysis of Jet Flocculator in Square and Circular Basin[END_REF] showed that tank geometry is crucial in determining the effective turbidity removal rate and circular basins should be privileged.

They also found that (1) in circular tank, turbidity removal was in the range of 80% to 90% whatever 

Materials & methods

Set up

Bentonite (P.P.M. Chemical Ltd, Thailand) was used to simulate the behavior of particles naturally present in raw water. The chemical compositions of the bentonite are 68.5% SiO2, 14% Al2O3, and 1.2%

Fe2O3. The experiments were done at two concentrations of 220 mg/L and 1100 mg/L in tap water of Toulouse (France) corresponding to turbidity equal to respectively 50 ± 0.2 and 250 ± 1 NTU (Nephelometric Turbidity Unit). Due to the swelling of bentonite, the suspension had to be prepared for 24 hours before the experiment. The size distribution of the primary bentonite particles has been measured by laser diffraction with a Mastersizer (Malvern 2000). The volume-weighted mean diameter (d50) of primary particles of 15 µm and the mode of the volume distribution is about 20 µm as can be seen in Figure 1. 

Image acquisition and data processing

The shadowgraphy system included homogeneous light-emitting diode panels (LED-panels) that were 12.
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The population of flocs has been first analyzed in terms of mean surface diameter (Dmean). The statistical convergence of the data has been checked by plotting the cumulative average of mean surface diameter (Dmean) versus the number of analyzed images, it was concluded that the statistic is reliable (data not shown).

The population of flocs has also been analyzed in terms of floc distributions weighted by surface thus focusing on larger aggregates [START_REF] Coufort | Flocculation related to local hydrodynamics in a Taylor-Couette reactor and in a jar[END_REF]). To that end, the transient floc size distributions have been calculated using batches of 50 images and steady state floc size distributions have been calculated with sets of 1000 images.

Results

Number of flocs and mean diameter

The time evolution of the number of flocs in Position 1 is presented on Figure 3 Thus, the mean diameter does not seem to depend on the flow rate; in order to better understand this unexpected result, the next sub-section is devoted to a detailed presentation of the floc size distributions enabling a more precise description of the population of aggregates.

Floc size distributions in Position 1

The floc size distributions weighted by surface are presented Figure 5 can certainly be attributed to primary particles that have not been yet aggregated (cf. Figure 1). As times goes on, the distribution tightens and its mode shifts progressively from 50 µm at 200 s toward 100 µm when t = : ]^_ . At steady-state, the maximum floc size is 250 µm.

For the Medium Flow Rate (MFR) on Figure 5 (b), the distributions are narrower than those for LFR, meaning that there are less small flocs (d < 40 µm). It also can be underlined that at t = 1020 s, the distribution is quite close from those at steady-state for which the mode of the distribution is 100 µm.

In the case of the highest flow rate (HFR on Figure 5 (c)), the dynamics is even faster as the mode of the distribution is close to 80 µm only 70 s after the beginning of the experiment. High Flow rate (c)

Results in Position 2 and comparison of floc size distribution for both positions

The dynamics of flocculation is Position 2 is roughly the same that those in Position 1 (Figure 6). High Flow rate (c) For the LFR, at t = 70 s, the distribution is narrower than in Position 1 (Figure 5 (a)) and has shifted towards higher sizes. As the time increases, the size of flocs increases as the mode of the distributions is about 50 µm when t = 70 s, 60 µm when t = 200 s. At t = 1020 s, it can be seen that the mode is still near 60 µm but the distribution is bi modal with a population of larger aggregates whose size is about 100 µm. At steady-state, the size distribution is rather spread, the most probable floc size being around 80 µm and the maximum floc size is 250 µm. For the MFR and the HFR when t = 70 s, there are less small flocs than for the LFR. For the MFR, at steady-state, the mode of the distribution is about 120 µm and the maximal floc size is about 250 µm. The shift of the distribution towards the right (higher size) is very rapid for the HFR as 70 s after the beginning of the injection the mode of the distribution is already around 80 µm. The mode of the distribution at steady-state is 120 µm.

