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Development of a New Gas-Inducing Turbine Family: The Partially Shrouded Turbine

To increase the gas-inducing capacity of a shrouded turbine and avoid using an additional impeller in the stirred tank, geometrical modifications of the lower disk of this turbine have been considered. The performance of several new, partially shrouded gas-inducing turbines has been investigated by computational fluid dynamics for single-phase flow with the Fluent software. The new turbine designs are shown to have pressure coefficients close to the totally-shrouded-turbine coefficient, corresponding to low critical agitation velocities for gas inducement but with significantly higher pumping capacities and increased gas-inducing capacities.

Introduction

Gas-inducing agitators have been used extensively in flotation processes; they are helpful in overcoming problems due to solid particle abrasion and sparger hole blocking, which result in decreasing gas sparger efficiency. One of the first studies of gas-inducing agitators was published by Snyder et al. [START_REF] Snyder | Operation and Performance of Bench Scale Reactors[END_REF] 

in 1957.

There are also several other publications; see, for example, ref 2. Lately, gas-inducing agitators are more and more employed for gas-liquid reactions with or without a solid catalyst. Typical examples of such reactions are alkylation, ethoxylation, hydrogenation, chlorination, ammonolysis, and oxidation. [START_REF] Roby | Oxide Safely with Pure Oxygen[END_REF] In these cases, the reaction rate per gas passage is relatively low. Therefore, it may be useful, for economical as well as other reasons, such as safety and toxicity, to recycle the unreacted gas inside the reactor. A gas-inducing agitator, in such cases, avoids the use of a recycling pump and/or a compressor. These agitators are also used in wastewater treatment; [START_REF] Bergman | Enhanced Gas Dissolution[END_REF][START_REF] Stelmach | A Comparison of the Efficiency of Self-Aspirating and Flat-Blade Impellers[END_REF] publications by Patwardhan and Joshi [START_REF] Patwardhan | Design of Gas-Inducing Reactors[END_REF] and Sardeing et al. [START_REF] Sardeing | Les agitateurs auto-aspirants. Partie I: Pre ´sentation et principe de fonctionnement[END_REF][START_REF] Sardeing | Les agitateurs auto-aspirants. Partie II: Dimensionnement et extrapolation[END_REF] review recent studies of gas-inducing systems.

Patwardhan and Joshi 6 classify gas-inducing systems in three classes: type "11", type "12", and type "22". Type 11 agitators, for which the simplest design is presented in Figure 1A, comprise a hollow cylindrical tube attached to a hollow shaft; the gas is delivered into the liquid through holes on the tube. Type 12 agitators are normal impellers with flat blades attached to a hollow shaft (Figure 1B); the gas is delivered in the blade area through holes situated on the shaft between the blades. Finally, type 22 systems have a jacket around the shaft, sometimes called a standpipe, through which the gas flows into the dispersion (Figure 1C). These systems often have a stator located close to the impeller-rotor.

In this study, the impeller considered is an eight-straightblade shrouded turbine provided by Milton Roy Mixing (Figure 2). This turbine has the particularity of having an annular space opening in its upper disk. This impeller is the part that controls and generates the gas-liquid dispersion of the Turboxal system, which has been developed for wastewater treatment. [START_REF] Bouquet | Dispositif d'agitation d'un liquide dans un re ´acteur et d'injection d'un gaz dans ce liquide[END_REF][START_REF] Sardeing | Hydrodynamics and Gas Dispersion Characterisation in a System Equipped by a New Gas-Inducing Impeller[END_REF][START_REF] Sardeing | Aeration of Large Size Tanks by a Surface Agitator[END_REF] The induced gas flows through a jacket; therefore, the Turboxal is a type 22 gas-inducing impeller. the reactor head (e.g., via a hollow shaft or a jacket), then gas can be induced into the tank. The gas-inducing rate depends on the driving force created by the pressure difference between the blade surface and the reactor head. The driving force magnitude depends on the rotational speed and the immersion depth of the agitator.

The gas induction starts when the low-pressure head behind the blade balances the hydrostatic head of liquid above the blade. The rotational speed for which the gas starts to be induced is called the critical impeller speed for gas induction, N c . Gasinducing agitators work better when they are close to the liquid surface. [START_REF] Saravanan | Gas Inducing Type Mechanically Agitated Contactors[END_REF] However, when a gas-inducing turbine is close to the liquid surface, the global gas holdup is low in the tank, [START_REF] Saravanan | Fractional Gas Hold-up in Gas Inducing Type of Mechanically Agitated Contactors[END_REF][START_REF] Patwardhan | Hydrodynamics of a Stirred Vessel Equipped with a Gas-Inducing Impeller[END_REF] due to the low residence time of the gas in it. To solve this problem, Joshi and co-workers [START_REF] Saravanan | Fractional Gas Hold-up in Gas Inducing Type of Mechanically Agitated Contactors[END_REF][START_REF] Patwardhan | Hydrodynamics of a Stirred Vessel Equipped with a Gas-Inducing Impeller[END_REF] tested several configurations composed of a gas-inducing turbine close to the liquid surface and another impeller below the gas-inducing turbine. The lower impeller, The objective of this work was the study of several turbine geometry modifications, based on the "standard" Milton Roy, to obtain (1) the highest possible gas-inducing rate and at the same time the lowest possible power consumption and (2) a flow field that pushes the gas-liquid dispersion toward the tank bottom, while at the same time avoiding the need for an additional stator and/or another impeller. Another possibility was also examined, to have a forced gas flow working mode for the new geometry; in that case, the purpose of the study was to determine the highest possible gas-flooding rate.

Simulations Implementation and Evaluation

The study of the various geometrical alternatives was done using a commercial computational fluid dynamics (CFD) code (Fluent, version 6.0.20). Since the purpose of the study was the identification of the optimum turbine geometry, meaning that several alternatives would have to be tested, and because of CPU time restrictions, it was decided to implement the CFD code for a simplified stirred vessel, without baffles, in singlephase flow mode.

2.1. Geometries Simulated. The model comprised a cylindrical, unbaffled vessel with a flat bottom, having a diameter of T ) 0.240 m. The liquid height in the tank, H, was equal to the vessel diameter (H ) T).

The various turbines modeled all had the same diameter, D ) 0.080 m (corresponding to D/T ) 1/3). The immersion depth, h, i.e., the distance of the upper edge of the turbine from the free liquid surface, was 0.048 m (h/T ) 1/5).

The fluid modeled was water (density ) 998 kg'm -3 , dynamic viscosity ) 1 mPa's). The rotational speed was set at 4.5 rps, corresponding to a Reynolds number of ∼29 000, well within the turbulent flow region.

