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I. Introduction

Water turbidity is caused by colloidal particles in suspension (and the presence of natural organic matter and other organic and inorganic contaminants). These colloidal particles are too small to settle, and due to their negatively charged surfaces, they electrostatically repel each other. Flocculation, using a coagulant agent, transforms these repelling colloidal particles to attract and form into flocs that are large enough to settle out in the sedimentation tank. The probability (collision potential) that particles collide in a flocculator depends on the energy dissipation rate and residence time in the flocculator. As flocs collide, they grow in size making it easier to remove them in subsequent processes. One of the goals for the AguaClara team is to develop a sedimentation tank that will form a fluidized floc blanket, which will help clean water as it flows into the sedimentation tank from the flocculator. To develop this floc blanket the flocculator must produce flocs that fall within a particular range of settling velocity. Therefore, it is important to research the parameters that affect flocculation and the resulting floc size distribution.

Conventional design guidelines for a hydraulic flocculator are incomplete, and the dynamics of how physical parameters affect flocculation are not well understood. The goal of the Tube Floc Team is to determine the parameters (such as optimal energy dissipation rate, hydraulic residence time, coagulant concentration, etc.) that will produce quickly settling flocs that can remove the greatest percentage of the turbidity for a variety of influent water qualities and provide better guidelines in designing a flocculation system.
During the year 2009-2010, the Tube Floc team tried to narrow down key design parameters such as the optimum length of the flocculator and optimum alum doses for varying influent conditions.

II. Results


The goal of this experiment is to study the effects of different alum doses and flocculator lengths in order to find the most effective way to improve the performance of the actual AguaClara flocculator. A well performing flocculator produces flocs of certain sizes that can settle in the sedimentation tank or aid in the formation of a floc blanket resulting in a low effluent turbidity indicating the production of clean water.


Experiments were conducted at 5 NTU, 100 NTU and 500 NTU with varying alum dose for the 3 different length of flocculator. Two characteristics of a flocculator were observed in these experiments: the residual turbidity and the mean sedimentation velocities of the flocs.


 The results presented are preliminary. Currently, all experiments have not been completed, and not enough data has been collected to for a solid conclusion.
1. Residual Turbidity

Residual turbidity is the turbidity resulting from the flocs that failed to reach the capture velocity of the plate settlers, which is 0.12 mm/s for the sedimentation tanks of the AguaClara plants. From this, we can get the mean residual turbidity for each variation of alum dose. The mean residual turbidity is the mean of all the raw turbidity measured after a time of approximately 22 min till the end of the settling state. It corresponds to a range of sedimentation velocities from 0.12 mm/s to 0.089 mm/s.

Alum concentration and flocculator length both affect the evolution of residual turbidity differently depending on the influent turbidity of the water.


At 5 NTU, experiments were run at two length of the flocculator, 28m and 84m.

Both of our replicates (Fig. 1) for a flocculator of 28 m showed close agreement. Starting at a residual turbidity close to 5 NTU with an alum dose of 10mg/L, the residual turbidity dropped with increasing alum dose until it appeared to hit a limiting value of about 0.8 NTU with an alum dose of 50 mg/L. After this point, increasing alum dose no longer appeared to have an effect on residual turbidity. We hypothesize that initially, the flocs grow larger as alum dose is increased; the alum works as expected to cause the smaller particles to stick together and form larger flocs. However, as the flocs grow in size, they become larger, less dense and therefore more susceptible to breakup due to shearing forces. At a certain point, adding further coagulant can no longer hold the large flocs together, and the shearing forces cause them to begin breaking up. As a result, flocs cannot continue to grow larger and as a consequence residual turbidity stops decreasing.
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Figure 1: Residual turbidity vs. alum dose for 5 NTU influent water for a flocculator length of 2796 cm.


