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Abstract 
Efforts by the Inlet Manifold Team over the past two weeks resulted in design solutions for two specific design issues associated with the Agua Clara sedimentation tank inlet manifold.

Direct pressure measurement at two positions of a 1/12th scale inlet manifold, using a homemade pressure manometer system, provided irrefutable evidence that pressure recovery exists.  Combined with flow measurements and correlated to theory, mathematical predictions can now be closely matched to field measurement, thereby establishing a basis for accurate design solutions of this problem.

Further dye testing of our scale model sediment tank verified the value of baffling or flow diversion systems to combat horizontal flow and allowed comparison of several design solutions for diverter arrangements that would eliminate horizontal flow. Tests revealed that all baffle/diverter systems provided some benefit to improving even flow distribution, but one system, dubbed the “pink caterpillar”, provided nearly ideal performance. A practical construction method using simple tools to implement the new flow distribution system was also demonstrated.

Additional dye tests combined with hydraulic gradient calculations verified the hypothesized possibility of removing the launders in future designs without adversely affecting the sedimentation tank performance, consistent with appropriate design principals.  Dye tests indicated the elimination of discharge launders has essentially no effect on flow distribution in our scale model, even though our model “lamella plates” provided minimal pressure drop.
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Introduction 

Prior work by the Inlet Manifold Team confirmed two behaviors which impede the optimal performance of Agua Clara sedimentation tanks, namely:
1. Horizontal flow out of the ports; and
2. Pressure recovery; whereby end-of-manifold flow is higher due to higher differential pressure
The horizontal flow is the transfer of the pipe horizontal flow through the outlet hole (port).  The total velocity through the port is governed by Equation (1):
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Where:  
VX = Exit velocity at the orifice (at any position x along pipe)

VHX = Horizontal velocity in the pipe at location “x”

VYX = Vertical velocity in the pipe at location “x”

Note that VX is always greater or equal to VHX; this may be important in controlling energy dissipation rates, as discussed later in this report.

The vertical velocity at location x along the pipe VYX can be determined from the formula for flow through a circular orifice (Equation 2):
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Where:

QN(X) = Flow rate through orifice “N” at position “X” along the pipe


A = the cross-sectional area of the opening (the port or orifice)


C = orifice constant (c = 0.61 commonly assumed for a “straight-edge” orifice)


g = gravitational constant (~980 cm/s2)


hX = pressure head at location x

The pressure head at any location hX is a function of the total head and the horizontal velocity of the flow, as determined by a simplified form of the energy equation (Equation 3):
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Where:

hX = pressure head at pipe horizontal position “x” (in our case, expressed in cm)

VHX = Horizontal velocity in the pipe at location “x” (cm/sec)


g = gravitational constant (980 cm/sec2)

Since the horizontal velocity slows from the initial full-pipe velocity to a velocity approaching V = 0 at the end of the pipe, equation 3 reviews that the pressure head must increase as we move towards the end of the pipe.  This behavior is termed “pressure recovery”.  Figures 1 and 2 show the theoretical and visualized flow behavior, respectively, as governed by equations 1-4.  
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Figure 1: Hypothesized Flow Behavior of our Model Inlet Manifold Pipe
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Figure 2:  Flow Behavior as seen in the lab.  Note the higher discharge elevation achieved by the end (right-hand side) port.

Calculations suggested that tapered spacing of the ports could provide more uniform flow out of the manifold (Figure 3).  The subtle taper spacing shown was calculated to accurately balance the flow concentration along the pipe (even flow in cm3/min per unit pipe length).  The diameters of the holes (1/8”) remain unchanged.

Specifically, modifying the regular spacing of outlets can be modified to create even flow across the tank using the formula (Equation 4):
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Where:
Δxi = spacing of orifice i

Δxaver = average outlet spacing (from design tool)

QT = Total flow through the manifold
N  = Number of orifices  

Qi = calculated flow through orifice i (from pressure recovery calculation)  
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Figure 3. The spacing of outlet holes in the top pipe vary in accordance with equation 3.  The bottom pipe has even port spacing. 

