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Abstract
Accurate chemical dosing is important in water treatment plants to ensure optimal conditions for flocculation, sedimentation and disinfection of the treated water. The linear chemical dose controller uses laminar flow through a small diameter tube to create a linear relationship between head loss and chemical flow. The linear flow orifice meter then maintains a linear relationship between plant flow and water elevation. The linear relationships simplify chemical dosing for plant operators who may have a limited education. Our team is researching the upper-flow limit of the linear dose controller and developing innovative designs to increase the capacity of this system to function in plants with flow rates approaching and above 100 L/s. Furthermore, we are redesigning and simplifying the linear flow orifice meter algorithm to improve its precision and performance in the field.

Brief History
The AguaClara team began developing a hydraulic system to add coagulant during the water treatment process when the project commenced in 2005. The chemical dose controller (CDC) system relates flow and head loss in either a linear or non-linear relationship. Initially, a linear dosing system, using a linear chemical dose controller and a linear flow orifice meter, was preferred because it was simple for the operator to understand and operate. Early research efforts concluded that the linear dosing system could not be used for plants with high flow rates because the maximum chemical flow rate, for which laminar flow could be maintained, was only 7 mL/s. This limitation led the AguaClara team to adapt their design to a non-linear model, designed with orifices to control chemical flow. This model was installed at an AguaClara plant in Agalteca, Honduras. Operators’ feedback suggested that this system was more complicated to understand and operate because: (1) it used multiple orifices and scales, (2) the orifices used were not easily fabricated in Honduras, and (3) the system employed a rapid mix orifice which, at times during rainy season, would allow sediment to build up in the flocculator, causing increased head loss through the plant and resulting in the system over-dosing. This semester, our team has been assembled to continue prior semesters’ teams’ research on the linear chemical dosing system and determine its ability to perform in plants with high flow rates.

Introduction to Current Research
Major head losses are frictional energy losses which depend upon the fluid’s Reynolds number. The CDC regulates flow with major head loss from a small diameter tube. A linear relationship between flow and head loss is preserved when chemical flow through the tube is laminar. To be laminar, the Reynolds number of the flow must remain below 2100. Equation 1 allows for the calculation of a minimum inner diameter to maintain a Reynolds number in the laminar range. The minimum inner diameter of the small tube (IDTube) to maintain laminar flow is a function of the maximum chemical flow rate (QCDCmax) and viscosity of the fluid (νH2O) (Equation 1)
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(1)

Tube length sets the total major head losses and the length of the small diameter tube (LTube) is a function of the maximum head loss (Hmax), the minimum inner diameter of the small tube (IDTube), the maximum chemical flow rate (QCDCmax) and the viscosity of the chemical solution (νH2O) (Equation 2).
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Adding parallel small diameter tubes will circumvent the laminar flow constraint by allowing for higher total chemical flow rates through the system while maintaining laminar flow.  This will allow the linear CDC to function in plants with flow rates approaching 100 L/s. 
The linear relationship between head loss and flow rate is preserved via the linear flow orifice meter (LFOM) (Figure 19). The LFOM maintains an approximate linear relationship between the surrounding water’s head and flow through the LFOM. As the depth of water in the entrance tank changes to reflect a changing plant flow rate, the LFOM is designed so that the water flow rate through it is also adjusted to maintain a linear relationship between this water depth and flow rate. Redesigning the LFOM algorithm to redefine its “zero-point,” the point at which there is zero flow through the LFOM, will improve its ability to deliver predicted flow rates.
Experimental Design

The chemical dose controller system controls flow using several components. As seen in Figure 1, the chemical flows from a stock tank, through a large-diameter tube into the constant head tank (CHT). The tube leading into the CHT should have a large diameter so that major head loss is negligible. The chemical depth in the CHT is maintained at a constant level by a float valve. To maintain a constant chemical dose over time, it is imperative that the chemical depth in the CHT remain constant. From the CHT, the chemical flows through one (or several) small diameter tube(s) to the drop tube. The small diameter tube(s) is connected to the CHT by a barbed fitting. The small diameter tube(s) have a very specific diameter and length to control total head loss through the system. Although it is not always attained (see Minor Loss Modeling section below), the goal is to have negligible minor losses so that flow remains laminar and is controlled via major head losses through this small diameter tube. 
To serve plants with higher total flow rates, more than one small diameter tube can be used. The small diameter tube(s) is connected with a barbed fitting to the drop tube. The chemical exits the small diameter tube and flows supercritically into the drop tube. The drop tube is designed so that the chemical exits and flows directly into the entrance tank, where it is mixed with incoming plant flow. The drop tube is connected to a lever via a slider. At its other end, the lever is connected to a float which sits in the entrance tank (our lab setup uses the elevation setting board instead of a float to simulate changes in plant flow rate). The lever has a scale which tells the plant operator where to set the slider to receive the desired chemical dose. After the plant operator sets the position of the slider to receive the desired chemical dose, the float changes elevation, and therefore changes the chemical flow rate through the CDC, as the plant flow rate changes. Therefore, the dose set by the plant operator is maintained as the plant flow rate changes. 

Our experiments to test the effect of adding parallel small diameter tubes to the CDC system are completed with a newly-fabricated model in our lab. Our lab setup uses many components in the same roles as they have been used previously in the CDC, including a stock tank, CHT with a float valve, a lever and a slider (see previous paragraph which describes roles of each component). 


However, there are several novel innovations:

· Three ports near the base of the CHT connect three ports at the top of the chemical drop by a small diameter tube. We can now test the effects of having three small diameter tubes in parallel in attaining laminar chemical flow rates. 

· Although our lab apparatus is mounted on an aluminum frame structure, called an 80/20 (pronounced “eighty twenty”), it simulates the most current design installed in AguaClara plants where an 80/20 frame is no longer used.

·  Additionally, we are using a strong, rectangular piece of plastic and a pin on one side of the lever so that we are able to set the angle of the lever arm. Inserting the pin in the plastic sheet sets standard elevations which will improve our experiments’ precision and allow us to easily reproduce our results. 
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Figure 1: Spring 2011 Linear Chemical Dose Controller Lab Setup

Chemical flow rates are measured with the CDC apparatus seen in Figure 1.  To set total head loss at zero, the CHT’s water elevation must be set equal to the small diameter tubes’ outlet elevation into the drop tube. At this elevation, when the lever is set to reflect zero total head loss, there is zero flow through the system.  

To measure flow rates, the total head loss was set (on the elevation setting board as seen in Figure 1) at settings ranging from 1 to 20 centimeters.  After setting the elevation, the experimenter then collects the total volume of flow through the system in a graduated cylinder during a sixty second interval. The mass of the accumulated flow is measured with a mass balance, and dividing mass by the density of water, the total volume of the flow is known. This volume is divided by the length of the time interval to determine the observed flow rate. 

In contrast to the CDC experimental methods described above, our LFOM research will largely be analytical and mathematical modeling with Mathcad. Nonetheless, as our improved LFOM design progresses, we will have the opportunity to fabricate the design and test it in the remains of a demo AguaClara plant located at the Cornell water treatment plant.

Theoretical Calculations
We theoretically determined the range of plant flow rates for which we can use 1, 2 and 3 small diameter tubes in parallel. We plotted the optimal length of the small diameter tube at different coagulant flow rates (Figure 2). For these coagulant flow rates, we estimate that the linear chemical dose controller could theoretically serve plants with flow rates up to 100 L/s while maintaining laminar flow within small tubes with diameters between 0.096 in – 0.16 in. We designed an algorithm that would select an available tube diameter given the calculation’s stated optimal tube diameter. For this reason, the graph appears to be a sort of step function. 
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Figure 2: Necessary small diameter tube length at different coagulant flow rates
Increasing the number of parallel small diameter tubes from one to three would triple the total allowable chemical flow rate. Furthermore, increasing the stock concentration of the chemical can dramatically expand the capacity of the linear chemical dosing system.


There is an upper limit to the length of the small diameter tubes near 2 m to 2.5 m. This limit exists for several practice reasons: (1) longer the tubes are more apt to get tangled or interfere with the movement of the lever arm, (2) operators in the past have cut the tubes if they are too long, which changes the system’s design by altering the major head loss through the system, and (3) if the operator coils the tubes, it could lead to additional head losses from secondary flow effects which would reduce the true linearity of the system.

Results and Discussion

Initial Laboratory Results

Several sets of experiments have been performed with our lab apparatus presented above (Figure 1). These experiments were designed to test the new components of the CDC system including the drop tube, the barbed fittings on the CHT and on the drop tube and the use of multiple small diameter tubes in parallel. The expectations were to observe flow rates comparable to those calculated by the Hagen-Poiseuille equation where the chemical flow rate (QCDC) is a function of major head loss (hf), small tube diameter (DTube), kinematic viscosity (ν) and the length of the small diameter tube (LTube) (Equation 3).
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Experiments were conducted with one, two and three small diameter tubes in parallel. The elevation of the lever is adjusted and flow rates are calculated for multiple settings.

The experimental results appear below in Figure 3, Figure 4, and Figure 5. (Note: the figures’ captions detail the number of small diameter tubes used during each experiment.)
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Figure 3: Experimental Results with 1 small diameter tube (March 13, 2011)
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Figure 4: Experimental results with 2 small diameter tubes (March 17, 2011)

[image: image11.png]Flow Rate (mL/s)

12.00

10.00

4.00

2.00

0.00

10 15

Total head loss (cm)

20

25

——Actual Flow Rate

= Expected Flow Rate





Figure 5: Experimental results with 3 small diameter tubes (March 15, 2011)

The data was expected to be linear with respect to elevation. However, a non-linear deviation was noted that increases as the head loss increases. As a result, the actual flow rates are much lower than the expected flow rates through the system at the majority of settings, including all settings above 5 centimeters. 
The team’s current hypothesis is that specific components of the lab apparatus are restricting flow through the system and causing minor head losses From three sources: (1) barbed fittings which connect the end of the small diameter tube(s) to the drop tube could be restricting flow, (2) the size of the small diameter tube’s curve radius at its low point, and where it connects to the CHT and (3) the development of the parabolic flow distribution in the entrance region at the beginning of the small diameter tube(s) near the CHT.
Minor Loss Modeling

To explain minor losses, the team performed three flow rate measurement trials at different settings of total head loss for a number of different experimental setups. The different experimental apparatus setups are presented in Table 1 below.
Table 1: Lab experimental setups

	Lab Setup
	Inner tube diameter (in)
	Tube length (m)
	Number of tubes

	1
	0.124
	1.47
	1

	2
	0.124
	1.47
	2

	3
	0.124
	1.47
	3

	4
	0.124
	2.95
	1

	5
	0.124
	3.06
	1


The team then averaged the flow rate measurements from the three trials to find an average observed flow rate at a given total head loss setting for a given lab setup. 

