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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, time-series and steady-state dye tracer studies were carried out using a step increase of a conservative dye.  The filter was expected to have uniform flow across inlets and through sand layers, yet experimental results seem to suggest non-uniform flow. Analysis of the data is underway, but the downflow layers of the filter appear to be receiving more flow than the upflow layers. Overall, the dye study provided some insight into the true flow paths of the filter.  The stacked filtration team is ready to conclude these flow distribution experiments and begin preparation for the performance studies, which will further explore the viability and reliability of stacked filtration.  
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Introduction

In the preceding two weeks, the team has begun the dye tracer studies in an effort to better understand flow distribution through the stacks. Dye was introduced to an inlet and concentrations of the diffused flow were measured at adjacent top and bottom outlets. If the flow distributes evenly across filter layers, we expect the dye concentrations at the top and bottom outlets to be equal. The experiment seeks to refute the notion that gravity affects an up flow filter and investigates flow distribution. The study was broken into two studies: (1) a developing flow sampled at 6sec intervals and (2) a steady state flow with 1L samples. The developing flow experiment revealed that the flow across the layers is not even. The top outlet had consistently lower concentrations of dye than the bottom outlet. The steady state experiment addresses where flow is distributed between layers, not how quickly it develops or how it fluctuates with time. While data is still being processed, we can generalize the findings to state that the flow distribution across outlets is not ideal and further investigation will hopefully identify problematic areas of the system. 
Analysis of the dye tracer experiments was based on a mass balance on the dye passing through the filter.  As shown in Figure 1, a known mass flow of dye MDye was continuously injected into the filter and the concentration of dye in the outlets above (COutlet1) and below (COutlet2) was measured.  
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Figure 1.  Conceptual diagram of dye injection during one step in the tracer study.

For the injection of dye into Inlet 2 as in Figure 1, a mass balance on the total dye flow gives:

[image: image2]
A similar equation may be set up for the data from the dye injection at each other inlet.  The result is a system of 3 equations similar to Equation 1, which can be solved for the flows at each outlet QOutlet1, QOutlet2, and QOutlet3.  Once the outlet flows are known, the ratio of measured concentrations in the outlets can be related to the flow going up or down from the point where the dye is injected.  For the case in Figure 1, this gives:
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A system of equations resembling (1) and (2) can be used to solve for the flows in each layer.

Experimental Design

Red 40 dye was selected as the tracer to be used in this experiment.  Before beginning the studies, a calibration curve was necessary so that red 40 concentrations could be measured.  A bench-top spectrophotometer (Spectronic 20, Bausch and Lomb) was used to take absorbance readings of the following concentrations shown in Table 1 and develop the calibration curve in Figure 2.  Based on this data, a target concentration on the order of 10-15 mg/L was selected for the tracer at the filter inlets.
Table 1.  Spectrophotometer calibration data.
	Conc (mg/L)
	Absorbance

	0.0
	0.00

	1.0
	0.050

	2.5
	0.165

	5.0
	0.31

	10.0
	0.64

	20.0
	1.15

	30.0
	(

	40.0
	(

	50.0
	(
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Figure 2.  Spectrophotometric calibration curve for red 40 dye.  The concentration of the standard solutions is plotted against absorbance measured at 505 nm, and the regression equation allows any measured absorbance to be converted to a concentration.

The experimental apparatus was set up as in Figure 3.  Dye was injected from a concentrated (18.5 g/L) stock solution with a peristaltic pump run at 1.09 mL/min.  The pump line connected to a fitting on the target inlet pipe, and the dye was assumed to fully mix with the influent water in the pipe.  Samples were taken from the outlets above and below the point of injection, either with a fraction collector (for time-series data) or with a 1L flask (for composite steady-state data).  

[image: image5]
Figure 3.  Experimental setup for dye injection and sampling.

The first tracer study was conducted 9/30/2010.  Before beginning the study the bed was fluidized through backwash.  Figure 3 shows the path of the dye which involved injecting dye into inlet tube 2 using a pump.  Concentrations from outlet tubes 1 and 2 were then taken every six seconds and measured with the spectrophotometer.  This was done 50 times over the course of 297 seconds.    

