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Abstract

:

The design of a desalination plant is most important if the desired product purity has to be as high as possible. This is also true for freeze crystallization plants. A correct solid-to-liquid ratio has to be ensured when pressing is used as a post-treatment. Thus, the dependence of the overall plant design on the achieved ice quality but also on different hydraulic and thermodynamic numbers is important. In this research, a scraped screw crystallizer plant is presented and examined for two different screw designs. Experiments with a low initial concentration, as for the usage to desalinate groundwater to gain it as process water, were conducted. Furthermore, solutions with high initial concentrations simulating seawater to produce potable water were used as another set of test solutions. The findings showed that neither of the screw designs is more favorable than the other, but it is important to have a plant design fitting the existing parameters on site.
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1. Introduction


Desalination is one of the most important future technologies for guaranteeing a steady supply of potable water. Most processes are based on either thermal desalination in case of evaporation or reverse osmosis. [1] However, freeze desalination can basically be used in the same way as other technologies but has the advantage of an easier combination with renewable energies, an adjustable scale, and the lack of necessary chemicals [1,2,3,4]. Despite the missing practical realization, freeze desalination can still be a promising technology for the future. Further investigations are being performed and more knowledge is being gained to improve the technology for a more feasible process. [5] Nevertheless, a lot of research has still to be done in order to find a possibility to crystallize seawater with the aim of desalinating and further treating it so that potable water can be produced economically. Many researchers work with washing as a chosen technology to clean the still-contaminated ice but have to live with the disadvantage of using the product and consequently losing it during this process step [6,7,8,9,10,11]. Another method would be centrifuging the ice mass, but because of the non-Darcy effect, the ice has to be crushed and heated at least to the point of melting in order to achieve the best separation of the salty solution and clean ice [12]. Pressing, thereby, can be a potentially better way, but it is technologically hard to realize within a continuously operating plant, especially for a possible melting product. For small plants, a screw conveyor combined with a pressing cone is a possibility [13,14]. However, changes of the screw conveyor can influence the overall results and lead to some optimizations of the process [15]. This paper gives further information on the topic of freeze desalination performed with a scraped surface crystallizer equipped with a screw conveyor and pressing cone. The already-published experimental plants are therefore further compared with results and numbers, which have not yet been published. Thus, these results offer further insights into the advantages of the one or the other screw design and shall help in the design of future freeze desalination plants.




2. Materials and Methods


2.1. Reagents and Sample Analysis


As a test solution with high concentration, sodium chloride with water was used to simulate seawater. Furthermore, a solution prepared with tap water from Mannheim, Germany—which has a high concentration of carbonates—and ammonium nitrate, manganese sulfate, and urea was prepared to simulate a contaminated water source with a low ion concentration for later usage as process water. Thereby, all chemicals were purchased from Sigma Aldrich, Darmstadt, Hesse, Germany. The different concentrations of the test solutions are shown in Table 1. All samples were prepared, tested, and repeated as described in previously published papers [13,14,15]. This is also applicable for the analysis of the different solutions using either a conductivity meter or a photometer [13,14,15]. The crystal area for each crystal of a sample was measured using a self-made cooling chamber together with a camera and the ImageJ software from the National Institutes of Health, MD, Maryland, USA [16], and as also described in previous papers [13,14,15].




2.2. Data Analysis


The removal efficiency (R) is calculated using the initial concentration (cFeed) and the concentration of the desalted ice (cIce) (Equation (1)).


R = (1 − cIce/cFeed) × 100%



(1)







Furthermore, the heat flow (Q) and the heat transition coefficient (h) were calculated from data measured during the experiments. Those data were the temperatures of the solution and the cooling liquid as well as the corresponding mass flows along with the properties of these solutions. All of these can also be looked up in the papers [13,14,15]. In the text, some statements refer to the heat transition coefficient and some, to the heat transfer coefficient. Besides, it is always highlighted which number is meant; it helps to know what it means. The heat transfer coefficient refers to the thermodynamic number influencing the heat transfer from liquid to solid at one special transfer regime, for example. The heat transition coefficient, thereby, is composed of several heat transfer coefficients providing information about the overall transfer regime.