Most of the turbines studied had eight blades (except for six blades in the case of the shrouded pitched-blade turbine, called "SPBT"); since the tank was unbaffled, it was possible to reduce further the calculation time by simulating only one-eighth of the mixing system (or one-sixth of the vessel, in the case of the SPBT).

Figure 3 illustrates all the turbine variations tested. In a first step, only the lower disk design was modified by creating an opening in it in a different way (Table 1). In the case of the crown turbine, the lower disk was hollowed at the center, with the crown remaining at the blade tip. For the mini-disk turbine, the lower disk diameter was lower than the turbine diameter. The mixed turbine corresponds to a combination of the crown turbine and the mini-disk turbine: the lower disk was hollowed by an annular space. Few publications deal with shrouded turbines, [START_REF] Cooper | Gas-Liquid Contactors[END_REF][START_REF] Bertrand | Power Consumption, Pumping Capacity and Turbulence Intensity in Baffled Stirred Tanks: Comparison Between Several Turbines[END_REF] and these do not discuss geometry modification, being thus of little use to the present work.

Four widths were numerically tested for the lower annular space: 12 mm (TMW12), 5 mm (TMW5), 3 mm (TMW3), and 2 mm (TMW2). The width of the annular space was modified by increasing or decreasing the diameter of the inner disk. The influence of the position of the lower annular space was also studied (TMP1, TMP2, and TMP3 turbines of Figure 3). The width of the lower annular space was maintained constant at 5 mm. The open fraction varied in each case (Table 2).

Meshing Details.

The unstructured mesh [START_REF] Ranade | Computational Flow Modeling for Chemical Reactor Engineering[END_REF] with tetrahedral cells was prepared with a commercial meshing code (Gambit, version 2.0.4). To reduce the influence of meshing on the results for the various turbine designs, the same meshing methodology was used in all cases: the same number of nodes was defined for the same edge. Surface and volume meshes were then generated. The mesh had inflation from walls to the core of the fluid. Since the lower disk geometry changed, the number of volume cells changed, too, but slightly (from ∼160 000 to ∼200 000). The skewness of the generated meshes were within the limits suggested by Fluent: 19 0.60 on average for surface meshes (with a maximum advised of 0.75) and 0.83 on average for volume meshes (with a corresponding maximum advised of 0.95).

Modeling and Numerical Aspects.

The standard kturbulence model was used. [START_REF] Launder | The Numerical Computation of Turbulent Flows[END_REF] Near-wall zones were represented by standard wall functions [START_REF] Launder | The Numerical Computation of Turbulent Flows[END_REF] (linking the wall to the fully turbulent zone); these models were chosen since they have proved satisfactory in simulating many industrial flowsssee, for example, ref 11. The typical y + values are ∼116.

No-slip conditions were imposed on the walls. [START_REF] Ranade | Computational Flow Modeling for Chemical Reactor Engineering[END_REF] A symmetry boundary condition (zero flux and zero stress normal to the surface) was applied to cells representing the liquid surface. [START_REF] Ranade | Computational Flow Modeling for Chemical Reactor Engineering[END_REF] Periodic rotational boundary conditions [START_REF]Fluent, Inc. Fluent 6, User's Guide[END_REF] were applied to the two sides of the vessel slice. The absence of baffles allowed the use of the rotating reference frame (RRF) approach [START_REF] Ranade | Computational Flow Modeling for Chemical Reactor Engineering[END_REF] to solve the time-independent equations. All terms of the equations were discretized using the second-order upwind differencing scheme, [START_REF] Hirsch | Numerical Computation of Internal and External Flows[END_REF] and the equations were resolved using the SIMPLE algorithm. [START_REF] Patankar | A Calculation Procedure for Heat, Mass and Momentum Transfer in Three-Dimensional Parabolic Flows[END_REF] Simulations were typically considered converged when the scaled continuity residuals fell below 10 -5 and the velocity, turbulent kinetic energy, and turbulent kinetic energy dissipation rate scaled residuals fell below 10 -6 . Further checks for convergence were made by verifying that the power number, the pumping number, and the pressure coefficient remained constant from iteration to iteration. Convergence was reached in 4000 iterations for a CPU time of ∼33 h (1 processor MIPS R10000 at 225 MHz of a Silicon Graphics Origin 200 station).

Evaluation of Simulations

3.1. Critical Impeller Speed for Gas-Induction. The critical impeller speed for gas induction, N c , depends on the singlephase hydrodynamics. [START_REF] Patil | Mechanism of Gas Induction in a Self-Inducing Impeller[END_REF] Indeed, gas induction only starts when the pressure drop generated by the impeller, ∆P, is enough to balance the hydrostatic pressure due to the liquid situated above the impeller, so where F L is the liquid density.

It is useful to define here the pressure coefficient, Cp; [START_REF] Forrester | Gas-Inducing Impeller Design and Performance Characteristics[END_REF] this dimensionless number appears in the dimensionless form of the Navier-Stokes equations. [START_REF] Bird | Transport Phenomena[END_REF] It represents the ratio between static and dynamic pressure, and it is a characteristic of every gasinducing system. [START_REF] Patwardhan | Design of Gas-Inducing Reactors[END_REF] It may be easily calculated by CFD from the pressure drop in the jacket, where V tip is the impeller tip velocity and N is the impeller rotational speed. Inserting eq 1 into eq 2 and rearranging the terms yields the critical impeller speed for gas induction N c in terms of the pressure coefficient Cp: Equation 3 shows that the critical velocity N c is inversely proportional to the pressure coefficient. [START_REF] Rielly | Effect of Vessel Scale-up on the Hydrodynamics of a Self-Aerating Concave Blade Impeller[END_REF] Saravanan et al. [START_REF] Saravanan | Gas Inducing Type Mechanically Agitated Contactors[END_REF] obtained an equation similar to eq 3 by considering the form and the position of the vortex inside the jacket; their vortex constant (φ) corresponds to the pressure coefficient in eq 3. Anastassiades [START_REF] Anastassiades | Etude du fonctionnement de mobiles autoaspirants dans les re ´acteurs agite ´s gaz-liquide[END_REF] uses instead the Euler number Eu, equating it to the pressure coefficient multiplied by 2/π 2 .

3.2. Power Consumption. The power dissipated in the tank (P) is obtained from the torque, C, corresponding to the moment of the force acting on the agitator:

The power dissipated in the tank may also be obtained by the integration of the turbulent kinetic energy dissipation rate ( ) in the liquid volume: For all simulations, the mean difference between these two methods was ∼15%. In this work, the power is calculated from the torque (eq 4). Power consumption is presented in its dimensionless form, i.e., the power number N p : 
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Liquid Pumping Rate.