Visual evidence from dye testing as shown in prior reflection reports indicated that the effect of horizontal flow transfer plus pressure recovery combine to produce uneven flow patterns in the sedimentation tank, leading to circular flow and higher-than-desired flow at the downstream end of the manifold.  We hypothesized that baffles could be installed to prevent horizontal flow from traveling to the very end of the tank, and create a more uniform rise of flocculated water, while tapered hole spacing would eliminate the pressure imbalance caused by differing pressure heads along the pipe (pressure recovery). 

Initial designs for baffles focused on creating smaller, partitioned areas of the sedimentation tank (Figure 4).
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Figure 4.
 Early AutoCAD drawing for baffles partitioning the sedimentation tank into 4 sections. 

Dye tests with our scale model demonstrated that baffles placed roughly as shown in Figure 4 did provide better flow distribution, but did not entirely eliminate circulatory flow patterns in the tank.  In an attempt to optimize the performance, two other baffle designs were investigated.

Additionally, Monroe had suggested that launders may not be necessary in future AguaClara plants, and challenged us to help determine whether the launders, which are intended to create even flow/pressure at the top of the lamella plates, can be eliminated. To consider this potential, potential pressure effects were verified, namely:
1. The hydraulic grade line necessary to transmit flow across the top surface of the tank; and
2. The effect of horizontal velocity along the top of the plates. 

The hydraulic grade line is governed by a standard hydraulics energy equation (see, for example, the following source: http://onlinemanuals.txdot.gov/txdotmanuals/hyd/hydraulic_grade_line_analysis.htm ).  This formula can be written as follows:
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where:
· HGLus = elevation of the hydraulic grade line at upstream node (cm) 

· vus = upstream velocity (cm/s) 

· vds = downstream velocity (cm/s) 

· hm = minor (junction/node) head loss (cm) 

· hf = friction head loss (cm) 

· HGLds = elevation of hydraulic grade line at downstream node (cm) 

· g = 980 cm/s2. 

This equation is evaluated in the results section to see how it compares with our visual evidence.

Finally, while we could directly measure flow at the first and last orifice locations, we were unable in earlier studies to directly measure pressure to any reliability due to pressure sensor noise and signal drift, so we constructed a simple manometer device to eliminate that problem.

We also began experiments on a clear plastic pipe to see if we could visualize internal fluid behavior (using dyes and slowing down our camera videos).

Experimental Design 

 

We constructed two simple home-made pipe manometer connections as shown in Figure 5 and ran the pipe flow test again, using the same pump, weir box, and other equipment as reported in prior reflection reports.  Red food dye was added to the manometer to enhance the visualization of the variation in head pressures. 
We also inserted our two new baffled designs into our transparent model tank and tested them with dyes to compare performance.  One design used a horizontal diffuser at each orifice opening; the flow left the orifice, entered a tube through a hole in the center of the tube and was forced to move towards the two ends.  The second used a vertically-oriented diffuser formed from sections of flexible tubing enveloping the holes.  These tests were conducted twice for each arrangement, once with and once without the launders installed.  Figures 6 and 7 show still shots of the experimental set-up.
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Figure 5: Simple direct-reading manometers were fashioned from nested flexible tubing.
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Figure 6: “Competing” Baffle Designs:  The Pink Caterpillar versus the Dr. Flex
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Figure 7
: Close-Up of a Dr. Flex Flexible Tube Baffle
Finally, we ran the dye tests again without the launder pipes, to determine whether the launder pipes were needed.

 

Results and Discussion 

Manometer Test

Our tests of the pipe in the air with the visual manometer devices (see Figure 8) provided confirmation of pressure recovery, but also revealed an unexpected result. We used our pressure sensor on the original experimental set up (Figure 5) and we were able to acquire data, as shown in Figure 8.
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Figure 8: Manometer Test Results.  Red dye is used to make visualization easier.

Based on the placement of the manometers, we are measuring pressures just before the first manifold orifice and at the end of the pipe.  These measurement locations approximate the pressure at the first and last orifice.  The follow data was obtained:

· Pressure head just prior to the first orifice: 3.3 cm.

· Pressure head at end of pipe: 4.3 cm.