2.3. Experimental Setup


The test plant is based on a scraped surface crystallizer, where a screw works as a scratcher to remove ice from the cooling surface as well as to transport it to the cone where the liquid concentration is separated from the solid ice. This principle is based on basic research describing pressing as a post-treatment for an ice/water mixture produced from seawater through cooling crystallization [17]. However, the initially developed test plant can be seen in Figure 1a. A double-walled vessel equipped with a screw with a pitch of 19.0° and connected to a cooling system was installed and tested. After several tests with seawater with a high salt concentration and a simulated solution with a low ion concentration and with different cooling temperatures and rotational speeds of the screw, the test plant was modified. For this, a new screw, with a pitch of 4.33°, and a pressing force sensor were installed (Figure 1b). Furthermore, a collector for the concentrate leaving the pressing cone was attached to the plant. The new setup was then used to desalinate the simulated seawater with a high initial concentration. The desalination of a solution with low salt concentration was not feasible because of the higher hardness of the ice and the insufficient power of the gear motor.



The construction design of the two different screws can be seen in Figure 2. The upper screw (Screw I) is the one with the higher pitch and thinner flights. This one is usually used for the vertical transport of powder-like materials. The lower screw (Screw II) is the one with the lower pitch and with thicker flights leaving less space between the flights. Furthermore, the upper screw is made out of one piece where the flights are welded to the shaft. The flights of the screw with the lower pitch were turned out of the material, which was divided into several pieces because of the dimensions of the lathe. Each part was fixed to the shaft via a keyway and key. The shaft was then fixed to a shaft support—in case of the upper screw, via a stainless steel pin, and in case of the lower screw, via a keyway and key. The shaft support was connected to several bearings and, finally, to the gear motor via pins [13,14,15].





3. Experimental Results and Discussion


Both setups were described and tested, and some of the results have already been published in papers [13,14,15]. Nevertheless, a comparison of the results for the different screws has not been published yet. Parameters such as the ice crystal area of the pressed and unpressed ice depending on the cooling temperature or the rotational speed of the screw are important to know. Furthermore, a dependence of the removal efficiency on the used screw and the corresponding heat flow and heat transition coefficient is of great interest for further research in this field.



3.1. Removal Efficiency


The removal efficiencies of Screw I and II for pressed and unpressed ice for experiments with high and low ion concentrations depending on the cooling temperature are shown in Figure 3. Because of the different screw designs, the experiments could not always be performed at the same cooling temperatures. Some operational conditions had too-hard conditions leading to a halt of the motor. This was the case for cooling temperatures below −10 °C for Screw II for high initial concentrations and for Screw I for low initial concentrations. Nevertheless, it is apparent that the best results in terms of removal efficiency were feasible under mild conditions. However, mild conditions mean high cooling temperatures of around −4 to −7 °C. Decreasing the temperature led to a less efficient process with lower removal efficiencies. This is due to the increased ice growth and hardness of the ice and subsequent less efficient pressing within the cone. As for the operational conditions different from the specifications that led to the design of the cone, the results differ quite substantially. That means that the cone should have been more tapered to achieve the same efficiencies. However, it has to be mentioned that the experiments were performed at different rotational speeds. For Screw I, a speed of 40 min−1 was set, and for Screw II, a speed of 67 min−1 was set, due to a more stable process for the particular screw design.



Changing the rotational speed at similar cooling temperatures led to a different behavior with a larger effect on the removal efficiency (Figure 4). Screw I with low initial concentrations showed a low removal efficiency at slow rotational speeds. Furthermore, the removal efficiency was always lower than that for the same screw with high initial concentrations. Besides at the lowest rotational speed, where no pressed ice could be gained, Screw II also showed better results than at the low initial concentrations. The best results were achieved at 40 min−1, which, again, was the basic specification of the plant design. This shows, again, that such a design can only be used when conditions are well known or are adjustable to fit the correct parameters, such as the initial concentration and mass flow. The missing datapoints at a rotational speed of 54 min−1 are due to a later change of the plant allowing more step sizes of the gear motor.




