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Introduction

Several crystallization processes consist of liquid solutions that by the action of heat exchangers are brought into supersaturated regions where crystals will form. In industrial continuous processes, where solution is constantly fed into the crystallizer, control and stability of the bulk solution temperature is mandatory. For this reason a degree of turbulent flow in the crystallizers is necessary to achieve good mixing of the whole solution. The heat transfer rates are directly responsible for the production rates. The residence times of the solution in the crystallizer will determine size and quality of the crystals.

To obtain the desired supersaturation the solution is cooled down (as in Eutectic Freeze crystallization) or heated up (as in Evaporative Crystallization). This action is done by Heat Exchangers (HE) in direct contact with the solution. Near the HE surface exists a thermal boundary layer that depends on the crystallizer flow characteristics. Here the supersaturation is higher that in the bulk solution. Because of the higher supersaturation on the HE surface the nucleation and growth rates of the crystals are faster than in the bulk solution. This situation is responsible for the formation of a scaling layer of crystals on the HE surface. As a consequence produces a decrease of heat transfer, affecting the stability of the crystallization process. To avoid this scale layer formation, it is common to use mechanical actions, such as scraping. The scraping efficiency is directly proportional to the temperature difference between the bulk solution and the heat exchanger surface temperature [START_REF] Vaessen | Scale formation of ice from electrolyte solutions on a scraped surface heat exchanger plate[END_REF] [PRO05]. Depending on our solution and the characteristics of our mechanical scraping action (velocity, shapes and applied forces), we will have a maximum temperature difference between the solution and the heat exchanger surface where scaling will appear. In order to achieve the desired production rate and avoid the scaling layer problem we will have to apply the consequent scraping characteristics. For these reasons the heat exchanger surface temperature has to be as uniform as possible to control the unwanted scaling layer.

To study the ice scaling behaviour a lab scale scraped heat exchanger crystallizer was especially designed (Figure1).Further details about this setup and functioning can be found in [START_REF] Rodriguez Pascual | Measurement of flow field and temperature distribution in a scraped heat exchanger crystallizer[END_REF] During all experiments in the Ice Scaling Crystalliser (ISC), the temperature of the crystallizer liquid constant, i.e. at the freezing temperature of the water, or at the eutectic temperature for a salt water system. With this system, we have run experiments in which we gradually increase the heat flux through the HE by gradually lowering the HE temperature. Doing so, we find that ice scaling (i.e. the formation of ice that is not removed by the scraper blades) starts in two distinct areas of the HE surface: 1) near the centre of the crystallizer and 2) close to the outside wall. The net effect is the formation of two rings of ice. When one keeps the process going anyway, the scrapers gradually get lifted up, and the function of the scrapers quickly deteriorates. In experiments in the Cooled Disk Column Crystalliser (CDCC) (an industrial scaled-up crystalliser version especially designed for EFC) [START_REF] Genceli | Eutectic freeze crystallization of a 2nd generation cooled disk column crystallizer for MgSO4-H2O system[END_REF], exactly the same behaviour was observed. As we can see in Figure 2, continuation of the process ended with damage to the outer scraper. In previous studies the HE surface temperature was measured using an adhesive thermochromatic liquid crystal sheet (TLC) glued directly onto the HE-surface. Further details of the experimental procedure are explained in [START_REF] Rodriguez Pascual | Measurement of flow field and temperature distribution in a scraped heat exchanger crystallizer[END_REF] The result shows that, even though the process as a whole is stationary, the heat exchanger surface temperature is far from uniform (Figure 3). The radial profile of the temperature distribution T(r), is shown in Figure 4, together with the related local heat transfer coefficient, h C (r). We saw that near the crystallizer centre and close to the outside that the heat transfer between HE and solution, h C (r), is lower than that somewhat halfway the radius by a factor of at least five. This observation of temperature and heat transfer explains the observation of ice scaling in the ISC experiments. The remaining question was however the reason why h C varies so much over the HE plate.

To investigate the origin of the so much varying local heat transfer coefficient part of the field was investigated using Stereoscopic Particle Image Velocimetry, (3C-PIV),further details can be found in [START_REF] Rodriguez Pascual | Measurement of flow field and temperature distribution in a scraped heat exchanger crystallizer[END_REF]. The measuring area measures height 45 mm and width 80 mm, starting just above the scraper and at the outer wall, all as indicated in figure 5. Note that we were not able to measure the area just above the HE surface because of the scrapers.