On a global point of view, the evolution of the size distribution is faster the higher the flow rate is. The mode of the size distributions is close at MFR and HFR (around 120 µm) and the maximal floc size, about 250 µm, seems the same whatever the flow rate.

The floc size distributions at steady-state for both positions and the 3 flow rates are presented on Once again, whatever the concentration of the inlet suspension, the size distribution seems to be stable.

Discussion

The discussion section is splitted into two parts. In the first one, the relation between the number of flocs in each position 1 and 2 and the liquid circulation inside the flocculation zone are analyzed in detail. The second part is devoted to the connection between the steady-state floc size distribution and the Camp Number Gt.

Number of flocs and circulation

The The flow rate trapped within the recirculation loop (Qc) is relatively large compared to the injected one (Q) as the ratio is in the range 12-15. There is no doubt that this recirculation carries flocs as those latter have a density close to that of the water, between 1.01 and 1.10 g.cm -3 (Atkinson et al. ( 2005)).

To assess the impact of this recirculation on a local hydrodynamic point of view, the evolution of the upward mass flux can be evaluated from PIV data. The NDMF (Non Dimensional Mass Flux) has thus been estimated according to the Eq. 13: The number of flocs per unit time that are injected in the pilot has been estimated from the beginning of each experiment. At t = 0 s, the pilot is full of clear tap water at rest and the injection of the bentonite suspension is started. The 100 images acquired during the first 20 seconds of the experiments thus corresponds to the flocs that are only due to the injection as the circulation loop has not yet had time to set up. Indeed, as mentioned in Table 1 the circulation time is at least of 40 s for the HFR.
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Then the number of flocs carried out by both recirculations (1 and 2) and the total recirculation (1+2) can be estimated through the following equations (Eq. 14; Eq. 15; Eq. 16).
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Once those calculations are completed, the ratio between the number of flocs in the total recirculation and the number of flocs injected can be plotted and is presented in the Figure 10. At steady state, these ratios are quite important. For example, for the lowest flow rate, the number of flocs transported by the circulation loop is 18 times higher than the number of flocs injected. These values are of the same order of magnitude than the ones of the ratio Qc/Q of Table 1. These values are not exactly the same because the global hydraulic view does not take into account some physical phenomena undergone by the flocs such as settling, agglomeration or rupture.

On a practical point of view, this result indicates:

• that the circulation loop is most significant as the flow rate is low.

• that the size distributions measured are mainly those of flocs that are in the flocculation zone since a certain amount of time. This is directly linked to the efficient mixing of the jet clarifier that was highlighted in the study of Romphophak et al. (Submitted to Chemical Engineering Research and Design).

On an industrial point of view, the interest of such a circulation loop lies in the fact that it highly increases the number of aggregates inside the flocculation zone, and by the way the number of collisions (cf. Eq. 2). The flocculation takes thus place at a particle concentration greater than those of the injection.

Maximal size, size distributions and Gt

The main result of the Figure 7 is that the floc size distributions seem to be independent on the flow rate. This finding is rather discordant with most of the works of the literature that stated a direct relationship between the size of the aggregates and the dissipation rate of the total kinetic energy (ε), The global velocity gradient in the flocculation zone G(<ε>) is all the more high that the flowrate is high. These values are still low compared to those typically found in mechanically stirred flocculators.

To estimate the Camp Number in the cone, the residence time that must be taken into account is thus those of in the flocculation zone : ^` reported in Table 1. As can be noticed in the 4 th column of Table 2, whatever the flow rate, the values of the Camp Number in the flocculation zone are almost constant.