The liquid pumping flow rate (Q P ) is defined in this study as the liquid flow rate entering (or leaving) a control volume surrounding the impeller. When numerical results are compared between them, the control volume is defined by surfaces A, B, and C of Figure 4A. When numerical results are compared with experimental results ,the control volume shown in Figure 4B is used; this control volume is imposed by the experimental method used, since it is not possible to make laser Doppler velocimetry measurements closer of the turbine. The liquid pumping flow rate is made dimensionless by using the pumping number, N Qp :

If the single-phase hydrodynamics define the critical impeller speed for gas induction N c , the gas-liquid conditions define the value of the gas-inducing rate (Q G ). [START_REF] Patil | Mechanism of Gas Induction in a Self-Inducing Impeller[END_REF] However, Saravanan and Joshi [START_REF] Saravanan | Gas-Inducing-Type Mechanically Agitated Contactors: Hydrodynamic Characteristics of Multiple Impellers[END_REF] propose that the gas-inducing rate is the sum of the rate of gas bubble entrapment Q E and the rate of bubble carriage Q C . They assume that the rate of gas bubble entrapment is linked to the ability of the impeller to entrap bubbles from the vortex in the jacket. The rate of bubble carriage is considered to be proportional to the liquid pumping rate. Therefore, the gasinducing rate is proportional to the pumping rate (for the same impeller rotational speed and a similar flow rate Q E ), and the pumping number gives a first indication about the gas-inducing capacities of the simulated turbines.

3.4. Pumping Efficiency. The impeller efficiency is important for comparing different impellers, as well as for mixing system optimization. Several propositions have been made for this, based on the power and pumping numbers. The Medek and Fort [START_REF] Medek | Mixing in Vessel with Eccentrical Mixer[END_REF] pumping efficiency, which is defined as the power required by an agitator to give a given pumping flow rate, is used here:

When the highest pumping flow rate for the lowest power consumption is reached, Ep reaches its maximum value; this maximum corresponds to the most efficient configuration.

Mean Flow Fields.

Laser Doppler velocimetry gives at each measurement point a mean velocity, which takes account the blade crossing. The same velocity may be obtained from CFD results by a tangential averaging of velocities, yielding a mean flow field. Such fields are represented only for the upper part of the stirred tank (Figure 5), since this study is mainly concerned with the orientation of the discharge flow rate of the simulated turbines. Moreover, most of these turbines generate only a weak movement in the lower part of the tank.

It is also possible to draw mean flow fields of velocities in the rotating frame inside the turbines. They allow us to have an idea of the gas bubble movement inside the agitator.

Results and Discussion

Table 3 compares the values for the pressure coefficient, the power number, and the pumping number calculated by CFD with the experimental ones. The experimental results (the pressure coefficient, the power number, the pumping number, and the mean flow field obtained by laser Doppler velocimetry) come from previous work. [START_REF] Sardeing | Hydrodynamique induite par un oxyge ´nateur de surface: Influence du design des agitateurs sur la qualite ´de la dispersion[END_REF] The pressure coefficient and the power number compare satisfactorily with the corresponding experimental data, but the pumping number predicted by CFD is considerably underpredicted, although the same control volume is used in the two cases.

The mean flow field obtained by CFD is in qualitative agreement with the experimental one (Figure 6). The oblique discharge flow rate directed toward the top of the tank is correctly found. However, noticeable differences are found in the magnitude of the axial and/or radial velocity vector components (depending on the region considered). This may explain the difference observed between the numerical and the experimental pumping number values. This underprediction may be attributed either to a wall effect or to a modeling effect, e.g., the standard k-model may not be the most appropriate turbulence model for this system. The former seems to be more plausible, since the difference between the experimental radial velocity profile and the numerical radial velocity profile increases as the tank wall is approached.
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Lower Disk Design Modification.

The Milton Roy Mixing turbine (TMRM) is first compared with three turbines, characteristic of the group described above: the TC turbine for the crown turbines, the TMD50 turbine for the mini-disk turbine, and the TMW5 turbine for the mixed turbine.

Table 4 shows the values of the global parameters for these new turbines in comparison with the TMRM turbine. The TC turbine, which has an open bottom disk, gives the highest pumping efficiency (Ep) but also the lowest pressure coefficient (Cp), which correspondsssee eq 3sto the highest critical speed N c . The highest pressure coefficient, and hence the lowest N c , is obtained for the TMW5 turbine. However, its pumping number is half that of the TC turbine. The characteristics of the TMD50 turbine lie between the TC turbine and the TMW5 turbine values. On average, the new turbines have higher pumping numbers than the TMRM turbine, and this may balance their lower pressure coefficient. However, their power consumption is also higher compared with the TMRM turbine.

Table 2 presents the opening area percentage for the various turbines and the blade surface percentage which is exposed directly to the flow. Combining results of Tables 2 and4, it appears that the power number increases with the percentage of the blade surface exposed to the flow, probably because of the corresponding higher resistance to rotation. This higher blade surface is also responsible for the increase in pumping flow rate. On the other hand, the higher pumping flow rate creates greater flow inside the turbine; this is unfavorable to the development of a low-pressure region in the jacket and results in a lower pressure coefficient.

Figure 7 shows the mean velocity fields for the new turbines. The TMD50 and the TMW5 turbines induce an oblique discharge flow directed toward the top of the tank, similar to the TMRM flow field. The TC turbine, on the other hand, induces a discharge flow obliquely directed toward the bottom of the tank; this is an interesting feature, since this could be useful in eventually directing a gas-liquid dispersion toward the bottom of the tank.

Figure 8 presents the mean flow field inside each turbine; these appear different for each turbine. They are weaker for the TMRM turbine, which is a completely shrouded turbine. In the case of the TMRM turbine, the flux coming from the upper annular space rebounds against the lower disk, goes up inside the turbine, and then goes out of the turbine along the upper disk. This movement entrains liquid at the bottom of the blades. A circulation loop thus forms at the bottom of the jacket.

For the three other turbines, as soon as an opening is created in the lower disk, the flux coming from the upper annular space decreases sharply. The flow fields inside the TC turbine are dominated by the flux coming from the wide open space in the lower disk. However, a little incoming liquid stream may be seen at the bottom of the blade.

In the case of the TMD50 turbine, the axial flux pumped by the turbine, which goes out immediately, is visible. In the zone above the lower disk, the flow field is weaker.

The main flux inside the TMW5 turbine comes from the lower annular space, flows toward the upper disk, and finally leaves the turbine from the top of the blade. The flux coming from the upper annular space is pushed to the top of the turbine by the high flux coming from the lower annular space. Liquid inflow at the bottom of the blade is visible here, too.

