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Abstract 

The Fall 2010 Inlet Manifold team has worked to optimize design solutions to minimize non-uniform and circular sedimentation tank flow patterns suspected in the current design of the sedimentation tank due to flow from the inlet manifold.  
Using visual and photographic evidence, dye tests, and pressure measurements, the existence of pressure recovery was confirmed, as well as horizontal velocity gradients that generated circular flow motion in a model sedimentation tank.  Comparison of measurements with calculations based on the energy equation revealed predictable behavior that can be scaled to full plant size. Other potential design improvements, including alternate manifold geometry, elimination of the launders, and revisions to the sludge withdrawal system, are also proposed.
Our principal recommended design solution is to outfit the original Agua Clara inlet manifold pipe with pipe “nozzles” that redirect the flow from horizontal to lateral.  This design solution, dubbed the “pink caterpillar” after our colorful scale model, resulted in nearly ideal performance during our dye tests.  A slight modification of the outlet spacing using our confirmed flow model is recommended to provide even better inlet flow balancing; a resizing or splitting of the inlet pipe to reduce forward velocities is also suggested to maintain recommended energy gradients and minimize floc break-up.
In this final report we summarize our work over the semester, detail our recommended design changes, and describe on-going and future work efforts to optimize sedimentation tank performance.
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 Introduction

Background and Hypotheses

In order to investigate the issue of rising flocs and the generation of circular flow patterns in the sedimentation tank, the team initially constructed several models to better understand two separate hypotheses.

Hypothesis 1: the exit velocities were not perpendicular to the inlet pipe due to the horizontal component of the end-fed pipe (Figure 1.)

Hypothesis 2: the existence of pressure recovery. From our preliminary calculation using Bernoulli’s law we predict that the flow at the downstream end of the pipe would be approximately 18% higher than the upstream end. 

Experiments
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Figure 1 shows both of these behaviors occuring simultaneously using a simple copper pipe with even port spacing.  The forward flow is readily apparent, as is the greater flow rate (higher flow projection) of the latter ports.  As described in our earlier reflection reports, our trials also demonstrated the importance of pipe geometry; with a thicker-wall PVC pipe, this behavior was not evident.  In this way, our lab copper pipe was a better model choice, since the thickness-to-diameter ratio was much closer to ratio of the full-scale pipe. 
Figure 1: Initial tests provided visual evidence of flow issues

Pressure recovery was confirmed and quantified in two ways, namely, through the measurement and comparison of flow rate from the first and last ports, and through the direct reading of pressure and comparison between the pressures seen at the first and last ports, respectively.  Details of those experiments were provided in prior reports and are only summarized here.
The effect of these behaviors on overall sediment tank flow was modeled using a scale model of the entire sediment tank.  In this model, dye was injected into the scale-model manifold and the flow behavior visualized and recorded with digital photography and movies.  These visualizations and recordings demonstrated that the existence of pressure recovery and horizontal flow out of the ports results in severe circular flow patterns in the sedimentation tank. Assuming these same patterns exist in the full-scale tank, it is predicted that this may prevent the sedimentation tank from performing as effectively as desired. 
Solutions

As detailed in past reports, we sequentially tested varying baffle/nozzle designs to find a simple solution to the forward-directed flow.  These experiments revealed a promising solution involving round “splitter” nozzles that would attach at each orifice location.  Dubbed the “pink caterpillar” due to the lively color of our model version, this design produced essentially complete elimination of the forward flow and resulted in very uniform flow patterns in the tank.  Figure 2 shows the model; with small tubes attached at each port, these “nozzles” aligned perpendicularly to the manifold and collect then redistribute the flow.  Other solutions were less effective.

[image: image26.emf]
Figure 2: The Pink Caterpillar Prototype

We also developed a design solution to eliminate the effect of pressure recovery: by tapering the spacing of the ports, flow exits the ports along the length of the manifold in a more uniform manner.  However, though inexpensive and simple to implement, the design solution did not substantially change the sediment tank flow behavior, suggesting that the problem of forward flow was much more significant that the problem of pressure-recovery imbalance.