The goal of accumulating this experimental data was to find the minor loss coefficient at each of the aforementioned lab setups. Determining a minor loss coefficient will improve the team’s efforts in mathematically modeling the minor losses for future CDC arrangements. The team derived a formula to find the chemical flow rate as a function of total head loss and the minor loss coefficient. First, the total head loss (Htotal) is the sum of major (hf) and minor (he) head losses.
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(4)
Major head losses for laminar flow are a function the kinematic viscosity of the chemical (ν), the chemical flow rate (Q), the length of the small diameter tube (L) and the inner diameter of the small diameter tube (D).
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Minor head losses are a function of the chemical flow rate (Q), the minor loss coefficient (ke) and the inner diameter of the small diameter tube (D).
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Therefore the total head loss is: 
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For ease of use with the experimental data, one must alter this formula to express the chemical flow rate (Q) as a function of the kinematic viscosity of the chemical (ν), the length of the small diameter tube (L), the inner diameter of the small diameter tube (D) and the minor loss coefficient (ke). To do so, the team applied the quadratic equation:
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Where:
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Applying the quadratic equation, one finally arrives at Equation 9 below.
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For each experimental setup, the team inserted given values of tube length (L), tube inner diameter (D), and kinematic viscosity (ν), along with the total head loss (Htotal) that was set. Finally, Excel’s Solver tool, was used to find the minor loss coefficient (ke) which produces the flow rate that minimizes the total absolute percent error for the given experimental setup. The only constraint set within the Solver tool was that the minor loss coefficient (ke) must be greater than or equal to zero. The minor loss coefficients that minimized the total absolute percent error between the measured actual flow rate (from laboratory flow rate measurements) and the calculated flow rate using Equation 9 above for each experimental setup are presented below in Table 2.

Table 2: Minor loss coefficients

	Lab Setup
	Characteristics
	Minor loss coefficient (ke)

	1
	D = 0.124 in, L = 1.47 m, 1 tube
	19.87

	2
	D = 0.124 in, L = 1.47 m, 2 tubes
	16.53

	3
	D = 0.124 in, L = 1.47 m, 3 tubes
	18.92

	4
	D = 0.124 in, L = 2.95 m, 1 tube
	9.53

	5
	D = 0.124 in, L = 3.06 m, 1 tube
	9.80


To demonstrate that these minor loss coefficients provide a good fit with the actual flow rates measured in the lab, Figure 6 below shows actual flow rates observed in the lab and calculated flow rates with the above minor loss coefficient for lab setup 1.
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Figure 6: Actual and calculated flow rates with lab setup 1

It is important to stress that the minor loss coefficients presented in Table 2 and Figure 6 are the values which minimize total absolute percent error over an entire range of total head loss settings, and therefore, different flow rates, at each experimental setup. It is natural then to inquire about the minor loss coefficient values at each total head loss setting for a given experimental arrangement.

Table 3: Minor losses at each total head loss setting (for lab setup 1)

	Total head loss (cm)
	Ke (at each setting)
	Percent difference (between Kavg = 19.87 and Ke at each setting)

	1
	190.866
	-860.69%

	2
	40.079
	-101.73%

	3
	22.758
	-14.55%

	4
	27.209
	-36.95%

	5
	20.736
	-4.37%

	6
	21.456
	-7.99%

	7
	20.194
	-1.64%

	8
	19.962
	-0.48%

	9
	21.042
	-5.91%

	10
	20.285
	-2.10%

	11
	19.790
	0.39%

	12
	18.498
	6.89%

	13
	20.083
	-1.08%

	14
	19.425
	2.23%

	15
	18.979
	4.47%

	16
	18.332
	7.73%

	17
	19.722
	0.73%

	18
	20.524
	-3.30%

	19
	19.867
	0.00%

	20
	19.292
	2.90%


The very high minor loss coefficients for total head losses of 1 to 4 centimeters (seen in Table 3) may be large because the flow rate through the tube(s) is very low at those total head loss settings. This is likely evidence that surface tension is affecting flow rates at low chemical flows.
 Minor loss coefficient values will increase substantially at flow rates at which surface tension has an effect. The data collected during additional experiments indicates that at chemical flow rates above 0.5 mL/s, surface tension has little influence on chemical flow rate. Because extensive experimentation was not conducted with flow rates below 0.5 mL/s, this may be a conservative upper limit for the flow rate below which surface tension has an effect on chemical flow rate.
If one neglects the values which are likely associated with surface tension effects (values for total head loss equal to 1 to 4 cm), the minor loss coefficient values appear fairly similar at different total head loss settings in Table 2 and the majority is near the average minor loss coefficient presented for lab setup 1 in Table 2. One can make several preliminary conclusions. First, although the length of the tube should have no effect on the minor loss coefficient, it appears that the length of the small diameter tube is indeed having an effect on the minor losses through the system. 
The length of the tube could have an effect because: (1) 
the tube’s radius of curvature between the CHT and the drop tube changes as the tube’s length changes and (2) the length of the entrance region (the region before the parabolic velocity distribution has developed) changes as flow rate a change, which is a function of tube length.
To investigate the effects of changing the length of the small diameter tube on the minor losses through the system, our group compiled experimental results into graphs showing small diameter tube length against the average calculated minor loss coefficient for a given laboratory setup. We performed the experiments for a variety of tube lengths, a variety of number of small diameter tubes (1, 2 or 3) and two different sizes of barbed fitting. The two graphs appear below (Figure 7 and Figure 8).
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Figure 7: Minor loss coefficient for various tube lengths (using barbed fittings with inner D = 0.075 in)
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Figure 8: Minor loss coefficient for various tube lengths (using barbed fittings with inner D = 0.117 in)
One can make several preliminary observations regarding Figure 7 and Figure 8. First, there is indeed significant minor head loss through the barbed fittings. Increasing the inner diameter of the barbed fittings reduces the minor losses through them. Second, the minor loss coefficient is clearly changing as length changes. However, Figure 7 and Figure 8 do not clarify whether the minor loss coefficient is changing due to change in length or due to a change in chemical flow rate.  

The suspicion that the minor loss coefficient could change with chemical flow rate stems from the fact that there exists an entrance region in the small diameter tube wherein the parabolic velocity distribution has yet to develop. The length (L) of this region is a function of the inner diameter of the tube (D) and the Reynolds number (Re).
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Using our experimental diameter (D) value (0.124 in = 0.00315 m) and a Reynolds number (Re), 1900, which is near the upper-limit of laminar flow
, the length (L) of the entrance region could extend to roughly 35 centimeters
. This is a significant fraction of the total length of the small diameter tube. Within this entrance region, major head losses will be higher because the velocity profile is steeper. The group has previously assumed that the small diameter tube was long enough that the increased head loss through this entrance region could be ignored, but this is potentially a misplaced assumption. 


Based upon the previous paragraph’s investigative entrance length calculation, the group considered the relationship between Reynolds number and flow rate for a number of lab setups. The results are plotted below in Figure 9.
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Figure 9: Investigation of relationship between minor loss coefficient and Reynolds number (length of small diameter tube indicated in the legend)
Figure 9 does not show a distinct trend between Reynolds number and minor loss coefficient. The conclusion can be made that the minor loss coefficient is not changing due to the change in the entrance region length, which is a function of Reynolds number. 

More broadly, the group was concerned that the minor losses were changing as chemical flow rate through the tube changed. With this line of thought, we re-analyzed previously collected flow rate data to find not the average minor loss coefficient for a given lab setup (as was calculated previously), but rather the minor loss coefficient for each measured flow rate (as seen in Table 3). The results were organized into Figure 10 below.
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Figure 10: Minor loss coefficients at various flow rates

Figure 10 shows a general trend that the minor loss coefficient does not change with changing chemical flow rate (this trend is especially evident for small tube diameter length of 0.9 m and 1.47 m). The negative minor loss coefficient values for small tube diameter lengths of 2.0 m and 2.95 m are believed to be due to error in the group’s experimental apparatus (for example, errors when setting the exact total head loss elevation while taking flow measurements or errors in measuring the exact diameter of the small diameter tube). 
Prior to conducting this set of experiments, the team believed the main sources of minor head loss to be entrance losses as the chemical flows from the CHT into the barbed fitting leading into the small diameter tube, expansion losses into the small diameter tube from the barbed fitting, and exit losses as the flow leaves the drop tube’s barbed fitting and flows into the drop tube. If these three sources were the only causes of minor losses, the minor loss coefficient would be roughly 3. The experiments suggest that additional sources exist, including minor losses in the entrance region before the velocity distribution is fully-developed and minor losses due to the small diameter tube’s changing radius of curvature as the length of the small diameter tube is changed.

Calibration technique results

In the past, engineers and plant operators had been instructed to calibrate the CDC in an AguaClara plant by first finding the elevation at which there is zero plant flow through the LFOM and setting that elevation as the height where there is zero chemical flow through the CDC. Then the flow rate where the total head loss through the CDC system is 20 centimeters, the point where maximum chemical flow rate should be observed, would also be measured. If the chemical flow is less than the maximum chemical flow desired for the plant, the length of the small diameter tube would be decreased until the chemical flow rate increased to the desired value. The relationship between length of the small diameter tube and the chemical flow rate is presented in Equation 2.

If the CDC was perfectly linear, the second calibration point (ie. the measurement when total head loss is 20 cm as presented in the paragraph above) would not matter. However, because there are non-linear components in the CDC system, the second calibration point must be chosen because it is the point which will minimize the maximum percent error between the actual flow rates measured in the laboratory and a linear fit with a y-intercept of zero. To illustrate this method, Figure 11 is presented below. To minimize the total percent error for this setup, the second calibration point should be the point where the calculated flow rate (using the quadratic method described in the above Minor Loss Modeling section) intersects the linear fit. This point is 11 centimeters in Figure 11 below.
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Figure 11: Laboratory results for a small diameter tube length L = 0.9 m

Figure 12 below shows percent errors between the calculated flow rate and the linear fit for various small diameter tube lengths. The optimal second calibration point is the point where the percent error line intersects zero. For each of the small diameter tube lengths below, the second calibration point should be at an elevation where total head loss is 11 to 13 centimeters. 
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Figure 12: Percent error with different small diameter tube lengths

For ease of calibration, it would be convenient to calibrate the CDC at half of the maximum head loss, 10 centimeters. The team investigated the increase in percent error between the optimal calibration point, seen above in Figure 12, and the percent error at a total head loss of 10 centimeters (Table 4).