· Pressure recovery head: (4.3) – (3.3) = 1.0 cm

The setup was the same as in prior flow experiments, so it is assumed that the flow rate of this test was between 4.6 and 4.9 liters per minute.

Using equation (3), we would expect the pressure head difference to correspond to the measured velocity term, since the first measurement point was prior to loss through an orifice (i.e., full pipe flow) and the second was at the end of the pipe (i.e., complete pressure recovery).   A 1 cm pressure head difference equates to pipe velocity of 0.443 m/sec. 

The non-zero velocity head was measured within a ½” copper tee.  A ½” copper tubing tee has an inside diameter at the run midpoint of between about 1.4 and 1.6 cm (the inside and outside diameter of the copper tubing, respectively). Assuming an effective diameter (less pressure probe) of just over 1.5 cm (1.8 cm2 area) we derive a flow rate of 4.8 liters per minute, in good agreement with our prior lab measurements.

The orifice flow equation (equation 2) can then be applied with the known endpoint pressures to derive the total flow out of the pipe – which we would expect to be about 4.8 liters per minute (i.e., an average of about 320 cm/minute through each orifice.  However, in doing so, we do not get good agreement unless we set the discharge coefficient “c” to be approximately 0.78 – much higher than the straight-edged orifice value of 0.61 that we would expect.  Since the pressure reading is very straight-forward and we believe the flow readings are approximately correct, we will use a discharge coefficient of 0.78 for our experiment.  

As will be discussed in our final report endnotes, discharge coefficients may vary significantly with pipe size and geometry.  Therefore, it is not proposed that the discharge coefficient will apply to the full-scale system; rather, it is recommended that the value c = 0.61 (which has been derived for a large variety of cases, all of which involved larger orifice sizes) be assumed unless full-scale data can be found.

Dye Test Results for Baffle/Nozzle Optimization
Dye tests with these baffle designs demonstrated improved performance with each.  However, the design shown below in Figure 9, which we dubbed the Pink Caterpillar design, proved far superior.  In fact, to the extent that we could visually observe, this design provided a extremely well-balanced flow with the entire tank effectively used, with essentially no circulatory or horizontal motion within the tank.
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Figure 9: The Caterpillar.  This design makes use of diverters at each port to redirect the flow out either end of the diverter and eliminates a horizontal velocity component in the direction of the flow in the manifold.
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Front View


Shape of the Pipe

Figure 10: Further depiction of the Caterpillar design specs.
Figure 10 provides a visualization of what each component of the design looks like.  Figure 11 shows a real-life version in which sections of 1-1/2” PVC pipe with cut-away sections could be attached by solvent cement to a 6” or 8” inlet manifold pipe to effectively create diffusers for the Agua Clara plants.  These would be low-cost and relatively simple to manufacture; a high-quality connection is not required, since solvent cement can provide a long-lasting, permanent connection with limited contact area.

[image: image16.png]



Figure 11:  An early design model for the “Pink Caterpillar” Diverter.  An improved model maintains the entire pipe circumference at both ends.  The diverter is simply solvent-cemented to the PVC manifold pipe. 
We repeated tests with and without the scale model launders.  With the launders removed, the flow simply left the tank through the former launder pipe exit holes.  These tests showed no observable difference in performance; in other words, no effective improvement with launders.

Launder Discussion

Returning to Equation (5):
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We verify that there should be only a small pressure difference across the top of the tank, such that launders are not required, as depicted by Figure 12.
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Figure 12: Cross sectional Schematic of Launder-Less Sediment Outflow above the plate settlers (not drawn)  
We can only decrease h by decreasing Vds. But since Vds depends on flow rate and the area beneath our "triangular prism of water", we can see that the angle of elevation will become insignificant when Awall is large.  
Our team used a MathCAD file to calculate the difference between the hydraulic gradient line of the upstream conditions and the downstream condition.  We found the difference to be on the order of 10-5.  
We therefore conclude that the pressure difference from one end of the tank to the other is only on the order of 5/1000ths of a cm – very low indeed – assuming smooth flow – so the difference in head across the top of the plates is small.