Figure 6a Average velocity field Note: the radial and tangential components are depicted as vectors, the tangential component in false colours. Figure 6b. Radial profiles of average velocity.

The average flow field is shown in figure 6a. Also, since the flow varies only little with height, we can obtain the axially averaged radial profiles, as shown in figure 6b. The measured flow field supports the picture obtained from the heat transfer distribution on the HE-surface: in the core, the heat transfer is low because of the absence of a mean flow. In the annulus, there is the secondary flow, which causes much better heat transport. Locally, the heat transfer is much increased where the solution descends onto the HE-surface; the boundary layer is thinned here by the stagnation flow. In contrast, the local heat transfer is reduced where the fluid temperature has adapted to the boundary temperature and ascends. Although to study in detail the flow in between scrapers just above the heat exchanger surface we have to recur to other techniques such as in this case CFD simulations due to the problematic measuring access.

Simulation setup

To study the flow we used large eddy simulation (LES) in a lattice-Boltzmann scheme for discretizing the Navier-Stokes equations. The major reasons for employing a lattice Boltzmann discretization scheme are its almost full locality of operations, its computational efficiency (in terms of floating-point operations per lattice site and time step), and its ability to simulate flows in complex geometries. An interface model is avoided by modelling the geometry with an adaptive force field technique [START_REF] Derksen | Large Eddy Simulations on the Flow Driven by a Rushton Turbine[END_REF]. A direct simulation of stirred-tank flow at industrially relevant Reynolds numbers Re≥10 4 .(as in our case Re=5•10 4 ) is not feasible, as the resolution of all length and time scales in the flow would require enormous amounts of grid cells and time steps. However, the small scales in the flow can be assumed to be universal and isotropic, that is, independent of the specific flow geometry. In a LES, the range of resolved scales is reduced by filtering out the small scales. The effect the small scales have on the larger scales is taken into account with a subgridscale model. In this research, a standard Smagorinsky model was used. A value of 0.12 was adopted for the Smagorinsky constant, which is within the range of values commonly used in shear-driven turbulence. The LES methodology has proven to be a powerful tool to study and visualize stirred tank flows, because it accounts for the unsteady and periodic behavior of these flows, and can effectively be employed to explicitly resolve phenomena directly related to the unsteady boundaries. Results of the single-phase Lattice-Boltzmann LES code applied to stirred tank flow have been extensively compared to phase-averaged, and phaseresolved experimental data [DER99] [START_REF] Derksen | Assessment of Large Eddy Simulations for Agitated Flows[END_REF]. The grid that is applied in the LES contained 1.2•10 7 nodes. As a result, the linear size of the cubic lattice cells amounted to approximately 1 mm. The time step size in the LES was such that one impeller revolution took 4200 time steps. The stirred-scraped crystallizer configuration consists of a cylindrical, flat-bottomed, tank with diameter of 200 mm and 300 mm height. The crystallizer is scraped by four rotating scraper blades with a diameter of 192 mm that are driven by a vertical shaft. Halfway this shaft, a 45 pitch blade turbine with diameter of 100 mm is installed to keep the slurry homogenously mixed. The geometry is defined in Figure 7. The Reynolds number that fully determines the single-phase flow is defined as Re=ND 2 /ν with N the impeller speed in rev/s, D the diameter of the scraper and ν the kinematic viscosity of the working fluid. The continuous phase was water with a density = 10 3 Kg/m 3 and ν = 10 -6 m 2 /s.