Table 4: Percent error at optimal calibration point and where total head loss is 10 cm

	LTube (m)
	Htotal at optimal calibration point (cm)
	Percent error at optimal point
	Percent error at HTotal = 10 cm

	0.9
	11
	13.84%
	14.31%

	1.47
	13
	7.87%
	10.10%

	1.75
	11
	4.98%
	5.56%

	2.0
	12
	2.40%
	2.76%


Table 4 indicates that calibration where total head loss is 10 centimeters rather than at the optimal calibration point does not significantly increases the maximum percent error. These results can improve the CDC system’s overall accuracy while also facilitating calibration.
Chemical Dosing Technology Applications
Chlorine Flow Controller Design

Currently, AguaClara plants employ a flow controller to add chlorine to treated water as it leaves the plant. The flow controller system includes a stock tank, a CHT regulated by a float valve and a small diameter tube. The chlorine flow controller in the Cuatro Comunidades AguaClara plant appears below (Figure 13).
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Figure 13: Chlorine flow controller in Cuatro Comunidades AguaClara plant (taken Jan. 2011)
The vertical row of orifices allows the plant operator to set the desired flow of chlorine based upon the incoming water flowing into the plant. The flow rate from the CHT to the water (QFlowController) is based upon the head difference between the water level in the CHT and the small diameter tube’s outlet (hf) the inner diameter of the small diameter tube (DTube) the viscosity of the chlorine solution (ν) and the length of the small diameter tube (LTube). This relationship was presented above in Equation (3) and is given again below.
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The diameter of the tube must be large enough to maintain laminar flow. Therefore, by rearranging Equation 3, one can see that the diameter of the tube (DTube) is a function of the maximum flow rate (Qmax) and minimum length (Lmin) (Equation 11). 
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Finally, a second reorganization of Equation 3 yields a relationship that gives the optimal small diameter tube length (LTube), given the calculated tube diameter (DTube) and the maximum desired flow rate (QMax). This relationship was previously presented as Equation (2) and is given again below.
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The current design is not optimal because the vertical row of orifices allows the chlorine flow to escape the inner part of the PVC pipe and, instead of being added to the water, settle on the pipe’s exterior and creating an unkempt appearance. 

Chlorine application is not regulated with a dose controller is because past research teams have found it difficult to design a way to read the plant’s flow rate from the entrance tank and transfer that reading to the chlorine application system. The challenge is based upon the geometrical layout of the water treatment plant and the particularities of AguaClara’s dose control system, which must have a method to couple the chemical flow rate with the plant flow rate.

While a semi-automated chlorine dose controller has not yet been designed, an improved chlorine flow controller design has been created (Figure 14) based upon Equations 2, 3 and 11. 
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Figure 14: Vertical chlorine flow controller design

The lever would be mounted on a wall and the drop tube would drip chlorine out of its bottom. The slider would be the same type as currently used with the chemical dose controller and would be hung at an elevation on the lever by a screw drilled through the slider. It would hang at a certain position when the operator tightens the screw against the lever. The new design would work very similarly to the current flow controller. The lever would have a vertical label informing the plant operator at which elevation to set the slider to achieve the desired chlorine flow. It would improve the aesthetics of the chlorine application system while maintaining its simplicity.

One concern is that the design shown in Figure 14 might allow the drop tube to fall off or slide down over time because the lever is vertical. To address this problem, one could set the lever at a fixed angle on a wall (Figure 15). In this design, the slider would be more likely to retain its set position over time.  
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Figure 15: Angled flow controller

If this angled design still does not allow the plant operator to reliably set the chemical flow, a third design could be constructed. This design (Figure 16) has holes drilled at elevations along the lever which correspond to different chemical flow rates. 
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Figure 16: Flow controller with holes (front and profile views)

The plant operator would use the screw to hang the slider on one of the drilled holes. This design minimizes the possibility of the slider changing position because the slider is hanging through a hole. Also, this design would make it very easy for the operator to accurately set the drop tube at a certain elevation time and again. However, of the three designs presented here (Figure 14, Figure 15 and Figure 16), the design with holes is the most difficult to fabricate in the field.
Reducer Proof of Concept
The team fabricated a new drop tube using a reducer as seen in Figure 17. The two and a half to half-inch reducer will allow the operator to connect up to nine small diameter tubes in parallel to deliver chemical flow into the entrance tank via the drop tube. The barbed fittings are all at the same elevation in the reducer. The reducer fits securely over the drop tube and does not have any adhesives attaching it to the drop down tube. In a functioning plant, it is advised that adhesives be used to ensure a secure attachment between the reducer and the drop tube. Although this is a new design, it will adhere to the same principles employed by a CDC system which does not use a reducer, namely, equations (1), (2) and (3). Ultimately, the team believes that this design will allow for linear dosing of up to 25 mL/s to 30 mL/s. 
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Figure 17: Image of reducer with 9 small diameter tubes attached
Linear flow orifice meter algorithm 
Basic design
The new LFOM algorithm uses recursion to minimize the mean squared error of water flow measured between each row of orifices. The flow through one orifice (QOrifice) is a function of the difference in water level to the center of the orifice (Hdiff), the radius of the orifice (r), multiplied by a constant which describes the vena contracta effect (PiVenaContractaOrifice = 0.63) (Equation 12). 
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From Equation 12, one can calculate the current flow given the depth of the water in the entrance tank. Then, one can subtract the result from the ideal flow to find the additional flow needed. By rounding 
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both up and down, where the variable named additional flow is the additional flow needed to achieve optimal linear flow and QsingleOrifice is the flow out of a single orifice when the water right at the top of the orifice. One of these numbers will be the best approximation, so we then run the recursion with each of them. Once each row has a number of orifices designated to it, the mean squared error is calculated
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where the ideal flow, the ratio of rows submerged multiplied by the total flow rate, is subtracted from the flow out, the calculated actual flow through the orifices (Equation 14). A modified algorithm has been written and designed for high flow rates, which replaces the first to rows with a row of orifices of twice the diameter to reduce the number of orifices that are required to be drilled.

New algorithm’s results

The figures presented below are the output from the old LFOM algorithm (Figure 18) and the output from the newly-designed algorithm (Figure 19).
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Figure 18: Old LFOM algorithm’s output
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Figure 19: New LFOM algorithm’s output

Although a linear relationship between water flow and water height in the entrance tank is maintained in each graph, the previous method (Figure 18) presents a clear problem. The zero-flow point is below the zero elevation level causing the graph to have a positive y-intercept. The newly-designed algorithm’s output (Figure 19) allows the zero-flow point to coincide exactly with the zero-elevation point. This is a clear improvement with the goal of optimizing flow through the LFOM in AguaClara plants and allowing the flow rate through the LFOM to be more easily predicted and modeled. 

Current Research: Linear flow orifice meter


Algorithm adaptation


For low plant flow rates, one concern is that large orifices would result in 
significant error, because as total flow decreases and flow through individual orifices used to model linear flow remains constant, percent error will increase. Because the orifices are an approximation of linear flow, perhaps a decrease in orifice diameter would increase the LFOM’s precision by allowing a closer approximation at each row. 
However, the algorithm remains at or below the 5% error level above the first row, for all plant flow rates greater than 1.5 L/s (AguaClara wiki, Project sites, accessed from <https://confluence.cornell.edu/display/AGUACLARA/Project+Sites>). 
As this is far below the range of current AguaClara plants (the smallest plants have a flow rate of 6 L/s), the team has decided that reducing orifice diameter would is not necessary. 


Additionally, the algorithm was updated to calculate LFOM pipe diameter. The constraint that governs the diameter of the LFOM is the average velocity of the water as it falls.   The cross-sectional area of the pipe must be sufficiently large such that the water does not back up and cause the water level to rise above the orifices of the LFOM.  If this were allowed to happen, the linear relationship between flow rate through the LFOM and water height is lost. Therefore, the average velocity of the water which flows through the LFOM’s orifices into the pipe (VAvgThruLFOM) must be greater than the minimum velocity needed to clear the pipe, as determined by plant flow rate (QPlant) and the cross-sectional area of the pipe (APipe).
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Based upon the average velocity (VAvgThruLFOM) from Equation 15, Equation 16 is used to calculate the necessary pipe diameter (DPipe). Note that in Equation 16, a safety factor of 2 is used to ensure that the pipe diameter is of sufficient size.
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This constraint calculation must only be carried out for 100% of flow capacity at a height equal to 0 inside the LFOM. The calculation is performed at maximum LFOM capacity because for lower levels of flow, average velocity can be much lower and one can assume that water will not back up. Additionally, the location in the pipe immediately below the LFOM is the most constricting because at this height, maximum flow is considered and at this location in the pipe, the water has the least amount of time to accelerate. 

To calculate the average velocity above (VAvgThruLFOM), the LFOM must be modeled as a proportional weir.  The old algorithm used the Sutro Weir, a shape which is rectangular near its base but begins to curve at a certain height (Figure 20).
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Figure 20: General sutro weir shape

However, the formula representing the sutro weir’s relationship between its width and its height is much more complicated than necessary because it constrains the width of the weir.  Instead, if the width of the weir is allowed to be infinite at height zero, one finds a theoretical weir shape that is much easier to use in the LFOM algorithm.  The Stout Weir
, which gives a linear relationship for all heights, employs this equation (Montes, J.S. "Numerical solution to the inverse weir problem." Journal of Hydraulic Research 30.4 (1992): 453-465.):
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First we must calculate alpha, the coefficient which affects the slope to allow for different flow rate changes as height (h) is altered, by solving this equation for alpha:
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We can then compute the average velocity (VAvgThruLFOM) by weighing the speed the water gains when falling from each height by the volume of water that flows from that height.  To do this, one takes the integral of velocity (FallVelocity) multiplied by the flow (FlowRate), which are both functions of height, and divides by the total flow of the plant (QPlant):
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Where, [image: image71.png]e(h)



 is the flow at height h, and [image: image73.png]Vean



 is the freefall velocity at the bottom row of the  LFOM: 
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and Width*dh is the area for FlowRate.

Because the QPlant cancels out the QPlant from the alpha in width, we find that the average velocity depends only on the maximum height of the LFOM.  We find that at 20cm, the velocity is:
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These stout weir calculations allow the algorithm to calculate the optimal LFOM pipe diameter. Accurately finding this pipe diameter is important because it constrains the number of orifices that can be drilled in one row of the LFOM. 

The only concern is that the LFOM algorithm has as 2total number of rows iterations, so one additional constraint on the number of rows in the LFOM should be the time needed to perform these iterations in the ADT.


Integration into the design tool


The LFOM file has been fully and successfully integrated into the design tool, with all needed variables defined within in the input files. The flow calculations have been double checked, and the file has been commented for easier understanding and future editing.  
Concluding Recommendations


The linear chemical dose controller system is not perfect. It is inherently based upon a series of hydraulic tradeoffs which must be balanced when designing the system:

· Tubes with a larger diameter allow for higher chemical flow (while maintaining laminar flow), but require longer small diameter tubes.
· Shorter small diameter tubes give higher chemical flow rates but have higher percent error from linear flow rates. 
· Longer small diameter tubes give lower chemical flow rates but are less prone to significant percent error from the desired linear chemical flow rates.
The majority of this semester has been spent examining the minor losses from various components of the CDC system. While the aforementioned tradeoffs are known, the details concerning minor losses are not yet completely understood. It has been established that there are significant minor head loss components in the following places: (1) entrance losses as flow enters the barbed fittings from the CHT, (2) expansion losses when flow exits the CHT’s barbed fittings and enters the small diameter tube and (3) exit losses as flow exits the barbed fittings and flows into the drop tube. 