Next we considered pressure recovery, to check to see if velocity across the top of the plates creates a lower head just at the top of the plates in the exiting end.  The max flow rate is again the order of 3 cm/sec.  Then V2/2g is again the same number at the end on the order of 0.005 cm.  Assuming that the plates themselves have a significantly higher loss – say, 0.1 cm or more – we should not have any appreciable difference in pressure from one end to the other (but perhaps twice what we might have predicted without horizontal velocity considerations).

We can reduce the horizontal velocity and further reduce any concern about uneven pressure effects by simply submerging the plates sufficiently – for example, 20 cm submergence doubles the flow cross-section, thereby halving the velocity, so the velocity pressure effects are reduced by a factor of four.  Figure 12 shows a simple design for submerged discharge with no launders:  Using elbows at the discharge ensures adequate flow depth to reduce horizontal flow effects and keep discharge submerged (to avoid scum or other floating matter from entering the finished water tank).  However, there is a trade-off as most sites will need to minimize water levels to minimize system driving head.
Pressure Recovery

Our baffle design, in theory, may correct for the effect of horizontal flow imbalance, but does not address the roughly 15% flow imbalance from end-to-end that occurs due to pressure recovery.  However, our model tests did not reveal appreciable visual differences in flow patterns using evenly-spaced holes versus a “tapered” hole spacing designed to balance out the pressure-recovery effect.  We concluded from these observations that horizontal flow imbalance was a larger problem than pressure recovery, at least with our scale model.  Nonetheless, the simple tapered hole solution, which adds neither cost nor significant complexity to the design, is still recommended.

Clear Pipe Discoveries

Experiments are continuing with our clear pipe and different nozzle shapes and types.  Figure 13, 14 and 15 show this apparatus.  
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Figure 13: Faucet-driven constant head feed tank on our clear pipe with nozzles
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Figure 14: Close up of the Clear Pipe with nozzles
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Figure 15: Potential Nozzle Designs Being Tested
One thing we noticed was that it was hard to remove all the air from the manifold; we suspect that some experiments had air issues that were not visible with our solid (copper) experiment.  This reminds us of a prior recommendation that AguaClara inlet pipes should be drilled with one or more very small (but large enough for air to pass through) outlet holes at the pipe high points to allow air to escape easily without significant flow effects.

Other Observations

The dye testing suggested other recommendations as well.  For example, it was noted that the pipe elbow placement on the manifold may cause misalignment between the hole spacings and the lamella plate openings; t
he layout of the tank should be considered and holes aligned as closely as practical to the bottom openings of the lamella plates for optimal performance.

Future Work 

The team will address concerns over excessive velocity in the inlet manifold and the potential for floc breakup in our continuing work.  This will involve flow visualization attempts using a clear pipe and different nozzle configurations, and potentially other types of work.  We will also produce some designs that seek to optimize performance even if we can’t confirm or deny the potential for the problem, and offer any recommendations we may have regarding such design changes. 

 

Team Reflections 

The team has been working well together and taking advantage of the team work time allocated during class to discuss our progress thus far in the semester and to conduct experiments to test our new designs. With the help of our fellow researchers, we have managed to construct new models out of material that were already in the labs, which tested our resourcefulness and helped us to progress along without having to wait for materials to arrive.

The Inlet Manifold Team is prepared to recommend four specific design changes to the Agua Clara Sediment Tank design, as follows:

1. Inlet Manifolds should be fitted with inlet baffles 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.  
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.
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.
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.
The team remains concerned about the potential floc breakup due to an energy increase as the inlet flow accelerated through the orifice openings.  Design solutions will be presented in the remaining weeks to address that concern.  We are attempting experiments to visualize orifice flow behavior but are currently unsure we can accomplish this goal; in lieu of that visualization we will still be able to offer some good design recommendations.



















�You guys are doing great work. I know this is the last report, but I think you should recognize how long this report is. You are trying to put too much in one place. You don’t have to demonstrate pressure recovery and horizontal velocities in every report, just refer to a previous one. 95/100


�You guys win the award for longest introduction all semester. Congrats.


�You can refer to past reflection reports instead of repeating stuff.


�These are in opposite directions, which orientation did you go with?


�Interesting…


�Are you talking about the elbow on the inlet manifold or the elbow you just suggested for the effluent?