For a flocculator length of 84 m, we focused on the lower alum dosages to see how the residual turbidity plot developed; experiments with higher alum dosages tended to show relatively constant residual turbidities around the minimum value achieved with low dosages (Fig.2). Here we see a similar trend to what was observed at 28 m, although the two replicates have significantly different values at lower alum dosages. We suspect this is due to limits in the calibration of the pumps, combined with the possibility of blockages in the alum line and variations in influent turbidity, making it difficult to achieve consistent results at such low alum dosages. 
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Figure 2: Residual turbidity vs. alum dose for 5 NTU influent water for a flocculator length of 8388cm, focusing on lower alum dosages.


It appears that both flocculator lengths achieve similar minimum residual turbidity values of around 0.7 NTU (Fig. 3). However, the longer flocculator is able to achieve this with much lower alum dosages than the shorter one. Since shear rate was held constant, we hypothesize that the increased residence time of the longer flocculator allowed the flocs to grow larger with less alum since they had more time to collide before reaching the settling column. Although the minimum residual turbidity was achieved with lower alum dosages in the longer flocculator, it appears that increasing the length of the flocculator did not result in a lower residual turbidity than could otherwise have been achieved with the shorter flocculator using higher alum dosages. The dose of alum required to achieve an effluent turbidity of 1 was reduced by 30 mg/L to 10 mg/L by increasing Gθ from 22951 to 68853. 
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Figure 3: Comparison of residual turbidity vs. alum dose for two different flocculator lengths of 2796cm and 8388cm.


With 100 NTU water and a flocculator length of 28 m, we see a similar behavior to what was observed with 5 NTU influent water (Fig. 4). The residual turbidity starts out high before approaching a minimum value. However, this minimum residual turbidity increased from 0.6 NTU for 5 NTU water to 0.9-1 NTU for 100 NTU water. This is likely due to the fact that there is about 20 times as much clay initially as the 5 NTU experiments, making it much more difficult to achieve the same minimum residual turbidities. 
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Figure 4: Residual turbidity vs. alum dose for 100 NTU influent water for a flocculator length of 2796cm. A logarithmic scale is used on the residual turbidity axis to show details of the minimum residual turbidity achieved.


Both replicates at 56 m (Fig. 5) show the characteristic decay of residual turbidity to a limiting value. However, they do not agree at the low alum dosages; the second replicate shows a much lower residual turbidity for comparable alum doses at the low end of the curve. We suspect that there may have been a blockage in the alum line during the first experiment resulting in this irregularity. This is because alum doses as high as 20 mg/L produced a residual turbidity of around 80 NTU, much higher than would be expected. We then hypothesize that the blockage cleared by the fourth data point in the second replicate, and as a result both replicates achieved similar limiting residual turbidities of around 0.8 NTU. 
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Figure 5: Residual turbidity vs. alum dose for 100 NTU influent water for a flocculator length of 5592cm. A logarithmic scale is used on the residual turbidity axis to show details of the minimum residual turbidity achieved.


The three replicates of a flocculator length of 84 m at 100 NTU show reasonable agreement, as well as the same characteristic decay of residual turbidity observed in previous experiments (Fig. 6). However, the minimum residual turbidity achieved averaged around 1.6-2 NTU, significantly higher than observed at the previous two lengths. It appears that for a flocculator length of 84 m, the floc breakup behavior becomes more dominant, resulting in elevated residual turbidities. 
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Figure 6: Residual turbidity vs. alum dose for 100 NTU influent water for a flocculator length of 5592cm. A logarithmic scale is used on the residual turbidity axis to show details of the minimum residual turbidity achieved.


Comparing characteristic replicates from each of the three flocculator lengths, the same trend as seen with 5 NTU influent water is observed (Fig. 7), as the flocculator length is increased, a lower the alum dose is needed to achieve the minimum residual turbidity. When the flocculator is increased from 28 m to 56 m, the minimum residual turbidity decreases slightly from about 0.9 NTU to about 0.8 NTU. However, when it is further increased to 84 m, the residual turbidity jumps up to around 1.8 NTU. Therefore, it appears that while increasing flocculator length can produce favorable results as seen in the decrease in alum dose needed to achieve similar residual when comparing the two shorter lengths, further increases can be detrimental to flocculation performance. 
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Figure 7: Comparison of residual turbidity vs. alum dose for three different flocculator lengths of 2796cm, 5592cm, and 8388cm with influent water at 100 NTU. A logarithmic scale is used on the residual turbidity axis to show details of the minimum residual turbidity achieved.