However, none of these losses explain why the minor loss coefficient changes as the length of the small diameter tube changes. Possible additional sources of minor head loss include (1) minor head loss through the entrance region (which changes length depending upon the Reynolds number of the flow and the diameter of the tube) and (2) the radius of curvature of the small diameter tube between the CHT and the drop tube. One way to test the minor head loss through the entrance region is to situate the CHT and the drop tube closer together on the 80 X 20 so that the team could take flow measurements with shorter tube lengths (ie. between 10 cm and 40 cm). At the higher end of flow rates with these tubes, the parabolic velocity profile may never fully-develop if the entrance region comprises the entire length of the tube. All possible sources of additional minor head loss must be more fully investigated if the minor losses through the system are to be fully understood. The long-term goal is to completely understand and theoretically explain the minor losses throughout the entire system given the components used.

A second suggestion, that components for the system be chosen that have extremely low potential to cause minor head losses, confronts a trade-off between the system’s appearance and its functionality. The barbed fittings employed on the CHT and the drop tube improve the system’s appearance, but clearly add minor head losses. A barbed fitting which does not cause any additional minor head loss would be optimal.

Throughout the semester, the goal was to design a system which operated with a maximum percent error under 10%. For small diameter tubes with lengths above 1 meter, using the improved calibration methods described in this report, this goal has been achieved (see Table 4). With this knowledge, the geometric layout of the plant could be drawn with the condition that a small diameter tube with length above 1 meter must be able to fit, without dramatically decreasing its radius of curvature, between the CDC system’s CHT and the drop tube. Because the CHT and the lever apparatus are typically simply drilled into walls near the entrance tank, the team believes the plant’s design has the freedom to include this condition.
Future Work

We believe that the LFOM task list has been completed.

The minor losses through the CDC system must be analyzed further, specifically the losses through the entrance region before the parabolic velocity distribution has developed and the losses due to the curvature of the small diameter tube between the CHT and the drop tube. 
Additionally, the team’s data collection and analysis must be transferred from Excel to Mathcad. This is a task that the team hopes to complete after the submission of this final report, but before the end of the semester. 
The components to used for the CDC system and the flow controller system must be standardized. Several new components were tested in the lab for the first time this semester (new size of barbed fittings, new reducer and a new screw for use with the reducer)
From the original detailed task list, there are two goals the team failed to address this semester: (1) designing an easy way for the operator to measure plant flow rate and (2) examining the sensitivity of the CDC system’s float to currents in the entrance tank. The team suspects that, with the new entrance tank design, currents will no longer have a significant effect on the float’s position; however, this is speculatory and was not thoroughly researched.
Team Reflections
The meetings with Matt Hurst and Professor Weber-Shirk have been extremely helpful this semester. Especially because all three full-time members of our team were knew the AguaClara research, these meetings helped us generate ideas and guided our research. New AguaClara research team members should really be encouraged to communicate with their team leaders and with Professor Weber-Shirk.

The minor loss modeling has really been a challenge for the team. Under normal circumstances, the minor loss coefficient should not depend on length nor flow rate. However, both of these variables are having an effect. We think these complicated challenges have really initiated some thoughtful discussion about the CDC and we think we are moving closer to understanding the system’s losses. 

There has also been a very nice cooperation with the design team of late. Adam met with May and seamlessly installed the LFOM file into the design tool. Also, Akta has been extremely helpful in discussing and helping to model the minor losses.

Finally, for this research report, we spent much more time making sure the formatting is correct. We felt that it was very important to have the correct formatting for the final research report.
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�I like what you did here. Take this comment with a grain of salt and feel free to say no if you don't want to do this. 





It may be helpful to have one graph showing the effect of plant flow rates, tube lengths and number of parallel small diameter tubes at a constant alum dose, and one graph showing the effect of variable alum stock concentration at constant number of parallel tube systems. 


We want to get away from graphing things according to plant flow rate and coagulant concentration. We’re trying to focus on graphing chemical flow rate vs. total head loss at different setups (w/given small diameter tube Length and Diameter values) Is this OK?


�Yes, this is fine. Let’s keep this comment for the next report in case I forget. 


�Let’s have a more descriptive discussion here. 


COMMENT ADDRESSED by Matt– see updated paragraph


�I'm very interested in the points nearest the zero point. What happened there? 


COMMENT ADDRESSED by Matt - Minor loss modeling section below will explain what may be happening near zero total head loss


�Although these may  provide a good fit, it would be helpful to discuss why this approach does not work well (because of the range in minor loss coefficient values)> 


Comment by Matt - I think the rest of this section of the paper details the problems we’ve had with applying this method to predict k-values (changing with length of the tube, possibly changing with chemical flow rates, possibly changing with bend radius of the tube, etc). So I would rather detail them all in the following discussion rather than at this point in the section… is this ok?


�What flow rates would surface tension be an issue?


COMMENT ADDRESSED – see commentary below


�So I’m wondering now about how we are modeling this. You’re right the minor loss coefficient should not change. As the tube gets longer, a proportionally higher amount of head loss should be major. 


COMMENT ADDRESSED by Matt – see following paragraph


�The reader would like something explicit here. How exactly does a smaller diameter tube effect minor head loss (i.e. entrance and exit region losses). Is this what you meant? I wasn’t sure. 


COMMENT ADDRESSED by Matt – see next sentence (I feel a bit like I’m repeating myself here based on what is written below this point, but I understand if it is needed for clarity).


�Fitting a line implies a relationship here that does not exist. Just put discrete points on the graph. 


COMMENT ADDRESSED by Matt – graph changed


�It would be nice to first analyze the entrance region and perhaps have a length of the ratio of the entrance region to total length for one of the runs you did. After you make this graph, ask yourselves, does this help explain some of the variability? 


COMMENT ADDRESSED by Matt – see the figure below (Re vs. k)


�Are you using 2100 or 1900? 


COMMENT ADDRESSED by Matt – sentence clarified, we’re using 1900


�Did you make this calculation? At what flow rate? 


COMMENT ADDRESSED by Matt – this was simply an explanation of an investigative calculation – actual calculated results are in the figure below


�Agreed. Now how important is it that we quantify these or physically model them? The entrance region is certainly a difficult one to do and I don’t know of any simple model for entrance region head loss. Perhaps it’s better here to make specific recommendations for how to systematically test these for next semester and recommendations for Honduras CDCs. 


COMMENT ADDRESSED by Matt – see concluding recommendations section


�Aren’t these the same equations utilized before? 


COMMENT ADDRESSED by Matt –the Qflowcontroller and L.tube equation was presented the same as above, the Dtube was different from those given above


�The reader may not be clear what floor does. 


Addressed by Adam


�The reader may not know why this is the case. 


Addressed by Adam


�It may be helpful to reference an equation for the reader here. 


Addressed by Adam


�Reference?


Addressed by Adam


�The reader may want you to explicitly reference your methodology above and also state what orifice diameter was used and/or how it was calculated. 


Addressed by Adam


�Reference? Addressed by Adam


�Variable names like “height” should be “h.”  Addressed by Adam





Chart1



1 small diameter tube	15.56	19.87	11.02	9.5299999999999994	9.8000000000000007	0.9	1.47	2	2.9489999999999998	3.0569999999999999	2 small diameter tubes	16.53	1.47	3 small diameter tubes	18.920000000000002	17.14	1.47	1.47	Minor loss coefficient, k

Length of small diameter tube (m)



1 sdt L= 0.90 m old BF

		AguaClara Lab				Notes:		L = 0.90 m																														0

		19-Apr-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** old barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow rate		Qexp (from slope of graph)		Percent error

		1		60																13056626612.0329		37965.6975677973		-0.01		0.243075707								0.149		-63.14%

		2		60																13056626612.0329		37965.6975677973		-0.02		0.4554525188								0.298		-52.84%

		3		60																13056626612.0329		37965.6975677973		-0.03		0.6464635258								0.447		-44.62%

		4		60		45.2		0.7533333333		47.5		0.7916666667		46.30		0.7716666667		0.77		13056626612.0329		37965.6975677973		-0.04		0.8214958772		-6.3807610816		6.3807610816				0.596		-37.83%

		5		60																13056626612.0329		37965.6975677973		-0.05		0.9839936623								0.745		-32.08%

		6		60																13056626612.0329		37965.6975677973		-0.06		1.1363170445								0.894		-27.10%

		7		60																13056626612.0329		37965.6975677973		-0.07		1.2801671046								1.043		-22.74%

		8		60		84.6		1.41		85.5		1.425		85.00		1.4166666667		1.42		13056626612.0329		37965.6975677973		-0.08		1.4168179116		0.028528388		0.028528388				1.192		-18.86%

		9		60																13056626612.0329		37965.6975677973		-0.09		1.5472530369								1.341		-15.38%

		10		60																13056626612.0329		37965.6975677973		-0.1		1.672250608								1.49		-12.23%

		11		60																13056626612.0329		37965.6975677973		-0.11		1.7924387938								1.639		-9.36%

		12		60		114.5		1.9083333333		115.2		1.92		113.80		1.8966666667		1.91		13056626612.0329		37965.6975677973		-0.12		1.9083333924		-0.0000030951		0.0000030951				1.788		-6.73%

		13		60																13056626612.0329		37965.6975677973		-0.13		2.020364109								1.937		-4.30%

		14		60																13056626612.0329		37965.6975677973		-0.14		2.1288934236								2.086		-2.06%

		15		60																13056626612.0329		37965.6975677973		-0.15		2.2342304539								2.235		0.03%

		16		60		140.4		2.34		141.6		2.36		140.80		2.3466666667		2.35		13056626612.0329		37965.6975677973		-0.16		2.3366413456		0.5214185864		0.5214185864				2.384		1.99%

		17		60																13056626612.0329		37965.6975677973		-0.17		2.436357198								2.533		3.82%

		18		60																13056626612.0329		37965.6975677973		-0.18		2.5335802032								2.682		5.53%

		19		60																13056626612.0329		37965.6975677973		-0.19		2.6284884689								2.831		7.15%

		20		60		163		2.7166666667		162.7		2.7116666667		161.10		2.685		2.70		13056626612.0329		37965.6975677973		-0.2		2.721239853		-0.6210298955		0.6210298955				2.98		8.68%

																										Min sum		-6.4518470978		7.5517410466

																		Inputs

																		nu		0.000001		m^2/s

																		L		0.9		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		15.56



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.77222222222222214	1.4172222222222224	1.9083333333333334	2.3488888888888888	2.7044444444444444	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.24307570704485867	0.45545251881900545	0.64646352584965527	0.82149587724147677	0.98399366231730301	1.1363170445402109	1.2801671045930816	1.4168179115678032	1.5472530369473054	1.6722506080314359	1.7924387937691186	1.9083333923979677	2.0203641089967062	2.1288934236124795	2.2342304539243356	2.3366413456493476	2.4363571979773777	2.5335802031824488	2.6284884689085004	2.7212398529508417	Total head loss (cm)

Flow rate (mL/s)