Pressure fields at half-blade height are shown in Figure 9. The pressure field for the TMRM turbine decreases in a regular way from the blade tip to the jacket. In principle, a high-pressure zone is present in front of the blade and a low-pressure zone is present behind it. But, because of the two disks, these two zones are localized at the blade tip. The TC turbine presents a highpressure zone in front and a low-pressure zone behind the blade at half its length. This is interesting, but this zone is not linked to the jacket. The TMD50 turbine presents a regular pressure field, too, but the high-pressure zone at the blade tip appears stronger; this probably comes from the blade tip, which is directly in contact with the flow, in contrast to the TMRM turbine. The TMW5 turbine exhibits a pressure field similar to the TMRM turbine one, but it is less regular, due to the liquid flow coming from the lower annular space.

The mean velocity fields in the rotating frame inside the turbine (Figure 10) are stronger when an opening is present in the lower disk (TC, TMD50, and TMW5 turbines). For the TMRM turbine, there are two circulation loops visible at onethird of the blade height and situated against each other at the blade tips; these two loops are grouped together at higher planes inside the turbine, while only one circulation loop is visible at two-thirds of the blade height. For the TMD50 turbine, only one circulation loop is visible; this vanishes at two-thirds of the blade height. In the case of the TC turbine, two little circulation loops are visible at one-third of the blade height. At other positions, no loops are visible, because of the strong liquid flow coming from the lower part of the turbine.

For the TMW5 turbine, a circulation is seen on each side of the blade, at one-third of the blade height. At half-blade height, these two loops merge into a single one. At two-thirds of the blade height, no more circulation loops are seen, because of the flux coming from the lower annular space and going against the upper disk. The existence of these loops is interesting, because it suggests a good mixing of the gas with the liquid inside the turbine; therefore, this turbine would be useful for gas-liquid mass transfer. On the other hand, gas could also be trapped inside the turbine, circulating in it without coming out of it; this would lead to gas flooding the turbine, a phenomenon to be avoided.

Figure 11 shows the turbulent kinetic energy dissipation rate fields for three heights inside each turbine. In the case of the TMRM turbine, the turbulent kinetic energy is dissipated mainly at the blade tip. However, at two-thirds of the blade height, the turbulent kinetic energy is also dissipated at the upper annular space level. This is due to the liquid flux entering with a high velocity. For the three other turbines, the turbulent kinetic energy is also dissipated at the lower annular space level. At half-height of the blade, the dissipation corresponding to the lower annular space is only visible for the TMW5 turbine. At two-thirds of the blade height, this effect is not visible anymore. For the three heights, the level of the turbulent kinetic energy dissipation is higher in the case of the TC, the TMD50, and the TMW5 turbines than in the case of the TMRM turbine.

In conclusion, the TMW5 and the TMD50 turbines show advantages: the TMW5 turbine maintains a pressure coefficient nearly equal to the TMRM one; the turbine TMD50 has a pumping number 10 times higher than the TMRM turbine one, albeit with a lower pressure coefficient. The TC turbine is discarded because its pressure coefficient is too low, and because the low pressure region behind its blades is only weakly linked to the bottom of the jacket.

Specific Study of the Mixed Turbine.

Two geometrical parameters, the width and the position of the lower annular space, are next investigated for the two turbines retained.

Influence of the Lower Annular Space

Width. Four different widths were tested numerically for the lower annular space: 12 mm (TMW12 turbine), 5 mm (TMW5 turbine), 3 mm (TMW3 turbine), and 2 mm (TMW2 turbine). The width of the annular space is modified by increasing or decreasing the diameter of the inner disk. Figure 3 presents the four cases, and Table 1 lists their characteristics.

The global parameters (Table 4) show a continuous evolution. The power and pumping numbers increase with the width of the lower annular space. This may be due to the higher blade length available for pumping, which corresponds to a higher blade surface presenting a resistance to the flow. Pumping efficiency also increases with the increase in width of the lower annular space, because the pumping rate increases more rapidly than the power consumption. Moreover, both the pressure coefficient and the pressure drop decrease with an increase of the lower annular space: the increase of the lower annular space causes an increase of the flow inside the turbine. This phenomenon is unfavorable to the formation of a pressure drop at the bottom of the jacket.

Figure 12 shows the corresponding mean velocity fields. The wider the lower annular space is, the more radial and stronger the discharge flow rate becomes. The discharge flow is obliquely directed toward the top of the tank and close to the turbine for the TMW2 turbine, whereas it is nearly radial for the TMW12 turbine.

The mean flow fields inside the turbine are similar for all turbines and similar to the TMW5 turbine fields in Figure 8. The flux coming from the upper annular space becomes less visible as the lower annular space increases. The pressure fields for the four turbines are similar to the TMW5 turbine fields presented in Figure 9. There are no differences between the four turbines. The low-pressure region behind the blade increases as the lower annular space width increases.

The mean velocity fields in the rotating frame inside the turbines are similar to those of the TMW5 turbine presented in The turbulent kinetic energy dissipation rate fields have a similar aspect for all four turbines, and are similar to those of the TMW5 turbine in Figure 11. For the TMW5 and the TMW12 turbines, the lower flux is so strong that there is no liquid input from the upper annular space; then, there is nearly no turbulent kinetic dissipation at a plane located at two-thirds of the blade height.

In conclusion, the TMW5 turbine (mixed turbine with a 5 mm width lower annular space) is retained. If the lower annular space is too small, the discharge flow becomes too oblique. To have a radial discharge flow, a width of 12 mm is necessary (TMW12 turbine), but the pressure coefficient then becomes too low.

Influence of Lower Disk Annular Space Position.

The influence of the position of the lower annular space was also studied (TMP1, TMP2, and TMP3 turbines of Figure 3; the TMW5 turbine is the same as the TMP2). The width of the lower annular space was maintained constant at 5 mm. The opening space varied in each case (Table 2).

The TMP2 turbine has a higher pumping number than the two other turbines (Table 4); the power number is higher, too. From the pumping rate and pumping efficiency point of view, the TMP2 turbine seems to have the optimal position of the lower annular space. The pressure coefficient increases in a regular way, as the annular space is closer to the disk tip (going from TMP1 to TMP3). When the annular space is close to the lower disk tip, the low-pressure zone is formed in a "calm" region, and this is favorable for the low-pressure zone development.

Figure 13 shows the mean flow field for the three cases. No noticeable differences are visible: the discharge flow has the same tendency for all three turbines.

The mean flow field inside each turbine is similar to the TMW5 one presented in Figure 8. Only the TMP1 turbine is different. The flux coming from the lower annular space joins almost directly the flux coming from the upper annular space. This is clearly visible in Figure 14, which shows the mean velocity field inside the TMP1 turbine on a plane situated 12°b ehind the blade. The TMP1 turbine shows no liquid entering from the bottom of the blades, because of the large space existing between the annular space and the turbine tip. For the TMP3 turbine, the flux coming from the lower annular space is sloping toward the interior of the turbine; this is favorable for the drawing in of liquid at the bottom of the blades. Pressure fields do not show any important differences between the three turbines. They are similar to the TMW5 turbine fields (Figure 9); only for the TMP1 turbine, the high pressure in the front of the blade is lower than for the two other turbines.