Indeed, increasing the flow rate, the global velocity gradient increases linearly whereas the residence time decreases giving a nearly constant value for the Camp Number in the flocculation zone where the flocculation takes place. These values are not exactly in line with those commonly used for the design of flocculation tanks, but this is easily explained by the limited area (cone) on which this work was carried out. In this study, a factor of almost 5 on the flow rate does not seem to have a great impact on the floc size distribution at steady state as shown in Figure 5. Thus, the Camp Number, based on the values the residence time and on <ε> in the flocculation zone seems thus a rather reliable criteria for the design of such apparatus.

These results can explain some findings of previous works such as Sobrinho et al. (1996) and some other authors that mentioned the relative insignificance of the flow rate on the turbidity removal in the case of submerged jet flocculators. Indeed, if the floc size distribution is roughly the same, whatever the flow rate, the ability of the formed aggregates towards settling is certainly similar and so on for the turbidity removal. This means that despite load variations in terms of flow rate or concentration, the size distribution does not change in the flocculation zone which seems of a significant industrial interest in terms of operability.

Conclusion

The aim of the paper was to better understand the relationship between flocculation and hydrodynamics in the jet clarifier. To that end, flocculation experiments have been performed in a quasi-two dimensional pilot. The hydrodynamics of the pilot has already been studied in a previous work (Romphophak et 

(

  2007), Pani and Patil (2007), Romphophak et al. (2016), Watanabe (2017)). Jet flocculators represent an interesting alternative to conventional impeller mixing as they do not involve any mechanical component (Patwardhan and Gaikwad, 2003) and also because their maintenance cost is reduced. The flocculation is generally realized in a mixing zone and the clarification/sedimentation is held through flow in buffered zones (Romphophak et al. (2016)). In hydraulic jet flocculators, the incoming jet induces a top to bottom circulation that results in an efficient mixing (Kumar et al. (2009), Jayanti (2001)). Many articles are devoted to the mixing induced by jets in which parameters such as tank geometry (height, diameter, form), nozzle diameter, jet configuration (side entry jets, vertical jets, inclined jets…), jet velocity or outflow position have extensively been studied. Among these studies, the reviews of Patwardhan and Gaikwad (2003) and Randive et al. (2018) focused mainly on the mixing time correlation and the works of Greenville and Tilton (1996, 2011) presented simple models that correlates blend time data from jet mixing vessels for tall tanks. In 2006, Wasemar (2006) proposed a critical analysis of the available literature and drawn general conclusions about the design of jet mixed tanks. Based on experimental results on flocculation, Kumar et al. (2009) suggested that the incoming jet induces a top to bottom circulation resulting in efficient mixing. More recently Romphophak et al. (Submitted to Chemical Engineering Research and Design) experimentally studied the hydrodynamics of quasi-two-dimensional jet clarifier using Particle Image Velocimetry (PIV). Their results revealed that the flocculation zone exhibits a large circulation loop whose flow rate is at least 10 times greater than the inlet jet flow rate resulting thus in a very efficient mixing. Based on a specific PIV data processing, they estimated the local shear rate and then its space-averaged value showing that the Camp Number (Gt) is almost constant in the flocculation zone whatever the inlet flow rate.

∝ 8 Eq. 10 Where

 810 C is linked to the strength of the floc and n or γ are coefficients depending on flocculation conditions and hydrodynamics. Those pioneer works were then continued by coupling experimental analyses of floc size distribution and hydrodynamics, namely by PIV. Comparing the flocculation efficiency in a 70 L mixing tank with two different impellers (Rushton turbine and Lightnin A310), Bouyer et al. (2004) showed that G is not sufficient to characterize floc size distribution and that the floc size depends on the history of mixing. Then, Coufort et al. (2005) found that, in a jar and in a Taylor Couette reactor, the most probable floc size depends on the mode of the distribution of ε and that for similar hydrodynamic conditions, flocs formed from elementary particles are larger than flocs formed from aggregates resulting from break-up stages. In their papers of 2014 and 2017, Vlieghe et al. (2014 ; 2017) performed flocculation of bentonite in a turbulent Taylor-Couette reactor under various shear rates and monitored morphological characteristics of individual flocs. They showed that although size and shape are obviously correlated, their dependency to hydrodynamics is not the same. These four previous studies agreed on the fact that the floc size was close to the Kolmogorov microscale (η) and that the size distribution was calibrated by the turbulence. Based on numerical simulations (CFD) and experimental results, He et al. (2018a and 2018b) focused on the effect of mixing generated in baffled and unbaffled square stirred tanks with different liquid heights on the floc growth. They provide useful insights into the design and operation of stirrer tanks flocculators and suggest an optimal combination between circulation time (tc), impeller speed (Nd) and height of the baffle to achieve a maximal floc growth rate and turbidity removal.