Percent error

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-0.63138058419368248	-0.52836415711075657	-0.446227127180437	-0.3783487873179141	-0.32079686217087655	-0.27104814825526957	-0.22738936202596516	-0.18860563050990209	-0.15380539667957155	-0.12231584431639993	-9.3617323837168157E-2	-6.730055503242055E-2	-4.3037743415955773E-2	-2.0562523304160887E-2	3.4431591752315997E-4	1.9865207361850816E-2	3.8153494679282356E-2	5.5339223272763284E-2	7.1533568029494718E-2	8.6832264110455804E-2	Total head loss (cm)



1 sdt L=1.47 m

		AguaClara Lab				Notes:		L = 1.47 m

		9-Mar-11				Dosing with room temperature water

		1:30 PM - 2:40 PM				1 small diameter tube

										conducted 13-Mar-11				conducted April 11, 2011				conducted April 11, 2011						Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow rate		Percent difference

		1		100		12.5		0.13		12.0		0.12										0.1225		16673333864.4173		62010.6393607356		-0.01		0.1548180022		-26.3820425975		26.3820425975		190.866		-860.69%

		2		100		28.0		0.28		28.0		0.28										0.28		16673333864.4173		62010.6393607356		-0.02		0.2985582582		-6.6279493706		6.6279493706		40.079		-101.73%

		3		100		42.5		0.43		43.0		0.43										0.4275		16673333864.4173		62010.6393607356		-0.03		0.4333051012		-1.3579184168		1.3579184168		22.758		-14.55%

		4		100		57.0		0.57		55.0		0.55		31		0.5166666667		31		0.5166666667		0.5383333333		16673333864.4173		62010.6393607356		-0.04		0.5605611865		-4.1290129759		4.1290129759		27.209		-36.95%

		5		100		67.5		0.68		68.0		0.68										0.6775		16673333864.4173		62010.6393607356		-0.05		0.6814521875		-0.5833487109		0.5833487109		20.736		-4.37%

		6		100		77.5		0.78		80.0		0.80										0.7875		16673333864.4173		62010.6393607356		-0.06		0.7968472513		-1.1869525481		1.1869525481		21.456		-7.99%

		7		100		88.0		0.88		93.0		0.93										0.905		16673333864.4173		62010.6393607356		-0.07		0.9074340693		-0.2689579357		0.2689579357		20.194		-1.64%

		8		100		98.5		0.99		105.0		1.05		61		1.0166666667		60		1		1.0129166667		16673333864.4173		62010.6393607356		-0.08		1.0137678623		-0.0840341266		0.0840341266		19.962		-0.48%

		9		60		63.5		1.06		69.0		1.15										1.1041666667		16673333864.4173		62010.6393607356		-0.09		1.1163045711		-1.0992819104		1.0992819104		21.042		-5.91%

		10		60		69.25		1.15		76.00		1.27										1.2104166667		16673333864.4173		62010.6393607356		-0.1		1.2154240635		-0.4136919959		0.4136919959		20.285		-2.10%

		11		60		74.50		1.24		83.00		1.38										1.3125		16673333864.4173		62010.6393607356		-0.11		1.3114468009		0.0802437429		0.0802437429		19.790		0.39%

		12		60		80.25		1.34		88.00		1.47		87		1.45		87		1.45		1.4260416667		16673333864.4173		62010.6393607356		-0.12		1.4046460838		1.5003476639		1.5003476639		18.498		6.89%

		13		60		85.00		1.42		94.00		1.57										1.4916666667		16673333864.4173		62010.6393607356		-0.13		1.4952572325		-0.2407083237		0.2407083237		20.083		-1.08%

		14		60		91.00		1.52		100.00		1.67										1.5916666667		16673333864.4173		62010.6393607356		-0.14		1.583484589		0.5140572336		0.5140572336		19.425		2.23%

		15		60		96.50		1.61		106.00		1.77										1.6875		16673333864.4173		62010.6393607356		-0.15		1.669506943		1.0662552302		1.0662552302		18.979		4.47%

		16		45		76.00		1.69		83.00		1.84		108		1.8		109		1.8166666667		1.7875		16673333864.4173		62010.6393607356		-0.16		1.7534817928		1.9031164848		1.9031164848		18.332		7.73%

		17		45		79.5		1.77		86		1.91										1.8388888889		16673333864.4173		62010.6393607356		-0.17		1.835548735		0.1816397863		0.1816397863		19.722		0.73%

		18		45		82		1.82		89		1.98										1.9		16673333864.4173		62010.6393607356		-0.18		1.9158321896		-0.8332731372		0.8332731372		20.524		-3.30%

		19		45		85.5		1.90		94		2.09										1.9944444444		16673333864.4173		62010.6393607356		-0.19		1.9944436142		0.0000416294		0.0000416294		19.867		0.00%

		20		45		89		1.98		97		2.16		126		2.1		127		2.1166666667		2.0875		16673333864.4173		62010.6393607356		-0.2		2.0714833194		0.7672661378		0.7672661378		19.292		2.90%

																														Min sum		-37.1942041402		49.2201399581		19

																								Inputs

																								nu		0.000001		m^2/s

																								L		1.47		m

																								D		0.00315		m

																								g		9.81		m/s^2

																								Ke		19.8675094125



																						buttermilk, fillmore glen, treeman

		Elevation Setting (cm)		Ke (at each setting)

		1		190.866

		2		40.079

		3		22.758

		4		27.209

		5		20.736

		6		21.456

		7		20.194

		8		19.962

		9		21.042

		10		20.285

		11		19.790

		12		18.498

		13		20.083

		14		19.425

		15		18.979

		16		18.332

		17		19.722

		18		20.524

		19		19.867

		20		19.292



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.1225	0.28000000000000003	0.42749999999999999	0.53833333333333333	0.67749999999999999	0.78750000000000009	0.90500000000000003	1.0129166666666665	1.1041666666666665	1.2104166666666667	1.3125	1.4260416666666667	1.4916666666666667	1.5916666666666668	1.6875	1.7875000000000001	1.838888888888889	1.9	1.9944444444444445	2.0874999999999999	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.15481800218191064	0.29855825823757248	0.43330510123186605	0.56056118652036724	0.68145218751607395	0.79684725131659617	0.90743406931776172	1.0137678623404216	1.1163045710935395	1.2154240635336762	1.3114468008741602	1.404646083834735	1.4952572324956646	1.5834845890315332	1.669506942989909	1.7534817928343389	1.8355487350415496	1.9158321896059183	1.9944436141692843	2.0714833193733919	Total head loss (cm)

Flow rate (mL/s)



2 sdt L=1.47m

		AguaClara Lab				Notes: L = 1.47m D = 0.125in

		13-Apr-11				Dosing with room temperature water

		1:30 PM				2 small diameter tubes

						#1				#2				#3 (conducted 17-Mar-11)				#4										Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Avg. Actual Vol dosed (mL)		Avg. Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error

		1		60										23.0		0.38										13872571347.8684		62010.6393607356		-0.01		0.3116604394

		2																								13872571347.8684		62010.6393607356		-0.02		0.6042145984

		3																								13872571347.8684		62010.6393607356		-0.03		0.8807972854

		4		60		67.0		1.12		68.00		1.13						68.00		1.13		67.67		1.13		13872571347.8684		62010.6393607356		-0.04		1.1437696666		-1.417999993		1.417999993

		5		60										93.0		1.55										13872571347.8684		62010.6393607356		-0.05		1.3949627933

		6																								13872571347.8684		62010.6393607356		-0.06		1.6358306256

		7																								13872571347.8684		62010.6393607356		-0.07		1.8675505532

		8		60		126.0		2.10		127.00		2.12						125.00		2.08		126.00		2.10		13872571347.8684		62010.6393607356		-0.08		2.0910918825		0.424196073		0.424196073

		9																								13872571347.8684		62010.6393607356		-0.09		2.3072639484

		10		60										158.00		2.63										13872571347.8684		62010.6393607356		-0.1		2.5167508041

		11																								13872571347.8684		62010.6393607356		-0.11		2.7201367989

		12		60		175.00		2.92		179.00		2.98						175.00		2.92		176.33		2.94		13872571347.8684		62010.6393607356		-0.12		2.91792581		0.7132994703		0.7132994703

		13																								13872571347.8684		62010.6393607356		-0.13		3.1105559521

		14																								13872571347.8684		62010.6393607356		-0.14		3.2984110011

		15		60										217.00		3.62										13872571347.8684		62010.6393607356		-0.15		3.4818293855

		16		60		222.00		3.70		217.00		3.62						220.00		3.67		219.67		3.66		13872571347.8684		62010.6393607356		-0.16		3.661111352		-0.0000065788		0.0000065788

		17																								13872571347.8684		62010.6393607356		-0.17		3.8365247364

		18																								13872571347.8684		62010.6393607356		-0.18		4.0083096607

		19																								13872571347.8684		62010.6393607356		-0.19		4.1766823887

		20		60		250		4.17		249.00		4.15		258		4.30		257.00		4.28		252.00		4.20		13872571347.8684		62010.6393607356		-0.2		4.3418385183		-3.3771075779		3.3771075779

																																Min sum		-3.6576186064		5.9326096931

																												Inputs

																												nu		0.000001		m^2/s

																												L		1.47		m

																												D		0.00315		m

																												g		9.81		m/s^2

																												Ke		16.5301939055



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	1.1277777777777778	2.1	2.9388888888888887	3.6611111111111114	4.2	Calculated flow rate (min abs % error)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.31166043936216509	0.60421459841669523	0.88079728539109958	1.1437696665880268	1.39496279327157	1.6358306256208424	1.8675505532320111	2.0910918824664759	2.3072639484027744	2.5167508041309237	2.7201367989491718	2.9179258100110528	3.1105559521314117	3.2984110010687462	3.4818293855341995	3.661111351969597	3.8365247364044883	4.0083096607319693	4.1766823886829956	4.3418385182706052	Total head loss (cm)

Flow rate (mL/s)



3 sdt L = 1.47 m

		AguaClara Lab				Notes: L = 1.47m D = 0.125in

		13-Apr-11				Dosing with room temperature water

		11:00 AM				3 small diameter tubes

						#1				#2				#3										Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Avg. Actual Vol dosed (mL)		Avg. Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error

		1		60																		15876625292.228		62010.6393607356		-0.01		0.465309931

		2																				15876625292.228		62010.6393607356		-0.02		0.8986542019

		3																				15876625292.228		62010.6393607356		-0.03		1.3058354777

		4		60		97.0		1.62		97.00		1.62		98.00		1.63		97.33		1.62		15876625292.228		62010.6393607356		-0.04		1.6910880921		-4.2451563642		4.2451563642

		5																				15876625292.228		62010.6393607356		-0.05		2.0576142217

		6																				15876625292.228		62010.6393607356		-0.06		2.4079051441

		7																				15876625292.228		62010.6393607356		-0.07		2.7439443374

		8		60		180.0		3.00		181.00		3.02		180.00		3.00		180.33		3.01		15876625292.228		62010.6393607356		-0.08		3.0673415585		-2.0557265312		2.0557265312