3.2. Heat Flow and Heat Transition Coefficient


Comparing the results of the determination of the heat flow as well as of the heat transition coefficient shows a more different dependence on the temperature than for the removal efficiency (Figure 5). Thereby, the highest heat flows were measured for Screw I for low initial concentrations. Nevertheless, the heat flows for Screw I for high initial concentrations were also higher than those for Screw II. The difference between low and high initial concentrations is mainly attributable to the different physical properties of each solution, especially to the melting point, which changes the logarithmic mean temperature difference and thus the heat flow. This means that the logarithmic mean temperature of the solution with a low initial concentration is 4.4 K higher than that of the solution with a high initial concentration. The biggest difference between the results is visible for the high initial concentrations. This is because the diameter of Screw II is almost the same as that of the crystallizer, leaving only a rather small gap in between, and because the pitch of Screw I is somewhat higher. Overall, this lowers the possible turbulence within the crystallizer and, thus, the heat transfer coefficient and the heat transition coefficient, respectively. In total, the heat transition coefficient decreases with lower temperatures, which would be caused by additional ice inhibiting the inner heat transfer.



The dependence of the heat flow and the heat transition coefficient of the particular screw on the rotational speed is shown in Figure 6. It can be seen that with an increasing speed, no experiment shows a gain in heat transition. That is probably caused by an already-high turbulence within the crystallizer so that a further increase does not improve the heat transfer coefficient anymore. Calculating the scraper Reynolds number for the carrier fluid (Equation (2)) and comparing it to the results from Penney and Bell [18], which found out that a number higher than 400 belongs to the turbulent area, shows that all the Reynolds numbers are somewhat higher as this limit (1554 < ReSc,Screw I,LC < 3857; 1382 < ReSc,Screw I,HC < 3430; 2162 < ReSc,Screw II,HC < 3913).


ReSc = n × dSc2 × φl/ηl



(2)







For Screw I, the increase led to a lowering of the value, which can be explained by a collapse of the axial conveying speed. Screw I has, for low initial concentrations, again, the highest heat flow, caused by the larger temperature difference as already mentioned. Besides in the experiment with 27 min−1, the heat flows and the heat transition coefficients for Screws I and II for high initial concentrations are relatively similar.



The higher turbulence caused by Screw I is also shown by the calculation of the axial or vertical conveying speed, which can be calculated using Schein’s equation [19] (Equation (3)). Thereby, the conveying speed for the experiment with 40 min−1 was 9 × 10−3 m s−1 for Screw I and 2 × 10−3 m s−1 for Screw II for high initial concentrations.


uax = (n × rSc) × tan(γSc)



(3)







The calculated Reynolds number (Equation (4)) and the transposed calculation of the Nusselt number (Equation (5)) are shown in Figure 7, which is a double logarithmic diagram. Thereby, the Reynolds number is calculated as suggested by Gaddis [20] and the Nusselt number, as suggested by Stein [21,22]. This procedure is usually used to determine the exponent of the Reynolds number of an unknown Nusselt correlation, which would be the gradient of the linear balancing function.


ReS = n × dSc2 × φm/ηm



(4)






Nu = ReS × Pr1/3 × (ηf,m/ηW,m)0.14



(5)







It can be seen that the numbers for Screw I have a negative gradient, so the values decrease with increasing Reynolds numbers. This is a significant indication for the behavior of Screw I leading to a collapse of the axial conveying speed at high rotational speeds and is based on the design of the screw. The lower gap between Screw II and the crystallizer surface, and the lower pitch prevent the same behavior for the other screw. Nevertheless, those numbers are only an indication and the calculated exponent cannot be used for further calculations. This is also apparent given the low coefficient of determination.




3.3. Crystal Area


The crystal areas for the experiments with varying cooling temperatures are shown in Figure 8. The overall profile looks similar for both screws and both concentrations. Only the crystal areas of the unpressed ice for Screw I for low initial concentrations are slightly higher. This is caused by different kinds of crystallization. For high concentrations, suspension crystallization causing a particle shower is usually observed, whereas for low concentrations, typical static freezing on the cooling surface is expected, which leads to a stable ice layer being scratched away by the screw. The crystal area for Screw II of the pressed ice is higher than that for Screw I, but all have a similar dependence on the cooling temperature. This is caused by a higher supersaturation at lower temperatures causing a fast crystallization of lots of small crystals.