Mean velocity fields in the rotating frame are also similar to those of the TMW5 turbine (Figure 10). However, for the TMP3 turbine, the disk area between the annular space and the turbine tip is so small that no circulation loop is present. On the contrary, this zone being wider for the TMP1 turbine, the circulation loops of the TMP1 turbine have a lower intensity than these of the TMP2 turbine.

Turbulent kinetic energy dissipation rate fields are similar for all three turbines (see the fields for the TMW5 turbine in Figure 11). However, for the TMP1 turbine, a higher dissipation rate of the turbulent kinetic energy is seen; this comes from the collision between the fluxes coming from the upper and the lower annular spaces.

In conclusion, the TMP2 and the TMP3 turbines seem to be better performing than the TMP1 turbine. The TMP2 turbine is finally retained because of its higher pumping efficiency, compared with that of the TMP3 turbine.

Specific Study of the Mini-Disk

Turbine. The TMD50 turbine was the second turbine retained in the conclusions of Section 4.1; its main geometrical parameter is the lower disk diameter. Three mini-disk versions are now compared (Figure 3 and Table 1), having a lower disk diameter of 60 mm (TMD60), 50 mm (TMD50), and without any lower disk (TMD00).

The global parameters have a continuous evolution (Table 4). The power number and the pumping number increase when 1 for more precision about the geometry. 1 for more precision about the geometry. the diameter of the lower disk decreases. This may be explained by the higher blade length available, corresponding to a higher blade surface and a higher flow resistance. The pumping efficiency also increases as the lower disk diameter decreases: an increase in pumping rate causes an increase in power consumption. The pressure coefficient decreases with the lower disk diameter decrease, since the smaller the lower disk diameter is, the higher is the flow inside the turbine; this is unfavorable for the establishment of a pressure drop inside the jacket.

Figure 15 shows the mean flow field for the three mini-disk cases. As the lower disk is reduced, the discharge flow becomes more radial. When the lower disk is absent (TMD00 turbine), the discharge flow is purely radial. This phenomenon is similar to the influence of the lower annular space width (discussed previously).

The TMD60 turbine has an internal flow field similar to the TMD50 one (Figure 8). For the TMD00 turbine, which has no lower disk (Figure 16A), the flow is only due to the flux coming from the lower part; there is practically no flux coming from the upper annular space. The turbine discharge induces a radial flow directed slightly toward the bottom of the tank.

The pressure filed of the TMD60 turbine is similar to the TMD50 one (Figure 9). For the TMD00 turbine (Figure 16B), the low-pressure region is situated only along the blade and is not connected to the jacket. This is a priori an unfavorable case.

The mean velocity field in the rotating frame of the TMD60 turbine is similar to the TMD50 one (Figure 10). For the TMD00 turbine (Figure 16C), there are no circulation loops; the flow inside the turbine is dominated by the huge flux coming into the turbine from the lower part of the turbine.

In the case of the TMD00 turbine (Figure 16D), the turbulent kinetic energy is mainly dissipated along the blade. For the TMD60 turbine, the field is similar to the TMD50 one (Figure 11).

The TMD50 and the TMD60 turbines show satisfactory characteristics. The TMD50 turbine has a higher pumping efficiency than the TMD60 turbine, but the TMD60 turbine has a higher pressure coefficient and, therefore, a lower critical gasinducing speed. The TMD00 turbine is not retained because of its very low-pressure coefficient and because its low-pressure region behind the blade is not linked to the jacket.

4.4. Influence of the Blade Arrangement. Two other types of shrouded turbines have also been studied; they differ from the TMRM turbine by the blade arrangement. The first one is a shrouded pitched-blade turbine, with six 45°-inclined blades (SPBT). The projected height of the blades is identical to the height of the TMRM turbine blades. The second turbine (STBT) is a shrouded turbine with eight blades, but the blades are tangential to the hub instead of being perpendicular to it (Figure 3, Table 1). The SPBT and STBT turbines were investigated for both normal and reverse ("rev") rotation.

Table 4 shows the global parameters of the SPBT and the STBT turbines for both rotation modes. They have the same behavior as the TMRM turbine, with a low power number and a low pumping number, corresponding to a relatively similar pumping efficiency. The pressure coefficients are also similar. The rotation mode seems to have a weak effect on the power number and on the pressure coefficient (mean difference of ∼5%); a more important decrease of ∼20% was observed for the pumping number. The mean flow fields for these turbines are shown in Figure 17. It does not seem that there is an effect of the blade arrangement or of the rotation mode: in all cases, the discharge flow is oblique and directed toward the top of the tank.

Figure 18 shows the mean flow field inside the SPBT and STBT turbines. The flow fields appear similar for the normal and the reverse rotation modes. In the upper part of the blade, a radial flux goes out of the turbine. In the lower part, two small circulation loops seem to be present, but they are only slightly visible. A liquid inlet at the bottom of the blade is also visible. In the case of the STBT in the normal and reverse rotation modes, the flux coming from the upper annular space is clearly seen: it flows toward the lower disk, then goes up, and finally goes out the turbine radially. The difference between these two turbines comes from the axial flux, which goes up more rapidly in the case of the STBT in reverse rotation. In these two cases, a weak flow entering inside the turbine is visible at the bottom of the blades.

The SPBT and the STBT turbines have similar pressure fields. They are similar to those of the TMRM turbine (Figure 9) and are not influenced by the rotation mode: the pressure decreases regularly from the blade tip to the agitator center.

Mean velocity fields in the rotating frame for three axial positions show differences in relation to the blade arrangement and the rotation mode (Figure 19). In the case of the SPBT turbine, three circulation loops are present at the plane at onethird of blade height: two of them are situated one against the other and the third is situated in front of the blade at the tip of the disk. At half and at two-thirds of the blade height, there is only one circulation loop coming from the merging of the two loops situated at the rear of the blade. The SPBTrev turbine shows two circulation loops: one in front of the blade and one at its rear. These circulation loops are visible on all three planes. For the STBT, only one circulation loop is visible inside the turbine, whatever the visualization plane. In the reverse rotation mode, two circulations loops are present for the planes at onethird and one-half of the blade height; these two loops, situated at the tip of the turbine, merge to make only one loop at the plane located at two-thirds of the blade height.