		9																				15876625292.228		62010.6393607356		-0.09		3.379424572

		10																				15876625292.228		62010.6393607356		-0.1		3.6813038136

		11																				15876625292.228		62010.6393607356		-0.11		3.9739191537

		12		60		260.00		4.33		261.00		4.35		261.00		4.35		260.67		4.34		15876625292.228		62010.6393607356		-0.12		4.2580744676		1.988055734		1.988055734

		13																				15876625292.228		62010.6393607356		-0.13		4.5344636866

		14																				15876625292.228		62010.6393607356		-0.14		4.8036907648

		15																				15876625292.228		62010.6393607356		-0.15		5.0662852115

		16		60		321.00		5.35		323.00		5.38		322.00		5.37		322.00		5.37		15876625292.228		62010.6393607356		-0.16		5.3227143377		0.8189874968		0.8189874968

		17																				15876625292.228		62010.6393607356		-0.17		5.573393028

		18																				15876625292.228		62010.6393607356		-0.18		5.8186916233

		19																				15876625292.228		62010.6393607356		-0.19		6.0589423413

		20		60		376		6.27		378.00		6.30		379.00		6.32		377.67		6.29		15876625292.228		62010.6393607356		-0.2		6.2944445549		-0.0000017555		0.0000017555

																												Min sum		-3.49384142		9.1079278816

																								Inputs

																								nu		0.000001		m^2/s

																								L		1.47		m

																								D		0.00315		m

																								g		9.81		m/s^2

																								Ke		18.9181722742







1 sdt L=2.0 m old BF

		AguaClara Lab				Notes:		L = 2.0 m

		2-May-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** old barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow rate		Qexp (from slope of graph)		Percent error

		1		60																9249986474.49314		84368.2168173273		-0.01		0.1170265282								0.101		-15.87%

		2		60																9249986474.49314		84368.2168173273		-0.02		0.231195766								0.202		-14.45%

		3		60																9249986474.49314		84368.2168173273		-0.03		0.3427073119								0.303		-13.10%

		4		60		24		0.4		24.4		0.4066666667		26.50		0.4416666667		0.42		9249986474.49314		84368.2168173273		-0.04		0.4517385548		-8.5620024796		8.5620024796				0.404		-11.82%

		5		60																9249986474.49314		84368.2168173273		-0.05		0.5584479864								0.505		-10.58%

		6		60																9249986474.49314		84368.2168173273		-0.06		0.6629779056								0.606		-9.40%

		7		60																9249986474.49314		84368.2168173273		-0.07		0.7654566439								0.707		-8.27%

		8		60		52.4		0.8733333333		52.4		0.8733333333		51.9		0.865		0.87		9249986474.49314		84368.2168173273		-0.08		0.8660004122		0.5232455681		0.5232455681				0.808		-7.18%

		9		60																9249986474.49314		84368.2168173273		-0.09		0.964714846								0.909		-6.13%

		10		60																9249986474.49314		84368.2168173273		-0.1		1.0616963053								1.01		-5.12%

		11		60																9249986474.49314		84368.2168173273		-0.11		1.1570329763								1.111		-4.14%

		12		60		75.6		1.26		74.6		1.2433333333		76.40		1.2733333333		1.26		9249986474.49314		84368.2168173273		-0.12		1.2508058102		0.6420803884		0.6420803884				1.212		-3.20%

		13		60																9249986474.49314		84368.2168173273		-0.13		1.3430893284								1.313		-2.29%

		14		60																9249986474.49314		84368.2168173273		-0.14		1.4339523151								1.414		-1.41%

		15		60																9249986474.49314		84368.2168173273		-0.15		1.5234584173								1.515		-0.56%

		16		60		96.5		1.6083333333		96.7		1.6116666667		96.90		1.615		1.61		9249986474.49314		84368.2168173273		-0.16		1.6116666667		-0.0000000002		0.0000000002				1.616		0.27%

		17		60																9249986474.49314		84368.2168173273		-0.17		1.6986319348								1.717		1.07%

		18		60																9249986474.49314		84368.2168173273		-0.18		1.7844053323								1.818		1.85%

		19		60																9249986474.49314		84368.2168173273		-0.19		1.8690345602								1.919		2.60%

		20		60		115		1.9166666667		114.2		1.9033333333		114.1		1.9016666667		1.91		9249986474.49314		84368.2168173273		-0.2		1.9525642204		-2.3773841156		2.3773841156				2.02		3.34%

																										Min sum		-9.7740606389		12.1047125519						3.34%

																		Inputs

																		nu		0.000001		m^2/s

																		L		2		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		11.02



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.4161111111111111	0.87055555555555542	1.2588888888888887	1.6116666666666666	1.9072222222222222	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.11702652824483152	0.23119576599234407	0.34270731193539095	0.45173855476223884	0.55844798640337123	0.66297790564746406	0.76545664386407053	0.86600041219305224	0.96471484603195756	1.0616963053276105	1.1570329762658733	1.2508058102219157	1.3430893284224268	1.4339523150731397	1.5234584172844983	1.6116666666700572	1.6986319347654777	1.7844053322502986	1.8690345602225753	1.9525642203821918	Total head loss (cm)

Flow rate (mL/s)

Percent error

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-0.15867849747357934	-0.1445334950116042	-0.13104723411020097	-0.11816473951049211	-0.10583759683835886	-9.4022946612976832E-2	-8.2682664588501348E-2	-7.1782688357737851E-2	-6.1292459881141396E-2	-5.118446072040643E-2	-4.143382202148814E-2	-3.2017995232603576E-2	-2.2916472522792549E-2	-1.4110548142248618E-2	-5.5831137191406878E-3	2.6815181497171414E-3	1.0697766589704363E-2	1.8478915153851173E-2	2.6037227606787252E-2	3.3384049315746643E-2	3.3384049315746643E-2	Total head loss (cm)



1 sdt L = 2.949 m (9.675 ft)

		AguaClara Lab				Notes: L = 2.949 m (9.675ft). D = 0.124in

		10-Apr-11				Dosing with room temperature water

		12:42 AM				1 small diameter tubes

						#1				#2				#3								Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Avg. Actual Vol dosed (mL)		Avg. Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow

		1		60																		7997483696.83603		124400.935697149		-0.01		0.0799740711						1

		2																				7997483696.83603		124400.935697149		-0.02		0.1591423199						1

		3																				7997483696.83603		124400.935697149		-0.03		0.2375286249						1

		4		60		18.0		0.30		19.00		0.32		20.00		0.33		19.00		0.32		7997483696.83603		124400.935697149		-0.04		0.315155708		0.4771448438		0.4771448438		7.2053330684

		5																				7997483696.83603		124400.935697149		-0.05		0.3920452117						1

		6																				7997483696.83603		124400.935697149		-0.06		0.4682177693						1

		7																				7997483696.83603		124400.935697149		-0.07		0.5436930696						1

		8		60		38.0		0.63		38.00		0.63		45.00		0.64		40.33		0.67		7997483696.83603		124400.935697149		-0.08		0.6184899166		7.9932355459		7.9932355459		0.0000005242

		9																				7997483696.83603		124400.935697149		-0.09		0.6926262838						1

		10																				7997483696.83603		124400.935697149		-0.1		0.766119365						1

		11																				7997483696.83603		124400.935697149		-0.11		0.8389856206						1

		12		60		56.00		0.93		55.00		0.92		56.00		0.93		55.67		0.93		7997483696.83603		124400.935697149		-0.12		0.9112408209		1.7824264881		1.7824264881		6.3450871244

		13																				7997483696.83603		124400.935697149		-0.13		0.9829000857						1

		14																				7997483696.83603		124400.935697149		-0.14		1.0539779213						1

		15																				7997483696.83603		124400.935697149		-0.15		1.1244882551						1

		16		60		71.00		1.18		72.00		1.20		72.00		1.20		71.67		1.19		7997483696.83603		124400.935697149		-0.16		1.1944444669		-0.000001884		0.000001884		9.5295965441

		17																				7997483696.83603		124400.935697149		-0.17		1.2638594192						1

		18																				7997483696.83603		124400.935697149		-0.18		1.3327454842						1

		19																				7997483696.83603		124400.935697149		-0.19		1.4011145698						1

		20		60		86		1.43		87.00		1.45		87.00		1.45		86.67		1.44		7997483696.83603		124400.935697149		-0.2		1.4689781439		-1.6984868876		1.6984868876		11.5990941533

																												Min sum		8.5543181061		11.9512956493

																						Inputs

																						nu		0.000001		m^2/s

																						L		2.949		m

																						D		0.00315		m

																						g		9.81		m/s^2

																						Ke		9.5295928166

																								9.529593



Linear CDC Experimental Results March 15, 2011

Actual Flow Rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.31666666666666665	0.67222222222222228	0.9277777777777777	1.1944444444444444	1.4444444444444444	Expected w/Multiplier	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-0.01	-0.02	-0.03	-0.04	-0.05	-0.06	-7.0000000000000007E-2	-0.08	-0.09	-0.1	-0.11	-0.12	-0.13	-0.14000000000000001	-0.15	-0.16	-0.17	-0.18	-0.19	-0.2	Elevation setting (cm)

Flow Rate (mL/s)

Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.31666666666666665	0.67222222222222228	0.9277777777777777	1.1944444444444444	1.4444444444444444	Calculated flow rate (min abs % error)	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	7.9974071109277511E-2	0.15914231990120675	0.23752862486762033	0.31515570799462705	0.39204521169391759	0.46821776927686454	0.54369306962172326	0.61848991660826036	0.69262628382815494	0.7661193650222069	0.83898562064529891	0.91124082091642267	0.9829000856726765	1.0539779213125609	1.124488255084245	1.1944444669483554	1.2638594192217472	1.332745484188276	1.4011145698444063	1.4689781439314051	Total head loss (cm)

Flow rate (mL/s)



1 sdt L =3.057 m (10.013 ft)

		AguaClara Lab				Notes: L = 3.057 m (10.013 ft) D = 0.125in																				g

		10-Apr-11				Dosing with room temperature water

		12:42 AM				1 small diameter tubes

						#1				#2				#3										Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Avg. Actual Vol dosed (mL)		Avg. Actual Flow Rate (mL/s)		C1		C2		H total		Qexp (mL/s)		Percent Error (%)		Absolute Percent error

		1		60																		8225232737.76949		128956.819405285		-0.01		0.0771655406

		2																				8225232737.76949		128956.819405285		-0.02		0.1535861196

		3																				8225232737.76949		128956.819405285		-0.03		0.2292829049

		4		60		19.0		0.32		18.00		0.30		19.00		0.32		18.67		0.31		8225232737.76949		128956.819405285		-0.04		0.3042760808		2.1969740301		2.1969740301

		5																				8225232737.76949		128956.819405285		-0.05		0.3785849102

		6																				8225232737.76949		128956.819405285		-0.06		0.4522277931

		7																				8225232737.76949		128956.819405285		-0.07		0.5252223192

		8		60		37.0		0.62		37.00		0.62		37.00		0.62		37.00		0.62		8225232737.76949		128956.819405285		-0.08		0.5975853173		3.0942728633		3.0942728633