For the 500 NTU experiments, similar minimal residual turbidities were achieved using flocculator lengths of 28 m and 8388cm of around 2 NTU. Additionally both showed similar behaviors to what was observed before. It is unclear if the 56 m flocculator achieved its minimum residual turbidity faster than the 2796cm flocculator since it is bounded on both sides by a 28 m replicate (Fig. 8). Further data is needed to draw conclusions regarding how flocculator length impacts residual turbidity with 500 NTU water. The following results are from the experiments conducted with varying influent turbidity and flocculator length. 
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Figure 8: Comparison of residual turbidity vs. alum dose for two different flocculator lengths of 2796cm and 5592cm with influent water at 500 NTU.
2. Mean sedimentation velocity


Mean sedimentation velocities have a different evolution when increasing alum dose depending on the influent turbidity of the raw water (100 NTU and 500 NTU in the case of the experiments).


For a 100 NTU influent water, (figure 9), at a low alum dose, the mean sedimentation velocities of the flocs increase up to a maximum. Further increase in alum dose shows a decrease in the mean sedimentation velocity of the flocs. This could be explained by the fact that alum is less dense than clay. At low alum dose, alum precipitation allows the clay particles to stick to each other and to grow larger but the majority of the floc is clay. After a certain alum dose, the hypothesis is that flocs grow so big that they are vulnerable to shear stress and break up in the flocculator and then reflocculate. Equilibrium is then reached between floc break up and flocculation producing a similar distribution of particles sizes when increasing alum dose. It is hypothesized that when alum dose relative to clay increases, the floc density decreases and the mean sedimentation velocity decreases.

[image: image9.png]Mean Vs (mm/s)

3.5

2.5

1.5

0.5

Mean Vs 100 NTU

.

»

50 100
Alumdose (mg/L)

150

=4—2787 cm




Figure 9: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 500 NTU and a flocculator 2787 long

For an influent water of 500 NTU, the evolution of mean sedimentation velocities is different. Figure 10 below is a plot of the mean sedimentation velocity as a function of alum dose for an influent water of 500 NTU and a flocculator 2787 cm long. At low alum dose, mean sedimentation velocities increase with the alum dose. However, after a certain alum dose, mean sedimentation velocities reach a threshold. This could be explained by the fact that high turbidity water is flocculated quite quickly because the average time between two collisions of flocs is short and we hypothesize that flocs grow only to a certain point before they become too big and vulnerable to fluid shear stresses that break them. Like the 100 NTU water, after a characteristic time, a steady state is reached between flocculation and fragmentation and the floc size distributions stay constant. However, in the case of 500 NTU water, there is so much clay that increasing alum dose doesn't make the flocs less dense.
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Figure 10: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 100 NTU and a flocculator 2787 long

Mean sedimentation velocities are also influenced by the length of the flocculator. Figure 11 and 12 show mean sedimentation as a function of alum dose for three different lengths of flocculator. In figure 11, experiments were conducted with an influent water of 100 NTU and for figure 12, the experiments were conducted with an influent water of 500 NTU. On these two graphs the same trend can be observed when varying flocculator length. When the increasing flocculator length, the mean sedimentation velocities follow the same trend as alum dose increases but their corresponding magnitude decreases.
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Figure 11: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 100 NTU at different length of the flocculator (2787 cm, 5592 cm, 8388 cm)
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Figure 12: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 500 NTU at different length of the flocculator (2787 cm, 5592 cm, 8388 cm)