The next study was conducted on 10/5/2010 and involved injecting dye into a single inlet tube starting with the first one.  The filter flowed at steady state while the dye was injected for four minutes before the outflow concentrations were collected.  After the four minutes of filtration were completed, 1 Liter flasks were used to collect the outflow.  When dye was injected into inlet tubes 1 and 2, the concentrations from outlet tubes 1 and 2 were measured.  When dye was injected into inlet tube 3, the concentrations from outlet tubes 2 and 3 were measured.  And when dye was injected into inlet tube 4, the concentration from outlet tube 3 was measured.  The spectrophotometer was used to measure the concentrations, and for each 1 Liter sample at least 4 samples were tested.  For all spectrophotometer measurements the same test tube was used to minimize differences in readings due to glass imperfections.
Results and Discussion

Time-series Data

Time-series sampling of Outlets 1-2 with dye injected at Inlet 2 yielded the tracer breakthrough curves shown in Figure 4.
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Figure 4.  Tracer breakthrough curves at Outlet 1 and Outlet 2, for dye injected at Inlet 2.  The layers seem to have a consistent residence time, but the downflow to Outlet 2 appears higher than the upflow to Outlet 1.

In the first experiment, similar flow development trends were observed across the two layers, as expected.  The time to reach “steady state” concentration in each layer, which approximates the residence time, was on the order of 200 s.  However, the concentrations of dye at the top outlet were lower than at the bottom outlet. This indicates disproportionate flows in respective layers, challenging our hypothesis.  Since all water enters the filter with the same concentration, a low concentration at outlet corresponds with a low flow rate. This suggests that the flow is not distributed evenly between layers, and downflow (to Outlet #2) appears to be favored over upflow (to Outlet #1).
Steady-state Data

In the second experiment, steady state flow was used to analyze time averaged concentrations. The filter was run for 5 minutes (more than two residence times) and about 1L of sample collected, after which 5 samples from this flask were analyzed on the spectrophotometer to obtain a dye concentration. The test was performed at each inlet and collected across two outlets.  The results of this sampling are shown in Table 2. 
Table 2.  Steady state outlet dye concentrations for each dye injection.
	Dye
	Outlet 1
	Outlet 2
	Outlet 3

	Inlet
	Conc (mg/L)
	Conc (mg/L)
	Conc (mg/L)

	1
	7.29
	0.00
	

	2
	3.55
	8.26
	

	3
	
	5.71
	6.74

	4
	
	1.33
	12.60


Mass-balance procedures were used in preliminary analysis to calculate the flow rates at each outlet in the filter (Figure 5) and in each layer (Figure 6).  Head loss in the sand seems to have distributed flow more or less consistently among the three outlet pipes; however, downflow seems to favored over upflow in the filter.  This phenomenon may be important in designing the geometry of the filter.
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Figure 5.  Calculated flow rates in each outlet pipe.
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Figure 6.  Estimated flow rates in each layer, noting downflow (blue) and upflow (red) layers.  Downflow is favored in two of three pairs.
Future Work

In the near future we aim to have dye studies completed and to have gained a better understanding of flow distribution in the medium. Our dye study conclusions may call for further experiments, but we hope to move on to the performance study. Next week we plan to begin building a 20cm single layer control filter for performance studies of the filter. This filter will help us isolate a single layer and compare up flow from down flow filtration performance. We will assemble materials and lab equipment to both build and test this single layer. Also, we eagerly await the arrival of our new turbidimeters, essential to the performance studies.  Aside from laboratory tests, we will begin developing our P3 proposal; we aim to have the abstract completed early next week. 
Team Reflections

The team is satisfied with the pace of experimentation and the overall flow of the semester. Progress is being made and to date, no major problems have arisen. Small logistical issues such as competing lab space with other research sub teams and awaiting equipment have come up but not problematic. The team seeks to be more productive by splitting up work where only a few team members need to be present to conduct experiments, while the other team members can come in to interpret the data or process. We feel that we can increase productivity while still preserving the team energy and collaboration, allowing for group meeting time. Overall, the team has room to grow in its time management and is doing so in new, creative methods.
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[image: image9.png]Red 40 Spectrophotometer Calibration Curve
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