		9																				8225232737.76949		128956.819405285		-0.09		0.6693329008

		10																				8225232737.76949		128956.819405285		-0.1		0.7404805089

		11																				8225232737.76949		128956.819405285		-0.11		0.8110429461

		12		60		55.00		0.92		54.00		0.90		54.00		0.90		54.33		0.91		8225232737.76949		128956.819405285		-0.12		0.8810344178		2.7078556993		2.7078556993

		13																				8225232737.76949		128956.819405285		-0.13		0.950468564

		14																				8225232737.76949		128956.819405285		-0.14		1.0193584898

		15																				8225232737.76949		128956.819405285		-0.15		1.0877167948

		16		60		69.00		1.15		70.00		1.17		69.00		1.15		69.33		1.16		8225232737.76949		128956.819405285		-0.16		1.1555555998		-0.0000038322		0.0000038322

		17																				8225232737.76949		128956.819405285		-0.17		1.2228865719

		18																				8225232737.76949		128956.819405285		-0.18		1.2897209478

		19																				8225232737.76949		128956.819405285		-0.19		1.3560695561

		20		60		84		1.40		83.00		1.38		83.00		1.38		83.33		1.39		8225232737.76949		128956.819405285		-0.2		1.4219428371		-2.3798842693		2.3798842693

																												Min sum		5.6192144913		10.3789906943

																								Inputs

																								nu		0.000001		m^2/s

																								L		3.057		m

																								D		0.00315		m

																								g		9.81		m/s^2

																								Ke		9.8009726289





not used 3 sdt L = 1.47m

		AguaClara Lab				Notes:		L=1.47m		graduated cylinder mass		196		g

		15-Mar-11				Dosing with room temperature water

		9:00 PM				3 small diameter tubes

												Quadratic equation terms

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error

		1		60		26.0		0.43		14384668161.4242		62010.6393607356		-0.01		0.4669295939		-7.7529832044		7.7529832044

		2								14384668161.4242		62010.6393607356		-0.02		0.9043384438

		3								14384668161.4242		62010.6393607356		-0.03		1.317205048

		4								14384668161.4242		62010.6393607356		-0.04		1.7092484032

		5		60		125.0		2.08		14384668161.4242		62010.6393607356		-0.05		2.0833335302		-0.0000094517		0.0000094517

		6								14384668161.4242		62010.6393607356		-0.06		2.441723133

		7								14384668161.4242		62010.6393607356		-0.07		2.7862412458

		8								14384668161.4242		62010.6393607356		-0.08		3.1183837989

		9								14384668161.4242		62010.6393607356		-0.09		3.4393957419

		10		60		228.00		3.80		14384668161.4242		62010.6393607356		-0.1		3.7503263155		1.3072022246		1.3072022246

		11								14384668161.4242		62010.6393607356		-0.11		4.0520695929

		12								14384668161.4242		62010.6393607356		-0.12		4.3453948237

		13								14384668161.4242		62010.6393607356		-0.13		4.6309695487

		14								14384668161.4242		62010.6393607356		-0.14		4.9093774871

		15		60		311.00		5.18		14384668161.4242		62010.6393607356		-0.15		5.1811325709		0.0424584387		0.0424584387

		16								14384668161.4242		62010.6393607356		-0.16		5.4466900959

		17								14384668161.4242		62010.6393607356		-0.17		5.7064556807

		18								14384668161.4242		62010.6393607356		-0.18		5.9607925395

		19								14384668161.4242		62010.6393607356		-0.19		6.2100274405

		20		60		370		6.17		14384668161.4242		62010.6393607356		-0.2		6.454455629		-4.6668480377		4.6668480377

																Min sum		-11.0701800305		13.769501357

												Inputs

												nu		0.000001		m^2/s

												L		1.47		m

												D		0.00315		m

												g		9.81		m/s^2

												Ke		17.1403951014





barbed fittings

		measured 4/18/2011		OLD Drop tube barbed fittings diameter (in)		CHT barbed fittings diameter (in)

		McMaster		0.075		0.097

		Our Measured value		0.09		0.118

												Old barbed fittings on the drop tube																		New barbed fittings on the drop tube

														No. tubes		L (m)		k														No. tubes		L (m)		k

														1		0.9		15.56														1		0.9		5.74

														1		1.47		19.87														1		1.47		8.73

														2		1.47		16.53														1		2		2.71

														3		1.47		18.92														1		2.949		0

														3		1.47		17.14

														1		2		11.02

														1		2.949		9.53

														1		3.057		9.8



1 small diameter tube	15.56	19.87	11.02	9.5299999999999994	9.8000000000000007	0.9	1.47	2	2.9489999999999998	3.0569999999999999	2 small diameter tubes	16.53	1.47	3 small diameter tubes	18.920000000000002	17.14	1.47	1.47	Minor loss coefficient, k

Length of small diameter tube (m)

1 small diameter tubes	5.74	8.73	2.71	0	0.9	1.47	2	2.9489999999999998	Minor loss coefficient, k

Length of small diameter tube (m)



k vs Q

		L = 0.9 m						L = 1.47 m						L = 2.0 m						L = 2.949 m

		Average Actual Flow Rate (mL/s)		K for each flow rate				Average Actual Flow Rate (mL/s)		K for each flow rate				Average Actual Flow Rate (mL/s)		K for each flow rate				Average Actual Flow Rate (mL/s)		K for each flow rate

		0.93		21.37				0.56		32.58				0.48		10.88				0.37		2.23

		1.74		10.69				1.15		16.29				0.98		5.44				0.73		1.12

		2.42		7.12				1.62		11.39				1.41		3.63				1.08		0.74

		3.04		5.34				2.09		8.54				1.81		2.72				1.38		0.56

		3.57		4.27				2.49		6.83				2.18		2.18				1.65		0.45



Minor losses at different chemical flow rates

L = 0.9 m	0.93277777777777804	1.7366666666666666	2.4216666666666669	3.0411111111111109	3.5705555555555559	21.373892008718322	10.686946814952956	7.1246303024550635	5.3434734066159049	4.2747783555076015	L = 1.47 m	0.55833333333333335	1.1544444444444444	1.6222222222222225	2.0883333333333334	2.4916666666666667	32.575534792588698	16.287767420716531	11.390558002605063	8.5429184787478718	6.8343346430044241	L = 2.0 m	0.48444444444444446	0.97833333333333339	1.4088888888888889	1.8083333333333333	2.1816666666666666	10.880643500320581	5.4403217501189909	3.6268823874789864	2.720161790800558	2.1761294337444017	L = 2.949 m	0.36944444444444441	0.73222222222222222	1.0755555555555556	1.3838888888888892	1.6516666666666666	2.2307166102991349	1.1153582948817278	0.74357227514795676	0.5576792012432874	0.44614328982030099	Average actual flow rate, Q (mL/s)

Minor loss coefficient, k



1 sdt L=1.47 m no BF

		AguaClara Lab				Notes:		L = 1.47 m

		18-Apr-11				Dosing with room temperature water

		1:30 PM - 2:40 PM				1 small diameter tube

						**** no barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3 (4/19/11)

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow rate

		1		60																7185057878.12937		62010.6393607356		-0.01

		2		60		14.7		0.25		17.0		0.28		16.3		0.27		0.27		7185057878.12937		62010.6393607356		-0.02		0.3112970009		-16.736375325		16.736375325

		3		60																7185057878.12937		62010.6393607356		-0.03

		4		60		34.2		0.57		35.60		0.5933333333		35.60		0.5933333333		0.59		7185057878.12937		62010.6393607356		-0.04		0.6029297174		-2.9671244144		2.9671244144

		5		60																7185057878.12937		62010.6393607356		-0.05

		6		60		51.5		0.86										0.86		7185057878.12937		62010.6393607356		-0.06		0.8782118809		-2.3159472864		2.3159472864

		7		60																7185057878.12937		62010.6393607356		-0.07

		8		60		69.0		1.15		68.7		1.15		69.0		1.15		1.15		7185057878.12937		62010.6393607356		-0.08		1.1396194648		0.7588274455		0.7588274455

		9		60																7185057878.12937		62010.6393607356		-0.09

		10		60		83.40		1.39										1.39		7185057878.12937		62010.6393607356		-0.1		1.3890602514		0.0676078128		0.0676078128

		11		60																7185057878.12937		62010.6393607356		-0.11

		12		60		99.40		1.66		98.10		1.64		98.40		1.64		1.64		7185057878.12937		62010.6393607356		-0.12		1.6280411763		0.9640379408		0.9640379408

		13		60																7185057878.12937		62010.6393607356		-0.13

		14		60		113.80		1.90										1.90		7185057878.12937		62010.6393607356		-0.14		1.85777718		2.0504123032		2.0504123032

		15		60																7185057878.12937		62010.6393607356		-0.15

		16		60		125.60		2.09		123.80		2.06		118.60		1.98		2.04		7185057878.12937		62010.6393607356		-0.16		2.0792647682		-1.7031680083		1.7031680083

		17		60																7185057878.12937		62010.6393607356		-0.17

		18		60		137.6		2.29										2.29		7185057878.12937		62010.6393607356		-0.18		2.2933333333		0.0000000016		0.0000000016

		19		60																7185057878.12937		62010.6393607356		-0.19

		20		60		149.5		2.49		148.9		2.48		149.1		2.49		2.49		7185057878.12937		62010.6393607356		-0.2		2.5006819409		-0.5860892442		0.5860892442

																										Min sum		-20.4678187743		28.1495897822

																		Inputs

																		nu		0.000001		m^2/s

																		L		1.47		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Ke		8.5615274176





Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.26666666666666666	0.58555555555555561	0.85833333333333328	1.1483333333333332	1.39	1.643888888888889	1.8966666666666667	2.0444444444444443	2.2933333333333339	2.4861111111111107	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.31129700086669992	0.60292971740429924	0.8782118808748649	1.1396194648345006	1.3890602514013921	1.6280411762957536	1.8577771799830014	2.0792647681691383	2.2933333332957648	2.5006819409315861	Total head loss (cm)

Flow rate (mL/s)



1 sdt L=2.949 m no BF

		AguaClara Lab				Notes:		L = 2.949 m																														0

		19-Apr-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** no barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		K for each flow rate		Qexp (mL/s) for Ke=0		Qexp (mL/s) for Ke=0

		1		60																2281.3583385165		124400.935697149		-0.01

		2		60		7.7		0.13		7.9		0.13		7.5		0.13		0.13		2281.3583385165		124400.935697149		-0.02		0.1607704944		-25.2757099189		25.2757099189		291.950

		3		60																2281.3583385165		124400.935697149		-0.03

		4		60		19.5		0.33		20.50		0.3416666667		20.30		0.3383333333		0.34		2281.3583385165		124400.935697149		-0.04		0.3215409888		4.017615286		4.017615286		0.000

		5		60																2281.3583385165		124400.935697149		-0.05

		6		60																2281.3583385165		124400.935697149		-0.06

		7		60																2281.3583385165		124400.935697149		-0.07

		8		60		43.2		0.72		42.5		0.71		42.4		0.71		0.71		2281.3583385165		124400.935697149		-0.08		0.6430819712		9.6371937417		9.6371937417		0.000