The turbulent kinetic energy dissipation rate fields have a similar aspect for all four configurations and are similar to those of the TMRM turbine in Figure 11: the turbulent kinetic energy is mainly dissipated at the tips of the blade and at the upper annular space level. The latter is more visible in the plane in higher parts of the turbine.

In conclusion, the SPBT and STPT turbines have no particular characteristics that make them more advantageous than the TMRM turbine, and this is irrespective of their rotation mode.

Study of the Link Between the Various Parameters.

Links between the global parameters (power number, pumping number, and pressure coefficient) and the geometrical characteristics of the lower disk of the Milton Roy Mixing (TMRM) turbine and its variants were also investigated. The SPBT and STPT turbines were not considered, since they were not geometrically similar to the other turbines.

4.5.1. Link between the Global Parameters. Figure 20 shows the variation of the pumping number as a function of power number. These two parameters are clearly linked: the pumping number increases in a power-law manner with respect to power number: Similar relations have been published (Table 5) for unbaffled systems. Most of the authors do not clearly state the operating conditions, so it is difficult to explain the differences in the exponent values. However, these differences may be due to the following:

• the method used to determine the pumping number: integration of the velocity field [START_REF] Hiraoka | On the Relation Between Power Input and Impeller Jet Flow Rate[END_REF] or particle tracking; [START_REF] Sano | Effects of Paddle Dimensions and Baffle Conditions on the Interrelations Among Discharge Flow Rate, Mixing Power and Mixing Time in Mixing Vessels[END_REF][START_REF] Hiraoka | Correlation of Discharge Flow Rate in a vessel with Pitched Blade Paddle Impeller[END_REF] or

• the parameters varied: geometrical characteristics of the tank (C/T, etc.) or the geometrical characteristics of the impeller, among others. Thus, the value of the exponent R determined in this work is not easily comparable with published values.

For the agitator family developed and studied in this work, the following correlation is found:

Figure 21 shows the plot of pressure coefficient versus power number and versus pumping number. These parameters seem also to be linked.

Since the power number and the pumping number are linked, the result is that the pressure coefficient is also somehow linked to the pumping number (Figure 21). A high power number corresponds to a high pumping number, due to a wide opening in the turbine lower disk. This high pumping rate is caused by an intense movement inside the turbine, which hinders the 

N Q P ∝ N p R (9) 
N Q P ) 0.126N p 1.1843 (10) 
formation of the pressure drop at the bottom of the jacket. These phenomena explain why and how the power number and the pumping number are linked to the pressure coefficient and why the pressure coefficient decreases when the power number and the pumping number increase. The following correlations are found:

Another characteristic number of the gas-inducing process is the modified critical Froude number Fr c / : Using eq 3, the modified critical Froude number is expressed as a function of the pressure coefficient; then, it may be calculated from CFD results: Sawant and Joshi 34 compared modified critical Froude numbers obtained from different gas-inducing systems for varying operating conditions and geometrical parameters; they concluded that the modified critical Froude number is independent of the design, the diameter of the impeller, the tank diameter, and the immersion depth. They found that Figure 22 shows the modified critical Froude number versus the opening area at the bottom of the turbine; the Sawant and Joshi 34 constant is also drawn on this figure. The turbine variant values appear to be also gathered around a mean value, although this mean is somewhat higher than the value proposed by Sawant and Joshi:

Only the TC turbine and the TMD00 turbine values deviate considerably from this mean value, since these two turbines generate very low-pressure drops and low-pressure fields. The gas-inducing capacity of these two turbines is expected to be very weak.

4.5.2. Link between the Global Parameters and the Geometry of the New Turbine Lower Disk. Having established links between the various global parameters, it is now possible to look for links between them and the geometrical characteristics of the lower disk. Such links will be useful for the determination of the geometric parameters to design a new turbine with a particular efficiency. Several geometrical param- Fr c / ) 0.26 ( 0.04 (16) eters of the lower disk combinations may be considered; the combinations giving an acceptable correlation coefficient are shown in Figure 23. These correlations show that, as the lower disk open area increases, the power number and the pumping number increase, whereas the pressure coefficient decreases. This is due to the fact that the more the lower disk is reduced, the more blade surface is available for pumping and, therefore, pumping increases. The power number increases because this higher blade surface creates a higher resistance to turbine rotation. The pressure coefficient decreases because the increase of the pumping number causes an increase of flow the turbine, and this is unfavorable to the creation of pressure drop at the bottom of the jacket. See Figures 24-27 for results.

Conclusions

Several modifications of the lower disk of the Milton Roy Mixing turbine have been studied by CFD; the global parameters (power number, pumping number, pressure coefficient, and pumping efficiency) of all geometries simulated are grouped in Table 4. Two turbines, which present pumping efficiencies much higher than the original TMRM turbine, were retained. The first one is the TMW5 turbine of the mixed turbine; it has a pressure coefficient close that of the TMRM turbine. The second one is the TMD50 turbine of the mini-disk turbine family. If its pressure coefficient is lower than those of the TMW5 turbine, its pumping efficiency is significantly higher. The form of their discharge flow rate is similar to those of the TMRM turbine. The higher power consumption of these new turbines is not a handicap. Indeed, their power consumption can be decreased by a modest modification of their rotational speed or of their diameter. All of these conclusions about the optimum design are based on a single-phase work. Gas-liquid modeling has not been used here in order to reduced the computational cost (CPU time) and because the development of gas-liquid models is not sufficiently reliable at the present state and would induce an increase of the CPU time.

Correlations between the global parameters (power number, pumping number, and pressure coefficient) and with geometrical characteristics of the lower disk have been determined; these are useful for the design of a new geometry of the lower disk with a particular efficiency. All of these new geometries have been patented. [START_REF] Melen | Device for Stirring a Liquid and Injecting a Gas into Said Liquid with Limited Clogging[END_REF] 
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 1 Figure 1. Three types of the gas-inducing system: A ) Type 11, B ) Type 12, and C ) Type 22.
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 2 Figure 2. Milton Roy Mixing gas-inducing turbine.

Figure 3 .

 3 Figure 3. Drawings of the new turbines. Side view for the SPBT, top view for the STBT, and slantwise for all other drawings.

Figure 4 .

 4 Figure 4. Control volume for the pumping rate determination: A ) numerical-numerical comparison case, B ) numerical-experimental comparison. Only one-sixth of the turbine is represented.

Figure 5 .

 5 Figure 5. Mean flow-field visualization plane (not to scale). Only onehalf of the tank is represented.

Figure 6 .

 6 Figure 6. Comparison between the numerical mean flow field (black arrows) and the experimental velocity field (blue bold arrows) for the Milton Roy Mixing turbine: single phase, N ) 4.5 rps.

Figure 7 .