A few hypotheses seem plausible explaining floc break up in the flocculator. Flocs could break up because of interactions between particles and the wall or particles and the fluid or particles and particles. Comparing mean sedimentation velocities found for the same clay to alum ratio, for an influent water of 100 NTU and 500 NTU and for the same length of flocculator (figure 13), it appears that mean sedimentation velocities are lower for a 500 NTU water than for a 100 NTU water. This result seems to validate the hypothesis that floc can be broken up because of particles-particles interactions. However, further investigation should be done in order to confirm the existence of this kind of interactions.
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Figure 13: Plot of the mean sedimentation velocities as a function of alum dose, flocculator 2787 cm long, for an influent water of 100 NTU and 500 NTU

3. Reliability of the data

Replicability: 


Every experiment was replicated to test the reliability of the results given by FReTA. The comparison between the mean residual turbidities of the experiments and their replicates has been explained in a previous paragraph. Mean sedimentation velocities were also compared. Figures 14,15 and 16 show that our experiments were quite accurate when analyzing mean sedimentation velocities.
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Figure 14: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 100 NTU at the smallest length of the flocculator (2787 cm)
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Figure 15: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 100 NTU at the medium length of the flocculator (5592 cm)
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Figure 16: Plot of the mean sedimentation velocities as a function of alum dose for an effluent water of 500 NTU at the smallest length of the flocculator (2787 cm)
Mean sedimentation velocities :

The data processor retrieves mean sedimentation velocities of the particles at each alum dose during an experiment from our data. They are calculated when the data is fitted to a gamma distribution.


Since the mean sedimentation velocities are calculated when we fit the data, the mean sedimentation velocities given for a 5 NTU influent water are not accurate. Indeed, even if the data processor tries to fit the data, shape of the evolution of turbidity as a function of sedimentation velocity (figure 17) does not look like the fit function.
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Figure 17: Plot of the turbidity vs sedimentation velocity for an influent water of 5 NTU. Flocculator 2787 cm long

For 100 NTU and 500 NTU, the fitted data seem accurate enough that we can trust the mean sedimentation velocities or the coefficient of variation retrieved. Data retrieved at low alum dosage seems to be really well fitted (figure 18). However, at higher alum concentrations, at some points, raw data seems to have a behavior slightly different than the gamma function (figure 19, 20 and 21). The first spike, at high sedimentation velocity, could be explained by the fact that at the very beginning of the settling state, really big flocs settle down carrying with them smaller flocs and when they arrive at the zone illuminated by the infrared LED (z) of FRETA, the turbitimeter is measuring higher turbidity than the real turbidity.
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Figure 18: Plot of the normalized turbidity as a function of sedimentation velocity for the ram data and the fitted data. 500 NTU water, alum dose of 10 mg/L, flocculator 5592 cm long
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Figure 19: Plot of the normalized turbidity as a function of sedimentation velocity for the ram data and the fitted data. 500 NTU water, alum dose of 50 mg/L, flocculator 5592 cm long
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Figure 20: Plot of the normalized turbidity as a function of sedimentation velocity for the ram data and the fitted data. 500 NTU water, alum dose of 70 mg/L, flocculator 5592 cm long
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Figure 21: Plot of the normalized turbidity as a function of sedimentation velocity for the ram data and the fitted data. 100 NTU water, alum dose of 100 mg/L, flocculator 5592 cm long
III. Conclusion

In conclusion, we have so far some results of the effect of alum concentration, flocculator length or influent turbidity on residual turbidity or mean sedimentation velocity. It appears that when the flocculator length is increased, less alum is needed to reach the minimum residual turbidity. Minimum residual turbidity that is influenced by the influent turbidity of the water. Mean sedimentation velocities are varying with alum dose differently depending on the influent turbidity. It also appears that mean sedimentation velocities are decreasing in magnitude when the flocculator length is increased.

However, all the processes that lie behind these results, like floc break up, are not well understood yet. Further work should be done in the future to complete this study and try to undertand a little bit more flocculation.
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