The inlet manifold team recommended the combination of these two design solutions (nozzles plus tapered spacing) to optimize sedimentation tank inlet flow.
Experimental Design
Our sequential development of designs has been substantially reported in prior reflection reports.  This report will summarize that progression and detail some of our most recent work.

Our model development progressed as follows:

1. We used models of the inlet manifold at three different scales (1-1/2” diameter PVC; ¾” diameter copper tube, and ½” diameter copper tube) to visualize the flow through the orifices.  As documented in early reflection reports, the ½” copper manifold was quickly chosen as the best scale for lab work (as shown in Figure 1) due to our limitations with pumps, space, and materials and our desire to establish turbulent flow conditions as exist in our full-scale system.  Figure 3 depicts both the copper pipe and the plastic PVC pipe, showing the difference in wall thickness.
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Figure 3: The wall thickness of the copper pipe provided a better model of an actual 6” PVC pipe, as used in full-scale AguaClara plants.

2. We developed a lab set up with a centrifugal pump, constant head box, and suspended manifold pipe (Figure 4) to visualize flow, collect flow for measurement, and determine pressures at the orifice locations.  Several generations of set-ups were required to successfully complete our work.
3. We created scale-model sedimentation tanks so that we could use dye injections to visualize the effect of flow imbalances on overall sediment tank flow (Figure 5).  The models included “lamella plates” and launder pipes to simulate the flow behavior as much as possible.  A second-generation acrylic model proved most useful for our work.
The models were used for the sequence of experiments referenced in past Reflection Reports.  Specifically, we visually examined the flow behavior and recorded results with digital photos; we measured the flow at the first and last ports to determine whether pressure recovery created the anticipated differential flow (Figure 6); we measured pressures using homemade manometers (Figure 7), and we conducted a series of dye tests using our submerged manifold in the scale-model tank to test flow behavior with different combinations of manifold orientation, baffling, nozzle placements, and launders.
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Figure 4: Early experimental set-up, 
manifold is suspended in the air
[image: image24.wmf]0

5

10

15

20

0.14

0.16

0.18

0.2

0.22

0.24

0.26

Pipe Diameter (in)

Velocity (m/s)

[image: image4.jpg]



Figure 5: Experimental set-up, submerged manifold pipe 
at the bottom of a scale model tank.
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Figure 6: Set-up for flow measurements.  Ports #2, 3, 13 and 14 have been taped to isolate the flow from Port #1 and 15
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Figure 7: Manometer fashioned out of rubber tubing, attached to the start and end of the model manifold, allow direct pressure readings.  Red food color added to improve visualization.
Our latest experiments, which we introduced in the last Reflection Report #5, involved the use of a clear plastic pipe and various nozzle shapes.  The goal was to discover whether we could use visual testing or simple digital motion pictures to select nozzle types or shapes that might reduce energy dissipation (a more complete discussion of this issue is included in the Future Work section of this report). 
Our experimental set-up is shown in Figures 8, 9, and 10.
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Figure 8: Experimental Set-up for Energy Dissipation Tests
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Figure 9: Competing nozzle designs (from left): straight nozzle, half-cut nozzle with “baffle” before flow reaches port, half-cut nozzle with “weir” after flow reaches port


Figure 10: A 1 ½” clear PVC pipe manifold used to evaluate the merits of nozzle options depicted in Figure 9.