 7 Numerical mean flow fields in the upper part of the tank for the Milton Roy Mixing turbine (TMRM), the crown turbine (TC), the minidisk turbine with a 50 mm lower disk diameter (TMD50), and the mixed turbine with a 5 mm width lower annular space (TMW5): single phase, N ) 4.5 rps.

Figure 8 .

 8 Figure 8. Numerical mean flow fields inside the turbines for the Milton Roy Mixing turbine (TMRM), the crown turbine (TC), the mini-disk turbine with a 50 mm lower disk diameter (TMD50), and the mixed turbine with a 5 mm width lower annular space (TMW5): single phase, N ) 4.5 rps.

Figure 9 .

 9 Figure 9. Numerical pressure fields at half-blade height for the Milton Roy Mixing turbine (TMRM), the crown turbine (TC), the mini-disk turbine with a 50 mm lower disk diameter (TMD50), and the mixed turbine with a 5 mm width lower annular space (TMW5): single phase, N ) 4.5 rps.

Figure 10 .

 10 Figure 10. Numerical mean velocity fields in the rotating frame for the Milton Roy Mixing turbine (TMRM), the crown turbine (TC), the minidisk turbine with a 50 mm lower disk diameter (TMD50), and the mixed turbine with a 5 mm width lower annular space (TMW5): single phase, N ) 4.5 rps.

Figure 11 .

 11 Figure 11. Numerical fields of turbulent kinetic energy dissipation rate for the Milton Roy Mixing turbine (TMRM), the crown turbine (TC), the mini-disk turbine with a 50 mm lower disk diameter (TMD50), and the mixed turbine with a 5 mm width lower annular space (TMW5): single phase, N ) 4.5 rps.

Figure 12 .

 12 Figure 12. Numerical mean flow fields in the upper part of the tank for a mixed turbine with a 12 mm width lower annular space (TMW12), with a 5 mm width lower annular space (TMW5), with a 12 mm width lower annular space (TMW3), and with a 12 mm width lower annular space (TMW2): single phase, N ) 4.5 rps.

Figure 10 .

 10 Figure10. The fluid movement inside the turbine increases with the increase in width of the lower annular space, since the turbines draw more liquid. The circulation loop situated at twothirds of the blade height is less visible when the width of the annular space is increased, because more liquid comes from it.The turbulent kinetic energy dissipation rate fields have a similar aspect for all four turbines, and are similar to those of the TMW5 turbine in Figure11. For the TMW5 and the TMW12 turbines, the lower flux is so strong that there is no liquid input from the upper annular space; then, there is nearly no turbulent kinetic dissipation at a plane located at two-thirds of the blade height.In conclusion, the TMW5 turbine (mixed turbine with a 5 mm width lower annular space) is retained. If the lower annular space is too small, the discharge flow becomes too oblique. To have a radial discharge flow, a width of 12 mm is necessary (TMW12 turbine), but the pressure coefficient then becomes too low.4.2.2. Influence of Lower Disk Annular Space Position.The influence of the position of the lower annular space was also studied (TMP1, TMP2, and TMP3 turbines of Figure3; the TMW5 turbine is the same as the TMP2). The width of the lower annular space was maintained constant at 5 mm. The opening space varied in each case (Table2).The TMP2 turbine has a higher pumping number than the two other turbines (Table4); the power number is higher, too. From the pumping rate and pumping efficiency point of view, the TMP2 turbine seems to have the optimal position of the lower annular space. The pressure coefficient increases in a regular way, as the annular space is closer to the disk tip (going from TMP1 to TMP3). When the annular space is close to the lower disk tip, the low-pressure zone is formed in a "calm" region, and this is favorable for the low-pressure zone development.Figure13shows the mean flow field for the three cases. No noticeable differences are visible: the discharge flow has the same tendency for all three turbines.The mean flow field inside each turbine is similar to the TMW5 one presented in Figure8. Only the TMP1 turbine is different. The flux coming from the lower annular space joins almost directly the flux coming from the upper annular space. This is clearly visible in Figure14, which shows the mean velocity field inside the TMP1 turbine on a plane situated 12°b ehind the blade. The TMP1 turbine shows no liquid entering from the bottom of the blades, because of the large space existing between the annular space and the turbine tip. For the TMP3 turbine, the flux coming from the lower annular space is sloping toward the interior of the turbine; this is favorable for the drawing in of liquid at the bottom of the blades.

Figure 13 .

 13 Figure 13. Numerical mean flow fields in the upper part of the tank for a mixed turbine with a lower annular space in position 1 (TMP1), in position 2 (TMP2), and in position 3 (TMP3): single phase, N ) 4.5 rps. See Table1for more precision about the geometry.

Figure 14 .

 14 Figure 14. Numerical mean velocity field inside the turbine TMP1: single phase, N ) 4.5 rps. Plane at 12°behind the blade is in regard to the rotation sense. See Table1for more precision about the geometry.

Figure 15 .

 15 Figure 15. Numerical mean flow fields in the upper part of the tank for a mini-disk turbine without a lower disk (TMD00), with a 50 mm lower disk diameter (TMD50), and with a 60 mm lower disk diameter (TMD60): single phase, N ) 4.5 rps.

Figure 16 .

 16 Figure 16. (A) Numerical mean flow field, (B) pressure field, (C) mean velocity field in the rotating frame, and (D) field of turbulent kinetic energy dissipation rate for the mini-disk turbine without a lower disk TMD00: single phase, N ) 4.5 rps. B, C, and D are for a plane at half-blade height.

Figure 17 .

 17 Figure 17. Numerical mean flow fields in the upper part of the tank for the shrouded pitched-blade turbine in the normal rotation sense (SPBT), for the shrouded pitched-blade turbine in the reverse rotation sense (SPBTrev), for the shrouded tangential blade turbine in the normal rotation sense (STBT), and for the shrouded tangential blade turbine in the reverse rotation sense (STBTrev): single phase, N ) 4.5 rps.

Figure 18 .

 18 Figure 18. Numerical mean flow field inside the turbines for the shrouded pitched-blade turbine in the normal rotation sense (SPBT), for the shrouded pitched-blade turbine in the reverse rotation sense (SPBTrev), for the shrouded tangential blade turbine in the normal rotation sense (STBT), and for the shrouded tangential blade turbine in the reverse rotation sense (STBTrev): single phase, N ) 4.5 rps.Figure 19. Numerical mean velocity fields in the rotating frame for the shrouded pitched-blade turbine in the normal rotation sense (SPBT), for the shrouded pitched-blade turbine in the reverse rotation sense (SPBTrev), for the shrouded tangential blade turbine in the normal rotation sense (STBT), and for the shrouded tangential blade turbine in the reverse rotation sense (STBTrev): single phase, N ) 4.5 rps.

Figure 19 .