the nozzle diameter; ( 2 )

 2 increasing the retention time definitely promotes maximum turbidity removal and (3) whatever the tank geometry, jets positioned at bottom of the flocculation chamber provide better turbidity removal. In their study, citing the work of List and Imberger (1973), Sobrinho et al. (1996) mentioned that when the expanding jet collides the wall, the flocs are entrained in the bottom part of the chamber resulting in the formation of a recirculation loop leading to an increase of the concentration of flocs promoting thus their collisions. Sobrinho et al. (1996) also mentioned that the effluent residual turbidity was essentially independent of the flow rate and associated this result to a nearly constant value of Gt without being able to prove it. The overall goal of this work is to better understand the relationship between the aggregate size distribution and the hydrodynamics in the flocculation zone of the jet clarifier. To that end, flocculation experiments were carried out in a quasi-two-dimensional jet clarifier whose local and global hydrodynamics have prior been studied in terms of local and global velocity gradients (Romphophak et al. (Submitted to Chemical Engineering Research and Design)).

Figure 1 :

 1 Figure 1 : Size distribution (volume) of bentonite particles

Figure 2 :

 2 Figure 2: Schematic of the quasi-two-dimensional jet clarifier to show the positions of cameras

  installed behind the transparent quasi-two-dimensional jet clarifier and the CCD cameras (Flow sense EO, Dantec Dynamic) placed at 90 o to the LED-panels. Acquisition windows width were fixed with a resolution of 1024 × 1024 pixels corresponding to 10 × 10 mm 2 (1 pixel ≈ 10 µm). Every 15 minutes, sets of 1000 images were acquired at the frequencyof 5Hz i.e. that 200s were needed to acquire the 1000 images. The number of flocs acquired during each set of 1000 images varied in the range 7000 -39000. The overall duration of the experiment was conditioned by the size of the tank and thus depended on the flow rate.The same image processing technique than those of Laupsien et al. (2019) was applied. The first step consisted in subtracting the background light that was measured before the injection of the suspension. A gray filter level is then used to further intensify object contrasts and determine the position of the interface floc-water. To that end the intensity of the gray level gradient is used by applying a threshold of 0.5 corresponding to 1024 gray levels for a 10-bit image. The binarized images were then analyzed to extract the surface A of each floc. The floc diameter dCED was derived from Eq.

Figure 3 :Figure 4 .

 34 Figure3(a) has thus been plotted versus a non-dimensional time defined as the ratio of t and τ the residence time. On Figure3 (c), whatever the injected flow rate Q, the number of flocs was stable once

  at four different instants t = 70 s, t = 200 s, t = 1020 s, t = τ The transient size distributions at t = 70 s, t = 200 s, t = 1020 s come from the data analysis of 50 images (corresponding to at least 500 flocs), those at steady-state (t = τ )have been calculated with set of 1000 images. For the LFR on Figure 5 (a), it can be noticed that the distribution at t = 70 s is quite spread. The mode is situated around 40 µm and the peak around 15 µm

Figure 5 :

 5 Figure 5 : Time evolution of size distributions in Position 1 at Low Flow Rate (a); Medium Flow Rate (b);

Figure 6 :