Results and Discussion

The results of the research conducted over the semester, reported in past Reflection Reports, suggests that the current Agua Clara sedimentation tank design may be significantly improved by changes in the inlet manifold and other tank features.  Specifically, on the basis of that past work, the Inlet Manifold Team recommends four specific design changes to the Agua Clara Sediment Tank design, as follows:

1. Inlet Manifolds should be fitted with inlet nozzles, or diverters, to eliminate horizontal flow velocity.  A perpendicular PVC pipe with a diameter of 1-1/2” appears well-suited as a low-cost diverter.  Figure 11 provides a simple sketch of this design solution; Appendix A provides details of this design recommendation.
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Figure 11: Diagram illustrating how the horizontal diffuser is attached to the pipe
2. New inlet manifold pipes should have tapered spacing.  Although this may not be critical to improved performance, the solution is zero-cost and requires no additional materials or technology, while the imbalanced flow created by pressure recovery is irrefutable.  Appendix B provides details of this design recommendation.
3. Launders may be considered for elimination from future designs.  Instead a design with inverted elbows as schematically shown in this report would simplify operation and improve the ability to view and maintain the plates if the additional head is acceptable.  Appendix C provides details of an alternative launder system.
4. Inlet manifold pipes should have small holes drilled near the pipe high points to ensure that air can properly escape during filling and tank restarts.
Research is ongoing in two additional subject areas:

1. Manifold size/geometry to reduce energy gradients at the ports; and 

2. Sludge removal improvements.

More recent results have addressed the decision on whether the inlet manifold pipe should be modified.  The section “Future Work” that follows provides more information on the factors in that decision.  The remainder of this section reports on the results to date regarding the manifold size/geometry question

 Energy Dissipation Test Results
A series of tests were performed using the experimental set-up with clear acrylic pipe and nozzles described in the last section (Figures 8, 9 and 10).  These include various orientations of the nozzles shown in that section while water flowed through the pipe.
Dye was first used in an attempt to visualize the flow.  A limited degree of visualization was possible due to the high flow rate, preventing the team from making definitive observations.  The frame speed of our digital movies was also too slow to capture the motion with greater accuracy.  Figure 12 shows the dye just as it passes an orifice in one such test.
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Figure 12: Dye test conducted on a clear manifold with nozzles
In an attempt to improve visualization, small plastic pellets were used as “tracers” in a second series of tests.  These discrete particles followed the flow and allowed a better sense of the flow’s motion, although the flow speeds were still too high for clear digital movies.  Figure 13 provides an image of this test; the general flow motion can be observed.
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Figure 13: Tracer beads test conducted on a clear manifold with nozzles
 

Our visual observations from these tests were as follows:
1. There is an abrupt change in direction and acceleration as dye or particles approach and reach a nozzle/orifice location.

2. An orifice without a nozzle, or without a nozzle that protrudes into the flow, appeared to create the least energy change; the flow more naturally “curves” through the exit port with the least visual disruption.
3. An orifice with a nozzle protruding into the flow appears to create a greater disruption to particle flow and path.  Although not conclusive, the convex nozzle protrusion (Figure 14) appears to provide the greatest particle disruption as the particle must accelerate fastest to make the convoluted turn around and into the nozzle outlet stream (some reverse flow was also noted).

While not definitive, these results did not suggest that a nozzle protruding into the flow path would be a promising solution to reducing energy gradients at the outlets.  Additionally, while our flow tests were inconclusive, the simpler method of orifice taping seems preferable to eliminating pressure recovery concerns as it is essentially no-cost and not flow-dependent.

[image: image13]
Figure 14: Concave (right) and convex (left) nozzle shapes.
In summary, the results of our research using the clear baffled model were somewhat inconclusive.  The dye used in the dye tests was too diffusive to be able to observe any meaningful trends.  Observation of the small beaded media led us to believe that the baffles do not provide any benefit to pressure recovery.  While these nozzles certainly straightened the flow, the horizontal flow is corrected by the jet out of the manifold and not really aided by the extension of the nozzle into the manifold pipe or the shape of the nozzle end.   

To conclude our in-lab research, we performed one final “flow collection” experiment to try and understand the effect of the baffle inside the manifold.  We collected flow out of the middle port on our 1 ½” clear manifold while alternating the orientation of the baffled nozzle (Figure 14).  Our data indicated to us that neither orientation significantly impedes the flow.