 19 Figure 18. Numerical mean flow field inside the turbines for the shrouded pitched-blade turbine in the normal rotation sense (SPBT), for the shrouded pitched-blade turbine in the reverse rotation sense (SPBTrev), for the shrouded tangential blade turbine in the normal rotation sense (STBT), and for the shrouded tangential blade turbine in the reverse rotation sense (STBTrev): single phase, N ) 4.5 rps.Figure 19. Numerical mean velocity fields in the rotating frame for the shrouded pitched-blade turbine in the normal rotation sense (SPBT), for the shrouded pitched-blade turbine in the reverse rotation sense (SPBTrev), for the shrouded tangential blade turbine in the normal rotation sense (STBT), and for the shrouded tangential blade turbine in the reverse rotation sense (STBTrev): single phase, N ) 4.5 rps.
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 20 Figure 20. Numerical pumping number versus numerical power number for the Milton Roy Mixing turbine, the crown turbine, all the mini-disk turbines, and all the mixed turbines.

Figure 21 .

 21 Figure 21. Numerical pressure coefficient versus numerical power number (0) and versus pumping number (O) for the Milton Roy Mixing turbine, the crown turbine, all the mini-disk turbines, and all the mixed turbines.

Figure 22 .

 22 Figure 22. Numerical modified critical Froude number versus the lower disk opening area for the Milton Roy Mixing turbine, the crown turbine, all the mini-disk turbines, and all the mixed turbines: (0) numerical results;(s) value proposed by Sawant and Joshi.[START_REF] Sawant | Critical Impeller Speed for the Onset of Gas Induction in Gas-Inducing Types of Agitated Contactors[END_REF] 

Figure 23 .

 23 Figure 23. Definition of the geometrical parameters linked to the global parameters.

Figure 24 .

 24 Figure 24. Numerical power number (0), numerical pumping number (O), and numerical pressure coefficient (4) versus Louv/R ratio for the Milton Roy Mixing turbine, the crown turbine, all the mini-disk turbines, and all the mixed turbines.

Figure 25 .

 25 Figure 25. Numerical power number (0), numerical pumping number (O), and numerical pressure coefficient (4) versus Souv/S ratio for the Milton Roy Mixing turbine, the crown turbine, all the mini-disk turbines, and all the mixed turbines.

Table 1 . Geometrical Characteristics of the New Turbines

 1 

	turbine		blade number and position	lower disk design
	Milton Roy Mixing (TMRM)		8 straight blades	entire disk of 80 mm diameter
	crown (TC)		8 straight blades	10 mm width crown at the blade tip
			mini-disk	
	lower disk diameter	TMD00	8 straight blades	without lower disk
		TMD50		entire disk of 50 mm diameter
		TMD60		entire disk of 60 mm diameter
			mixed	
	lower annular space width	TMW2	8 straight blades	entire disk with an annular space of 2 m from radius 28 mm
		TMW3		entire disk with an annular space of 3 mm from radius 27 mm
		TMW5		entire disk with an annular space of 5 mm from radius 25 mm
		TMW12		entire disk with an annular space of 12 mm from radius 18 mm
			mixed	
	position of the lower annular space TMP1	8 straight blades	entire disk with an annular space of 5 mm from radius 17.7 mm to radius 22.7
		TMP2		entire disk with an annular space of 5 mm from radius 25.0 mm to radius 30.0
		TMP3		entire disk with an annular space of 5 mm from radius 32.3 mm to radius 37.
			SPBT	
	rotation sense	SPBT	6 inclined (45°) blades	entire disk of 80 mm diameter
		SPBTrev		
			STBT	
	rotation sense	STBT	8 straight blades tangential to the hub entire disk of 80 mm diameter
		STBTrev		

Table 2 . Geometrical Characteristics of the New Turbines Lower Disk

 2 

		lower disk	blade surface
		opening area	directly in contact
	turbine	percentage	with the flow
	Milton Roy Mixing (TMRM)	0%	0%
	crown (TC)		56%	75%
		mini-disk		
	lower disk	TMD00	100%	100%
	diameter	TMD50	61%	38%
		TMD60	44%	25%
		mixed		
	lower annular	TMW02	7%	5%
	space width	TMW03	11%	8%
		TMW05	17%	13%
		TMW12	36%	30%
		mixed		
	position of the lower	TMP1	13%	13%
	annular space	TMP2	17%	13%
		TMP3	22%	13%
		SPBT		
	rotation sense	SPBT	0%	0%
		SPBTrev	0%	0%
		STBT		
	rotation sense	STBT	0%	0%
		STBTrev	0%	0%

Table 3 . Comparison between Experimental and Numerical Result for the Milton Roy Mixing Turbine

 3 

		numerical result	experimental result	difference
	Cp	0.97	1.05 ( 5%	7%
	Np	0.63	0.68 ( 2%	8%
	NQp	0.21	0.35 ( 5%	67%

Table 4 . Global Parameters of the New Turbines

 4 

	turbine		Np	NQp	Cp	Ep
	Milton Roy Mixing (TMRM)		0.63 0.07 0.96 0.0005
	crown (TC)		3.56 0.58 0.26 0.0598
		mini-disk			
	lower disk diameter	TMD00	3.79 0.61 0.26 0.0605
		TMD50	2.93 0.44 0.64 0.0296
		TMD60	2.12 0.32 0.80 0.0159
		mixed			
	lower annular space width TMW02	1.09 0.14 0.89 0.0027
		TMW03	1.34 0.18 0.84 0.0046
		TMW05	1.81 0.25 0.83 0.0085
		TMW12	2.83 0.41 0.60 0.0251
		mixed			
	position of the lower	TMP1	1.73 0.22 0.77 0.0057
	annular space	TMP2	1.81 0.25 0.83 0.0085
		TMP3	1.49 0.23 0.84 0.0080
		SPBT			
	rotation sense	SPBT	0.58 0.07 0.93 0.0007
		SPBTrev 0.62 0.06 0.88 0.0004
		STBT			
	rotation sense	STBT	0.68 0.08 0.92 0.0009
		STBTrev 0.65 0.07 0.96 0.0005

Table 5 . Link between the Pumping Number and the Power Number

 5 

			NQp ∝ Np R	
		author	system	R
	experimental work	Hiraoka and Ito 31	not specified	0.50
		Sano and Usui 32	straight-blade turbine	1.00
		Hiraoka et al. 33	pitched-blade and straight-blade turbine	0.50
	numerical work	this work	shrouded turbine or partially shrouded turbine	1.18
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Greek Letters

R ) constant

) turbulent kinetic energy dissipation rate (m 2 's -3 ) µ L ) liquid dynamic viscosity (Pa.s) F L ) liquid density (kg'm -3 ) φ ) vortexing constant Literature Cited