 6 Figure 6: Time evolution of size distributions in Position 2 at Low Flow Rate (a); Medium Flow Rate (b);

Figure 7 (Figure 7 : 3 . 4

 7734 Figure 7 (a). Whatever the flow rate, the size distribution shifts towards bigger sizes between Position

  transient evolution of the number of flocs between Position 1 and Position 2 depends on the flow rate Q as shown in Figure 3 (b) and Figure 4 (a). This finding can be emphasized by plotting the ratio of the number of flocs between Position 1 and Position 2 as done in the Figure 8. The number of flocs is quite constant for the HFR whereas the number of flocs increases between Position 1 and Position 2for the LFR and the MFR. The increase is all the more important as the flow rate is low.

Figure 8 .

 8 Figure 8. Ratio between the number of flocs in Position 1 and the number of flocs in Position 2 versus

Figure 9 .

 9 Figure 9. Velocity field in the flocculation zone for LFR (a) and axial profile of the Non-Dimensional

where

  xmin and xmax are the boundaries of positive axial velocities U and h is the depth of the pilot. PIV measurements being limited in a single plane of symmetry of the pilot and Reynolds numbers at the outlet of the flocculation zone ranging for 100 to 150 (see Table 3. from Romphophak et al. (Submitted to Chemical Engineering Research and Design)), the factor ½ corresponds to the ratio between mean velocity and maximum velocity in laminar flow. The NDMF corresponds to the ratio between the upward mass flux (right part of the picture Figure 9 (a) and the injected flow rate (Q). The axial profile of NDMF is plotted for each flow rate in Figure 9 (b). The NDMF value is in abscissa and the ordinate corresponds to the height in the flocculation zone. The Position 1 where the images of flocs have been acquired is also mentioned (Y = 150 mm). For the HFR, the NDMF is almost constant along the vertical axis and close to the ratio Qc/Q meaning that the entire recirculation flow rate arrives below the Position 1 where the images have been acquired. This signifies that most of the flocs trapped in the circulation loop meet those of the injection below the Position 1. The number of flocs in Position 1 and Position 2 is thus similar ,which can explain the rather flat profile and the value of almost 1 for the HFR in Figure 8. In comparison, the NDMF profile for LFR is different. Indeed, below the Position 1 (Y < 150 mm), the NDMF increases continuously from 6 to 14. Above the Position 1, the NDMF is still increasing meaning that flocs are entrained by the recirculation in the upward flux. It can be noticed that for vertical position greater than 175 mm, the value of the NDMF for the LFR is higher than for the MFR and HFR. This means that only a part of the circulation loop carries the aggregates below the Position 1, the rest of the aggregates arriving between Position 1 and Position 2. To assess this hypothesis, a global hydraulic view of flow transport, not taking into account agglomeration, breakup and settling can be established. This global hydraulic view is based on the following assumptions: (1) the flocs that are detected in Position 1 come from the injection and the bottom recirculation (Recirculation 1); (2) the flocs detected in Position 2 come from the Position 1 and from the upper part of the recirculation (Recirculation 2).

Figure 10 .