Our final research, as of November 25th, was to investigate a design that developed due to a misunderstanding.  We believed an email from someone in Honduras was describing a modified verison of The Caterpillar in which Tee’s were attached to each port to allow the water to exit the port downward but then redirects the flow out the two horizontal portions of the Tee.  

Both the Caterpillar and the Tee design provide the same flow-straightening benefits so our research team focused on which would be more easily constructible and cost effective.  The advantage that the Tee has over the Caterpillar is that PVC Tee’s are mass produced, not terribly expensive and would result in a perfectly uniform manifold.  However, our preliminary research has indicated that the decreased surface area that can be used to secure the Tee pipe to the manifold pipe could prove troublesome.  A quick and dirty test in the lab revealed that solvent cementing a Tee pipe to a large manfiold does not provide as tight a seal as we believe the Caterpillar design will.  Specifically, our first test with solvent-welding failed to produce a good “weld”.  A second test which involved “scuffing” the surfaces prior to applying the solvent, and using a cleaner on both the Tee and the manifold before applying the cement, provided improved results, but the contact area for the tee is still relatively small.
The less uniform method of cutting a single pipe such that the manifold will rest atop it provides a larger amount of surface area to connect to the manifold and reduces the cost by only requiring sections of PVC for each port, instead of a Tee pipe section for each port.  Thus, we continue to recommend that approach.
Our semester’s research has provided us with strong support for making new design proposals for future plants and retrofitting options for existing plants.  Our team would like to recommend that for Agalteca and Marcala, two plants in need of inlet manifold retrofitting, both plants adopt The Caterpillar design.  Depending on the materials available for retrofitting, we would also like to recommend that if a plant is able, they replace the pipe with a new pipe and implement tapered spacing of the ports.  
A final recommendation is that the inlet manifold be modified with either a larger pipe or a split manifold.  However, we do not have experimental evidence at this time to directly support this recommendation.  This subject is discussed in more detail in the following section, “Future Work”.  If possible, we would suggest that Agalteca replace one of their 6” manifolds with an 8” manifold (with Caterpillar nozzles) to allow a side-by-side comparison of performance.
Future Work

The Fall 2010 Inlet Manifold Team generated design solutions for flow imbalances caused by pressure recovery and directional discharge, along with design variations adapted for past, current, and future designs.  Further, calculations supported by dye testing in scale models suggest that launder pipes might be replaced with simpler outlets without deleterious impact to performance.  The team does not recommend continuing experiments in these areas unless experiences at full scale plants contradict these recommendations.

Future work is recommended in two design areas as follows:

1. Optimization of inlet manifold geometry to improve sediment tank performance.  The current design may create floc breakup at the discharge orifices, since flow through relatively small orifice openings can create higher energy gradients and shear forces than recommended.

2. Optimization of sludge withdrawal to optimize operating flexibility and sludge level control.  The current sludge drain system may not provide uniform removal.

Optimizing Inlet Manifold Geometry

As detailed in lecture notes for CEE 4540, recommended flow rates in the inlet manifold are typically limited to a level that prevents energy dissipation rates above approximately 6 mW/kg.  In past Agua Clara designs, this guidance dictated maximum flow velocities based on pipe diameters; for a 6” inlet manifold, this velocity (0.173 m/sec, corresponding to 3 L/s flow rate) is a limiting factor in the sediment tank design.  The design for the orifices used the assumption that the sum of the orifice openings would be equal to the inlet pipe cross-section, so the flow velocities through the orifice would not increase substantially.  

However, as illustrated in Figure 15, to limit energy dissipation caused by shear forces along pipe surfaces, smaller velocities should be maintained across smaller openings (port openings or nozzles).

Since energy dissipation is proportional to the cube of velocity, small differences in velocity can create relatively large energy gradients as floc particles are accelerated.  