Results and discussion

Overall impressions of the flow field are given in Figure 8 where an instantaneous realization of the flow in the vertical plane after 14 revolutions is compared to the time averaged flow. We can see that as in the previous results of PIV (Figure 6.a) the biggest velocity component is the tangential velocity, while it is forced directly by the rotating aerodynamically bluff scraper arms, and friction with the smooth outer wall and the free surface top is small. We can observe three distinct regions in the profile. Up to a radius of roughly 50 mm, the tangential liquid velocity matches that of the scraper-stirrer shaft. We can see in the simulations that this inner region is in solid-body rotation with the scraper-stirrer shaft, and there is no centrifugal or axial forcing at all; the latter is reflected as well in the small axial velocity. Beyond 60 mm, the velocity decreases again, and in this region the interesting transport processes take place. The axial profile shows a strong secondary flow; near the outer wall the fluid is flowing upwards, with a magnitude as much as 15% of the tangential velocity. This strong secondary flow component is driven by the rotating scraper arms, which near the bottom transport fluid outward by centrifugal forcing. Arriving at the outer wall, this flow is deflected upward as we measure it. By continuity, the fluid has to flow somewhere radially inward and then downward; here we see a maximum downward flow occurring at 80 mm from the centre. When moving radially inward or outward, the flow tends to conserve its angular momentum [START_REF] Batchelor | An Introduction to Fluid Dynamics[END_REF]; in a frictionless flow the result would be a potential vortex. As a simplified physical model to the flow, we fitted the measured tangential velocity profile with the Oseen vortex solution [START_REF] Batchelor | An Introduction to Fluid Dynamics[END_REF], which gradually transits from a solidbody rotation inside region to a free vortex flow outside region, as shown in figure 6.b. Here we can see that in our case the picture matches qualitatively, but that the transition between the two regions is more abrupt than in the model. The computational results completely support the measured flow field and the picture obtained from the heat transfer distribution on the HE-surface. In the inner part the heat transfer is low because of the absence of a mean flow. In the middle region there is the secondary flow, which causes much better heat transport. Locally, the heat transfer is much increased where the solution descends onto the HE-surface; the boundary layer is thinned here by the stagnation flow. In contrast, the local heat transfer is reduced where the fluid ascends and has adapted to the boundary temperature. This picture of heat transfer is much similar to that measured in turbulent Benard convection, where underneath stagnation regions the heat transfer is enhanced and underneath rising plumes reduced [DEL03] [START_REF] Petracci | Combined PIV/LIF measurements in a Rayleigh-Bénard convection cell[END_REF].

Although now we can take a look in the non measurable area due the scrapers as we can see in Figure 9. Here we can distinguee the turbulence created behind the scraper tip and how does affect also the middle area temperature shape distribution (Figure 3).

Conclusions

During experiments of Eutectic Freeze Crystallization we observed that ice scaling was formed in specific areas on the heat exchanger. Because the driving force for ice scaling is the local supersaturation, and this is related to the solution temperature, we measured the temperature and heat transfer on the HE-surface. The temperature results showed that indeed the temperature on the HE-surface was not uniform having temperature differences bigger than 4 o C, a difference more than sufficient to explain the local variation in scaling tendency. The temperature difference could directly be related to a variation in the local heat transfer coefficient over the HEsurface. Stereoscopic PIV measurements were carried out, which showed that the secondary fluid flow in this crystallizer geometry is responsible for the inhomogeneous heat transfer distribution. For a more detail study of the flow just above the heat exchanger surface LES using Lattice Boltzmann scheme were performed. The simulations results agree with the PIV experimental measurements and show that is a powerful tool to investigate future designs.When designing cooling crystallizers and heat exchanger geometries, it is important to take flow-induced inhomogeneity in heat transfer into account, while this forms a strong limitation in the crystallizer performance.
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 1 Figure 1. Scheme for performing continuous crystallising experiments.Figure 2. Outer scraper of the CDCC first raised then damaged by a thick ice layer.
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 2 Figure 1. Scheme for performing continuous crystallising experiments.Figure 2. Outer scraper of the CDCC first raised then damaged by a thick ice layer.
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 3 Figure 3. Post processed Temperature profile of the HE surface between scrapers.
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 4 Figure 4. Radial distribution of temperature T(r) and convective heat transfer coefficient h C (r) on HE surface (between scrapers). Note: temperatures above 36 o C are approximate (being outside the proper calibration range), as commented before.
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 5 Figure 5. Sketch of set-up for PIV measurements. with a PIV calibration grid-image inside/
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 7 Figure 7. Flow geometry.(left) Side view and (right) top view of the crystalliser.

Figure 8 .

 8 Figure 8. (Left) Instantaneous realization of the flow in the vertical plane after 14 revolutions versus (right) the time averaged flow after these 14 revolutions.

Figure 9 .

 9 Figure 9. Vertical view of the flow field on the horizontal plane halfway the scraper height just above the HE and zoom of the right down quarter.
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