 10 Figure 10. Ratio between the number of flocs in the total recirculation and the number of flocs

  velocity gradient (G) such as mentioned in the Eq. 10 or the Kolmogorov microscale (η). Nevertheless, one can notice that the maximal size reached by the flocs is around 250-300 µm whatever the flow rate. Looking at the vertical profile of the horizontal average Kolmogorov scale plotted in the Figure7(c) of the paper ofRomphophak et al. (Submitted to Chemical Engineering Research and Design), near the Position 1 (Vertical position ≈ 150 mm), the order of magnitude of η is close to 200-300 µm. This would tend to indicate that the stresses exerted by the fluid on the flocs near the outlet of the nozzle tend to limit their maximal size, at least in the vicinity of Position 1. Looking at the size distributions themselves, the slight shift towards bigger sizes between Positions 1 and 2 (cf. Figure 5) can certainly be attributed to the rather short time of circulation (tc < 160 s) in the flocculation zone limiting the number of agglomeration phenomena even if the residence time in this zone is high (: ^` > 500 s). However, in light of the theoretical model of flocculation described in the introduction part, the almost superimposed distributions can certainly be associated to the values of the Camp Number (Gt). Based on PIV data processing, Romphophak et al. (Submitted to Chemical Engineering Research and Design) estimated local and instantaneous shear rates and plotted the vertical profile of the velocity gradients (Figure 7.d). It can be seen that the higest velocity gradients are located in the first 15 cm above the nozzle, the orders of magnitude of the velocity gradients are close to those commonly used in watertreatment plants. In the upper part of the jet, the velocity gradient decreases linearly. Romphophak et al. (Submitted to Chemical Engineering Research and Design) then presented the analysis of the space averaged velocity gradient (G) and deduced the parameter Gt for the three flow rates. The main values are summarized in Table 2. It must be noticed that the value of the Camp Number is based on the residence time in the cone where the flocculation has been monitored.

  al. , Submitted to Chemical Engineering Research and Design). Using Image analysis, the aggregates size distributions have been measured along time in two different positions of the flocculation zone of the pilot. The Position 1 was 15 cm above the injection and the Position 2 at the top of the flocculation zone. Three flow rates were investigated, with a ratio of almost 5 between the smallest and the highest flow rate. The time evolutions of the mean diameter and of the number of flocs in both positions revealed that the global residence time τ was the right characteristic time scale. The number of flocs near the injection (Position 1) and at the top of the flocculation zone (Position 2) depends on the flow rate. The time evolutions of floc size distributions in both positions are presented and confirm that the steady state is all the more quickly that the flow rate is high. At steady state, a relative insignificance of the flow rate and of the inlet concentration on the floc size distributions is noticed. In the discussion, a global hydraulic view performed between Position 1 and Position 2 suggests that most of the measured aggregates are trapped in the circulation loop that is present in the flocculation zone. Indeed, the recirculation loop carries between 10 and 18 times more flocs that the injection. A connection with the circulation flow rates issuing from the hydrodynamic study of the apparatus (Romphophak et al., Submitted to Chemical Engineering Research and Design) is established. A vertical profile of the Non-Dimensional upward Mass Flux is further used to understand the way the flocs are trapped in the circulation loop. If for the Medium and High flow rates the NDMF is almost constant, its profile for the lowest flow rate is linearly increasing near the injection explaining the lower number of flocs in Position 1. At least, the relative independence of the flow rate on the floc size distributions is discussed in the light of the Camp number (Gt) which is remains constant in the apparatus and can thus explain the efficiency of the jet clarifier in terms of flocculation. particles per volume of suspension -

  

  

  

Table 1 .

 1 Vcone is the volume of the cone where the flocculation is studied (refer to § 2.1), its value is 7L.

Table 1 .

 1 Hydrodynamic characteristics of circulation in the flocculation zone of the clarifier

	Inlet flow rate: Q (L/h) 11	Circulation time: tC (s) 153	Ratio: Qc/Q = tC/τ 15	Residence time in the flocculation zone (cone) : : ^`= a bcde /f (s) 2290
	19	110	12	1325
	49	40	13	514

◁ : LFR ○ : MFR ◁ : HFR

Table 2 .

 2 Global hydrodynamic characteristic parameters in the flocculation zone

	Injected flow rate: Q (L/h)	Space averaged value of the viscous dissipation rate of the kinetic energy in the flocculation zone <ε> (m².s -3 )	Global velocity gradient in the flocculation zone (cone): G(<ε>) (s -1 )	Camp Number in the flocculation zone: G(<ε>).: ^` (-)
	11	9.3×10 -6	3.06	7010
	19	2.7×10 -5	5.2	6890
	49	1.7×10 -4	12.9	6640
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