Dye and particle testing in clear plastic pipes with ports and various nozzles support the idea that re-direction of flow through port openings creates significant local acceleration.  We theorized that forces capable of floc destruction result from (1) the vector combination of horizontal flow and vertical flow; (2) the vena contracta effect, which effectively increases local velocity; (3) rapid direction change, which creates centrifugal forces and uneven distribution of particles by density; and (4) the sharp-edged orifice of exit surfaces, which can impart mechanical shear.


Figure 15: Recommended Maximum Flow Velocities

(Monroe Weber-Shirk lecture notes, CEE 4540)

Port velocities recommended by Figure 15 are below the minimum of the Ten States recommended velocities, as shown in Figure 16.


Figure 16: Recommended Port Exit Velocities

(Monroe Weber-Shirk lecture notes, CEE 4540)

The rationale for the uniform minimum velocity recommendation of Ten States in Figure 16 is unclear; we know from Figure 15 that size is important to the energy gradient and thus to the potential for floc breakup, yet the Ten States guidance does not reference port diameter.  The minimum value in the Ten States Standard is presumably chosen from experience so as to ensure relatively good flow balance; at lower discharge velocity (and thus low pressure differentials) small perturbations (say, debris or floc build-up near one port) could potentially have a large effect on the flow balance, so some reasonable minimum (but diameter-dependent) velocity is reasonable.  The recommendation in Ten States Standards was likely based on experience in larger plants (thus larger ports) and also for plants which have sand filtration, so that a moderate level of floc breakup creates a lesser impact on plant performance.  This recommendation therefore bears re-examination for Agua Clara plants.

Design changes to reduce the potential for floc break-up could include a larger discharge pipe or a tee connection to distribute the flow between two parallel inlet pipes (or to the center of a single pipe), thus reducing the horizontal flow component; a partial solution would involve simply creating larger diameter discharge ports.  Figure 17 includes sketches of several schematic design solutions.


Figure 17: Design Solutions for Reduced Exit Energy Gradients

Table 1 provides some advantages and disadvantages of the various design solutions.  The solution of larger orifice outlets (Solution 4) seems simplest and cheapest, but may be tempered by the Ten States guidance (Figure 16) and cannot fully meet the objectives of Figure 15: in a pipe with internal velocity of 0.17 m/sec, the velocity out of the first outlet port will always exceed 0.17, since it is the vector sum of the horizontal plus vertical flow.  Further experimental work is suggested to recommend an optimal solution which considers cost, simplicity of construction and operations, and performance.

Table 1: Comparison on Solutions for Reduced Exit Energy Gradients
	Design Solution
	Advantages
	Disadvantages/Concerns

	Option 1: Double Manifold
	Simple to design and construct; can be combined with any orifice size or arrangement; reduced horizontal velocity – can achieve any velocity reduction desired.
	Moderate higher cost (more pipe; more fittings); moderate pressure drop needed to ensure good distribution; small differences could create some flow imbalance.

	Option 2: Larger header pipe

[Further discussed  in Appendix D]
	Simple to design and construct; can be combined with any orifice size or arrangement; reduced horizontal velocity – can achieve any velocity reduction desired.
	Moderate higher cost (bigger pipe; fittings); moderate pressure drop needed to ensure good distribution. 

	Option 3: Tee to center of split header
	Relatively simple to design and construct; can be combined with any orifice size or arrangement; reduced horizontal velocity – can achieve any velocity reduction desired; may be combined with alternative sediment tank design.
	Moderate higher cost (more pipe, more fittings) unless combined with entire tank re-design with center feed; moderate pressure drop needed to ensure good distribution; geometry may be most susceptible to flow imbalance.

	Option 4 (not shown): Larger or more frequent ports
	Low cost, simple to design and construct.
	No reduced horizontal velocity – can’t meet exit velocity goals; moderately higher cost possible for flow nozzles if larger; high horizontal/low vertical flow may be susceptible to imbalance.