The results for the crystal area for the experiments with the variation of the rotational speed of the screw are similar in profile to the ones obtained by varying the cooling temperature (Figure 9). Again, the unpressed crystals for Screw I for low initial concentrations show the largest area, whereas both test series with high initial concentrations show smaller areas. Furthermore, the overall profile looks similar, besides for the pressed ice of Screw II. This is due to an unsuccessful separation of ice and brine within the cone caused by a high proportion of ice particles in solution. This did not happen for the other tests, where a better separation took place and, thus, larger crystals were obtained.



The mean crystal sizes and areas are also shown in Table 2. Thereby, the values differ less for the unpressed crystals compared to the pressed ones. This means that the biggest change to larger crystals happens within the cone. Furthermore, the pressed crystals for Screw II are considerably larger, which is caused by a slower conveying speed and thus a better separation of liquid and solid and, consequently, better densification. A comparison with research literature shows that Wang [23] achieved crystal sizes of around 0.5–1.5 mm. This means that the ice particles obtained in this research are somewhat smaller, which is caused by the larger shear rate through the screws.



The correlations between crystal area and removal efficiency are shown in Figure 10. It can be seen that there is a clear relation between crystal size and purity. However, with Screw II, larger crystals are obtained or are necessary in order to achieve the same removal efficiency as with Screw I. Furthermore, a lower salt concentration within or around the ice is connected to a growing step size in the crystal area.





4. Research Proposal


For future investigations, a modification as shown in Figure 11 could be used to produce ice with a high purity but without a pressing cone. Furthermore, this design could help to overcome the dependency on the on-site parameters of the water source. The overall functionality is comparable to a rectification column with a feed supplied between the “stripping” and “rectification” section. The coolant with a low temperature is in contact with the solution at the bottom of the column where, also, the solution with a high salt concentration and thus low melting point is located. Through the multivariate pressing, the salt is expelled and concentrated in the surrounding liquid. With transportation upwards, the ice partially melts because of the feed with a higher temperature and higher salt concentration. However, in the rectification section, the solution is crystallized again and then further purified by the screw with increasing shaft and decreasing pitch. The consequence would be a simpler design and better control of ice purity by varying the coolant temperature. The design is thereby only a suggestion and is based on the results achieved by several experiments with a scraped screw crystallizer and a tapering cone, which is basically similar to a multivariate screw in terms of the separation effect.




5. Conclusions


In this research, a comparison between two different scraper designs of a scraped surface crystallizer was carried out. Differences in the achieved removal efficiency for solutions with low and high initial concentrations were compared. Furthermore, the heat flow, heat transition coefficients, and the crystal sizes are presented. All experiments were performed for different cooling temperatures or rotational speeds in order to consider different dependencies.



Overall, the results showed that a good desalination effect could be achieved for low and high initial concentrations for both screw designs. Whereas the dependence on the cooling temperature showed no substantial differences, the experiments with the change in rotational speeds showed that this kind of desalination plant operates at its best when the parameters of the experiment fit those used for the basic design. Changing these parameters led to a different ice solution composition or conveying speed, leading to a lower separation within the cone. Thereby, the overall removal efficiency of Screw I with a pitch of 19.0° for high initial concentrations was around 26.4% to 29.0% for the unpressed ice and around 75.0% to 99.8% for the pressed ice. The removal efficiency averaged for all ions for a low initial concentration for Screw I was around 24.1% to 28.6% for the unpressed ice and around 72.0% to 88.6% for the pressed ice. Furthermore, the removal efficiency for Screw II with a pitch of 4.33° for high initial concentrations was around 10.6% to 32.4% for the unpressed ice and around 62.2% to 99.8% for the pressed ice.



The heat flows and heat transition coefficients of Screw I are higher than those of Screw II. This is due to the smaller gap between Screw II and the crystallizer surface and the lower pitch of the screw leading to lower inner turbulence and, thus, to a lower heat transfer coefficient and heat transition. This statement is confirmed by the axial conveying speed, which is lower for Screw II, and by the dependence of the Reynolds number of each test series on the Nusselt number.



