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Abstract
The distribution of flow among layers of the stacked filter is important to its overall performance and efficiency.  To study this distribution, combined time-series and steady-state dye tracer studies were carried out using a step increase of a conservative dye and measuring effluent response every two seconds for 400 seconds. The stacked filter was designed to have uniform flow through each sand layer, but data from the previous report suggested that flow in the filter was decidedly skewed. Experimental results from the first trial this week were inconclusive, but the second run suggested that flow is much less skewed than originally thought. Overall, the dye study provided some insight into the true flow paths of the filter. The team has concluded the dye study for now, but will revisit it after the performance studies begin.
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Introduction
Dye tracer studies can provide useful insight into the flow patterns in reactors.  In the preceding two weeks, the team continued to use tracer tests to determine how flow distributes among the layers of a stacked filtration system.  Analysis of the effluent response at the outlets above and below the point of a step dye injection can show the degree to which the flow is in fact distributed uniformly.  Specifically, if the flow distributes evenly across filter layers, we expect the dye concentrations at outlets above and below to be equal.  Steady-state concentration data can be analyzed using a system of mass-balance equations as shown in Reflection Report 2.  A system of these equations can be used to solve for the flows in each layer, based on measured outlet concentrations.    
The results of previous dye studies suggested that flow is not uniformly distributed among layers of the filter.  This would pose problems for filter performance: it would cause some layers to have an excessive loading rate, which would presumably lead to poorer turbidity removal compared to a filter with evenly-distributed flow.  The importance of this issue raises several important research questions for the dye study, including (1) are the flows in each layer really as non-uniform as the data from the previous report suggests, and (2) are there any distinct patterns of flow in the filter, e.g. is either upflow or downflow favored relative to the other?  The results of the flow distribution study may have important implications for the design and operation of the filter system.
Experimental Design

After the first dye study was completed using a bench-top spectrophotometer on 10/5/10 (see Reflection Report #2), the team was unsure about the accuracy of our data. We decided to run the study again using a continuous sampling spectrophotometer to track the dye over time.  The calibration curve in Figure 1 was first made by testing dye solutions of various concentrations and recording their absorbance at 504 nm.  
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Figure 1.  Spectrophotometric calibration curve for red 40 dye.  The concentrations of the standard solutions are plotted against absorbance measured at 504 nm.
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Figure 2.  Results of continuous sampling to verify the accuracy of the spectrophotometer by measuring a 10 ppm standard.  A sampler residence time of 15 s was also observed.
An initial study was conducted on 10/17/10; however, we realized the spectrophotometer had not been set up properly and was reading absorbances across the entire spectrum which led to skewed data. We were able to modify the spectrophotometer to measure only at 504 nm, and another study was conducted on 10/20/10.  To test the accuracy of the analytical method, 10 ppm standard was run through the instrument.  The results of this test (Figure 2) made us more confident in our dye analysis.
Before beginning the tracer study, the bed was fluidized and settled. Dye from a concentrated (18.5 g/L) stock solution was then injected with a peristaltic pump at 1.09 mL/min into a single inlet pipe, and samples were taken from a single outlet.  Figure 3 shows an example of the path of the dye flowing through the filter for an injection into Inlet 2.  After an injection cycle, the filter was rinsed until the effluent cleared (~5 min). 

[image: image3]
Figure 3.  Flow of dye in the filter, for dye injected at inlet 2 and sampled at outlet 1
Samples were taken from the outlets above and below the point of injection.  Table 1 describes how the data was sampled.

Table 1: Describes flow of dye and samples collected
	Inlet for dye injection
	Outlet tubes sampled

	1
	1

	2
	1,2

	3
	2,3

	4
	3


The spectrophotometer took readings every 2 seconds for 400 seconds.  After the test was finished, we found that the data from Inlet 2 Outlet 1 and Inlet 2 Outlet 2 may not have reached steady state in 500 seconds since the graph was continuing to climb.  We re-ran both of these tests for 1200 seconds to get a better measurement of the steady-state dye concentration.
Results and Discussion