Optimizing Sludge Withdrawal

Another future sedimentation tank issue relates to sludge withdrawal.  Current sludge withdrawal relies entirely on a gravity drain at one end of the tank with a perforated top plate to encourage flow from across the length of the pipe; however, a “sticky” floc deposit far from the drain could easily cause unbalanced sludge draining which could compound over time, requiring the tank to be drained and manually cleaned (see Figure 18).  A controlled floc sludge blanket is expected to improve performance, so greater control of floc sludge depth across the bottom of the tank is recommended.  A prior design solution involved a perforated plate over the top of the drain; however, this solution may not be insufficient to support balanced drainage without periodic manual attention.

[image: image14.emf]
Figure 18: Design Limitations of Sludge Withdrawal System
[image: image15.emf]
Figure 19: Preferred Sludge Withdrawal Operation

A preferred design (Figure 19) would allow sludge to drop into a drainage area that could be flushed periodically with clean water along the entire length.  An inexpensive concentric rotating sludge withdrawal pipe system was proposed (see photos in Figures 20A&B).  This involves a 4” diameter PVC pipe cast into the tank bottom with a concentric internal 3” drain pipe.  The photos show an initial (incomplete) prototype of such a design.  A vertical pipe extended from the flush port is recommended so that the source of flush water is above the sludge blanket layer.  This concentric design solution could potentially create other issues, including but not limited to tank leakage or system failure from grit or solids jamming the rotating pipe; further refinement is needed to produce a simple and inexpensive solution that has limited risk.  A simple test for leakage is suggested by Figure 21; a functional test with grit and sludge to check for binding tendencies is also recommended prior to any in-situ tests.  
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Figures 20A&B: Concept Prototype for Rotating Sludge Drain

[image: image18.emf]
Figure 21: Set-Up Options for Leakage Test

Another alternative solution to be tested is shown in Figure 22.  This solution involves no new moving parts.  Sludge collection is through a relatively thin slot in a pipe which is embedded in the grouted bottom of the tank; a larger flushing port at the far end of the pipe encourages flushing flow from that end along the entire pipe length.  It may be imagined that opening and closing the flushing valve may create a similar ability to control sludge depth as is possible with the rotating design (Figure 20), provided that most of the flush water comes from the end of the pipe.  This static design is cheaper and easier and does not create concerns with binding or leakage, but may not offer the same operating control.

[image: image19.emf]
Figure 22: Alternative Drain Concept Design
Team Reflections

The Inlet Manifold Team has enjoyed the work of the semester.  Our interest has grown as experiments have revealed real-world solutions to some potential performance problems(?) and we have realized our potential to actually improve water quality for Honduran communities with AguaClara plants.  We felt very well supported by all of the AguaClara leadership and enjoyed being a small part of the program’s success.

Our ability to fashion simple hands-on visual experiments that revealed otherwise unclear behavior made our work interesting and our success in finding implementable low-cost design solutions encouraged us to do more.  Our success in creating intuitive, reliable techniques for quantitative analysis as well as the ability to use accessible technology (simple camera video) to perform and document our work made this information easier to communicate within and outside of our group.

With the exception of some very modest initial purchases, we were able to use materials and supplies that we had available or were left over from prior experiments.  This helped us to develop the sustainable, low-impact mindset that seems appropriate for the design for “base of the pyramid” communities.  We felt that our creative and colorful designs added light humor and humanity to our work and made it more enjoyable.

The varying strengths of different team members improved the performance of the team as a whole.  Different concepts and ideas were generated by each of the members, and technical strengths (using software for reporting and downloading; model building; processing of video records; MathCAD; writing skills; etc) blended well to improve our ability to understand and explain the performance of the inlet manifold.

Small scale models proved extremely useful in conducting multiple experimental trials.  They were simple, inexpensive, and allowed quick feedback on the efficacy of multiple design solutions.  However, the team remains somewhat reluctant to recommend broader improvements to real plants based solely on scale testing.  A greater interaction with full-size active plants would increase our confidence in the efficacy of these design improvements; in addition, an ability to perform full-scale testing at Cornell would be an intriguing future possibility.
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