Comparing the crystal sizes and areas for all the tests showed a significant dependence of the removal efficiency on the compression within the cone. When the pressing and the composition are favorable, the removal efficiency is high, which means the salt concentration of the product is low, so potable water can be achieved.



Overall, it seems that with Screw II, better results could be achieved, but the plant design was more vulnerable to disturbances caused by a hard ice layer. Therefore, a gear motor with more power should have a positive influence on the ice generation even at low temperatures, allowing more adjustments of parameters. For example, the results could be improved by decreasing the cooling temperature and compensating the lower removal efficiency by lowering the rotational speed to improve the pressing and separation time within the cone.
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Figure 1. Schematic flowchart of the test plants; (a) Screw I with a pitch of γSc = 19.0°; (b) Screw II with a pitch of γSc = 4.33°. 






Figure 1. Schematic flowchart of the test plants; (a) Screw I with a pitch of γSc = 19.0°; (b) Screw II with a pitch of γSc = 4.33°.



[image: Processes 08 00971 g001]







[image: Processes 08 00971 g002 550] 





Figure 2. Technical and sectional drawing of the used screw designs (dimensions in mm); (a) Screw I with a pitch of γSc = 19.0°; (b) Screw II with a pitch of γSc = 4.33°. 
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Figure 3. Removal efficiency for unpressed and pressed ice of Screw I and II with solutions with high and low initial concentrations depending on the cooling temperature (nI,LC,HC = 40 min−1; nII,HC = 67 min−1). 
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Figure 4. Removal efficiency of unpressed and pressed ice of Screw I and II with solutions with high and low initial concentrations depending on the rotational speed (ϑI,LC = −8.7 °C; ϑI,HC = −7.0 °C; ϑII,HC = −8.5 °C). 
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Figure 5. Heat flow and heat transition coefficient of Screws I and II with solutions with high and low initial concentrations depending on the cooling temperature (nI,LC,HC = 40 min−1; nII,HC = 67 min−1). 
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Figure 6. Heat flow and heat transition coefficient of Screws I and II with solutions with high and low initial concentrations depending on the rotational speed (ϑI,LC = −8.7 °C; ϑI,HC = −7.0 °C; ϑII,HC = −8.5 °C). 
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Figure 7. Double logarithmic diagram of scraper Reynolds number and typical Nusselt correlation. 
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Figure 8. Crystal area of unpressed and pressed ice of Screws I and II with solutions with high and low initial concentrations depending on the cooling temperature (nI,LC,HC = 40 min−1; nII;HC = 67 min−1). 
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Figure 9. Crystal area of unpressed and pressed ice of Screws I and II with solutions with high and low initial concentrations depending on the cooling temperature (ϑI,LC = −8.7 °C; ϑI,HC = −7.0 °C; ϑII,HC = −8.5 °C). 
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Figure 10. Comparison of the removal efficiency of the pressed ice of all experiments. 
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Figure 11. Schematic flowchart of a test plant with multivariate pressing and “stripping” and “rectification” section. 
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Table 1. Mean concentrations of the test solutions used in the different experiments.
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	Low Concentration

(mgL−1)
	High Concentration

(wt. %)





	Sodium chloride
	-
	4.0



	Residual alkalinity
	16.9
	-



	Nitrate
	120.0
	-



	Manganese
	0.255
	-



	Total carbon
	88.2
	-



	Total organic carbon
	27.6
	-
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Table 2. Comparison of the mean crystal sizes and areas of all experiments.
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	Experiments
	δunpressed

(μm)
	δpressed

(μm)
	Aunpressed

(102 μm2)
	Apressed

(102 μm2)





	Screw I LC
	60.8 ± 14.2
	77.9 ± 26.7
	38.5 ± 8.5
	66.5 ± 26.1



	Screw I HC
	49.5 ± 4.30
	80.1 ± 14.7
	24.7 ± 4.8
	65.9 ± 7.9



	Screw II HC
	55.2 ± 12.2
	116.8 ± 38.9
	21.6 ± 2.6
	114.5 ± 12.2
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