Ultimately, the dye studies yielded data consistent with our design assumption, but only after many repeated trials. After the continuously-sampling spectrophotometer was implemented, the first trial yielded questionable results (Figure 4).
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Figure 4.  Questionable results from a continuous-sampling dye study on 10-17-2010.
In this plot no observable trend exists between the outlet concentrations, yet we expect them to have roughly the steady state concentration. We could not discern any residence time within the layers; the breakthrough curves did not develop and the measured concentrations were inconsistent.  The team decided to repeat the experiment. 
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Figure 5.  Dye study results from 10-19-2010, with upflow layers dotted.  Data showed a good degree of convergence, with good steady states observed for most cases.
Once the spectrophotometer was adjusted to measure at the correct wavelength, the second trial gave much more reasonable results (Figure 5) that were more consistent both with each other and with the design expectations. The concentration data was normalized to a zero baseline so that the effect of the step increase could be observed. Each trial qualitatively followed the expected breakthrough curve pattern, and exhibited a distinguishable residence time within the layer. Most importantly, the steady state concentrations across outlets fell within a relatively narrow range around 8 mg/L. 
However, the top layer (flow from inlet 1 to outlet 1) behaved differently than expected (Figure 6).  The “steady state” we observe up to 400 s on the Inlet 1 Outlet 1 line is actually not a terminal state. After a longer sample was collected for 1200 s, we observed a true steady state closer to 12 mg/L (mean value represented by maroon line).  Even this condition was not ideal: we observed a very noisy, highly fluctuating concentration (represented by light blue curve) which we attribute to diffusion into the water on top of the sand bed. All other inlets have sand above and below or are adjacent to a wall, but the first layer has static head of water over it. We speculate that the concentrated dye is diffusing into the head and steady state is not reached until this passive diffusion ceases.  Also, the fluctuations in the 1200 s sample can be attributed to the absence of mixing in this static head. Despite its imperfections, this data was analyzed and a mean value of 12 mg/L was accepted as an approximate steady state concentration.
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Figure 6.  Dye study results from 10-19-2010.  Data showed a good degree of convergence, with good steady states observed for most cases.
Overall, the results from this trial have positive implications for stacked filtration.  We see that the upflow layers show comparable dye concentrations to the downflow layers. Thus, it appears that neither downflow nor upflow are systematically favored. In general, compared to the data from 10/15, the calculated flow rates from the 10/19 trial are closer to the target flow of 0.81 L/s in each layer.
Table 2: Calculated flows in each layer for two dye studies
	Layer

Number
	Expected Flow (L/s)
	Experimental Flow (L/s)

	
	
	Trial 1 (10/15)
	Trial 2 (10/19)

	1
	0.81
	1.18
	0.85

	2
	0.81
	0.68
	0.92

	3
	0.81
	1.40
	0.44

	4
	0.81
	0.25
	0.45

	5
	0.81
	0.28
	1.13

	6
	0.81
	1.32
	0.86


While the flow in the filter under clean-bed conditions is not perfectly uniform between layers, it is certainly not as bad as we had feared.  We are planning to continue with performance studies, and we intend to run another dye tracer / flow distribution study to determine how the distribution of flow among layers changes after turbidity is added to the filter.  At this point, we hypothesize that the clean-bed flow distribution is close enough to uniform that the filter should effectively remove turbidity, and that the distribution of flow will improve as head loss through the sand increases.  However, performance studies are required to test this hypothesis.

Future Work
Now that the tracer dye tests are done for the clean sand bed, the team will continue with performance studies.  We will spend the next week transitioning our experimental apparatus to run simulated settled water through the filter, which requires setting up pumps, turbidimeters, a 20-cm single layer control filter, and a consistent dosing system for clay and alum.  Once this is done, we will proceed with performance studies designed to collect data we need to successfully run the filter in the field.  We will also continue working on our field-scale designs and P3 proposal.

Team Reflections

The team had a long two weeks with several late-night lab sessions to collect the tracer study data.  Everyone showed a great attitude towards the work, which was often frustrating and difficult.  At the end of the week, we were rewarded with what appears to be good data.  Moving forward with the performance study should allow us to establish more of a routine and collect a lot more data automatically without requiring that we be there in the lab the whole time.
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