		9		60																2281.3583385165		124400.935697149		-0.09

		10		60																2281.3583385165		124400.935697149		-0.1

		11		60																2281.3583385165		124400.935697149		-0.11

		12		60		60.70		1.01		62.00		1.03		60.20		1.00		1.02		2281.3583385165		124400.935697149		-0.12		0.9646229536		5.0671778834		5.0671778834		0.000

		13		60																2281.3583385165		124400.935697149		-0.13

		14		60																2281.3583385165		124400.935697149		-0.14

		15		60																2281.3583385165		124400.935697149		-0.15

		16		60		80.10		1.34		81.20		1.35		79.10		1.32		1.34		2281.3583385165		124400.935697149		-0.16		1.2861639297		3.6982082623		3.6982082623		0.000

		17		60																2281.3583385165		124400.935697149		-0.17

		18		60																2281.3583385165		124400.935697149		-0.18

		19		60																2281.3583385165		124400.935697149		-0.19

		20		60		94.5		1.58		95.3		1.59		94.4		1.57		1.58		2281.3583385165		124400.935697149		-0.2		1.6077049025		-1.8250817908		1.8250817908		1.713

																										Min sum		-4.6805965363		49.5209868832

																		Inputs

																		nu		0.000001		m^2/s

																		L		2.949		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		2.72E-06





Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.12833333333333333	0.33500000000000002	0.71166666666666678	1.0161111111111112	1.3355555555555556	1.5788888888888888	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.16077049439587521	0.32154098879175042	0.64308197120488186	0.96462295361801342	1.2861639296525262	1.6077049024977295	Total head loss (cm)

Flow rate (mL/s)



1 sdt L= 0.90 m new BF

		AguaClara Lab				Notes:		L = 0.90 m																														0

		19-Apr-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** new barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a with k avg		b		c		Qexp avg k (mL/s)		Percent Error (%)		Absolute Percent error		Qexp (from slope of graph)		Percent error from Qexp avg k		K for each flow rate		a qith k individ		Qexp individ k (mL/s)		Abs percent error from Qexp individ k

		1		60																4816217005.26912		37965.6975677973		-0.01		0.2551378586						0.193		-32.20%

		2		60																4816217005.26912		37965.6975677973		-0.02		0.4956291099						0.386		-28.40%

		3		60																4816217005.26912		37965.6975677973		-0.03		0.7237394116						0.579		-25.00%

		4		60		53.5		0.8916666667		57.5		0.9583333333		56.90		0.9483333333		0.93		4816217005.26912		37965.6975677973		-0.04		0.9412043329		-0.9033829161		0.9033829161		0.772		-21.92%		21.37		17937529563.64		0.77		0.00%

		5		60																4816217005.26912		37965.6975677973		-0.05		1.1493882716						0.965		-19.11%

		6		60																4816217005.26912		37965.6975677973		-0.06		1.3493869073						1.158		-16.53%

		7		60																4816217005.26912		37965.6975677973		-0.07		1.5420959296						1.351		-14.14%

		8		60		103.4		1.7233333333		104.2		1.7366666667		105.00		1.75		1.74		4816217005.26912		37965.6975677973		-0.08		1.7282586929		0.4841443602		0.4841443602		1.544		-11.93%		10.69		8968765462.09		1.54		0.00%

		9		60																4816217005.26912		37965.6975677973		-0.09		1.9085001956						1.737		-9.87%

		10		60																4816217005.26912		37965.6975677973		-0.1		2.0833518932						1.93		-7.95%

		11		60																4816217005.26912		37965.6975677973		-0.11		2.2532701998						2.123		-6.14%

		12		60		145.8		2.43		145.7		2.4283333333		144.40		2.4066666667		2.42		4816217005.26912		37965.6975677973		-0.12		2.4186505336		0.1245478195		0.1245478195		2.316		-4.43%		7.12		5979176213.12		2.32		0.00%

		13		60																4816217005.26912		37965.6975677973		-0.13		2.5798381543						2.509		-2.82%

		14		60																4816217005.26912		37965.6975677973		-0.14		2.7371366421						2.702		-1.30%

		15		60																4816217005.26912		37965.6975677973		-0.15		2.8908146199						2.895		0.14%

		16		60		182.5		3.0416666667		182.2		3.0366666667		182.70		3.045		3.04		4816217005.26912		37965.6975677973		-0.16		3.0411111415		-0.0000009984		0.0000009984		3.088		1.52%		5.34		4484382730.32		3.09		0.00%

		17		60																4816217005.26912		37965.6975677973		-0.17		3.1882400573						3.281		2.83%

		18		60																4816217005.26912		37965.6975677973		-0.18		3.3323935848						3.474		4.08%

		19		60																4816217005.26912		37965.6975677973		-0.19		3.4737452533						3.667		5.27%

		20		60		213.3		3.555		214.5		3.575		214.90		3.5816666667		3.57		4816217005.26912		37965.6975677973		-0.2		3.6124523531		-1.1733971608		1.1733971608		3.86		6.41%		4.27		3587505873.93		3.86		0.00%

																										Min sum		-1.4680888955		2.685473255

																		Inputs

																		nu		0.000001		m^2/s

																		L		0.9		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		5.74



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.93277777777777782	1.7366666666666666	2.4216666666666669	3.0411111111111109	3.5705555555555559	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.25513785864851224	0.49562910988513226	0.72373941164681665	0.94120433286770322	1.1493882715830837	1.3493869072859468	1.5420959295589556	1.7282586929438606	1.9085001955997374	2.0833518932249411	2.2532701997593518	2.4186505336376984	2.579838154259519	2.7371366420804679	2.8908146198727875	3.0411111414728298	3.1882400573404071	3.3323935848137105	3.4737452532849451	3.6124523530684192	Total head loss (cm)

Flow rate (mL/s)

Percent error avg k

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-0.32195781683166957	-0.28401323804438405	-0.24998171268880259	-0.21917659697889014	-0.19107592910164101	-0.16527366777715621	-0.14144776429234315	-0.11933853169939154	-9.8733561082174598E-2	-7.9456939494788034E-2	-6.136137529879962E-2	-4.4322337494688523E-2	-2.8233620669397816E-2	-1.3003938593807536E-2	1.4457271596588874E-3	1.5184215844290895E-2	2.8271850856322184E-2	4.0761777543549128E-2	5.2701049008741514E-2	6.4131514749114285E-2	Total head loss (cm)



1 sdt L=1.47 m new BF

		AguaClara Lab				Notes:		L = 1.47 m

		19-Apr-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** new barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		Qexp (from slope of graph)		Percent error		K for each flow rate		a qith k individ		Qexp individ k (mL/s)		Abs percent error from Qexp individ k

		1		60																7327189134.97125		62010.6393607356		-0.01		0.1583016254						0.13		-21.77%

		2		60																7327189134.97125		62010.6393607356		-0.02		0.3110901037						0.26		-19.65%

		3		60																7327189134.97125		62010.6393607356		-0.03		0.4589042282						0.39		-17.67%

		4		60		32.1		0.535		35.4		0.59		33.00		0.55		0.56		7327189134.97125		62010.6393607356		-0.04		0.602200362		-7.8567812613		7.8567812613		0.52		-15.81%		32.58		27338241353.29		0.52		0.77%

		5		60																7327189134.97125		62010.6393607356		-0.05		0.7413690829						0.65		-14.06%

		6		60																7327189134.97125		62010.6393607356		-0.06		0.8767477398						0.78		-12.40%

		7		60																7327189134.97125		62010.6393607356		-0.07		1.0086300872						0.91		-10.84%

		8		60		68.4		1.14		71.6		1.1933333333		67.8		1.13		1.15		7327189134.97125		62010.6393607356		-0.08		1.1372737867		1.4873524549		1.4873524549		1.04		-9.35%		16.29		13669120697.14		1.05		0.77%

		9		60																7327189134.97125		62010.6393607356		-0.09		1.2629063261						1.17		-7.94%

		10		60																7327189134.97125		62010.6393607356		-0.1		1.3857297464						1.3		-6.59%

		11		60																7327189134.97125		62010.6393607356		-0.11		1.5059244571						1.43		-5.31%

		12		60		96.8		1.6133333333		98.2		1.6366666667		97.00		1.6166666667		1.62		7327189134.97125		62010.6393607356		-0.12		1.6236523458		-0.0881583037		0.0881583037		1.56		-4.08%		11.39		9559254385.43		1.56		0.00%

		13		60																7327189134.97125		62010.6393607356		-0.13		1.7390593361						1.69		-2.90%

		14		60																7327189134.97125		62010.6393607356		-0.14		1.8522775083						1.82		-1.77%

		15		60																7327189134.97125		62010.6393607356		-0.15		1.9634268708						1.95		-0.69%

		16		60		124.5		2.075		125.5		2.0916666667		125.90		2.0983333333		2.09		7327189134.97125		62010.6393607356		-0.16		2.0726168509		0.7525849545		0.7525849545		2.08		0.35%		8.54		7169440769.60		2.08		0.00%

		17		60																7327189134.97125		62010.6393607356		-0.17		2.1799475562						2.21		1.36%

		18		60																7327189134.97125		62010.6393607356		-0.18		2.2855108498						2.34		2.33%

		19		60																7327189134.97125		62010.6393607356		-0.19		2.3893912703						2.47		3.26%

		20		60		148.4		2.4733333333		149.2		2.4866666667		150.9		2.515		2.49		7327189134.97125		62010.6393607356		-0.2		2.4916668245		-0.0000063332		0.0000063332		2.6		4.17%		6.83		5735552498.19		2.60		0.00%

																										Min sum		-5.7050084888		10.1848833077

																		Inputs

																		nu		0.000001		m^2/s

																		L		1.47		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		8.73



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.55833333333333335	1.1544444444444444	1.6222222222222225	2.0883333333333334	2.4916666666666667	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.15830162539933137	0.31109010373444634	0.45890422817367199	0.60220036204248617	0.74136908289102044	0.87674773978317466	1.0086300871946654	1.1372737866589928	1.262906326072248	1.3857297464262952	1.505924457112799	1.6236523458157868	1.7390593361379647	1.8522775082983596	1.9634268708085381	2.072616850867091	2.1799475562018347	2.2855108497907772	2.3893912702989932	2.4916668244681657	Total head loss (cm)

Flow rate (mL/s)

Percent error

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-0.21770481076408746	-0.19650039897863975	-0.17667750813762045	-0.15807761931247336	-0.1405678198323391	-0.12403556382458286	-0.10838471120292897	-9.3532487172108436E-2	-7.9407116301066699E-2	-6.5945958789457818E-2	-5.3094025953006163E-2	-4.080278577935046E-2	-2.9029192981044238E-2	-1.7734894669428306E-2	-6.88557477360917E-3	3.5495909292831973E-3	1.3598390858898324E-2	2.3285961627872918E-2	3.2635113239274073E-2	4.1666605973782467E-2	Total head loss (cm)



1 sdt L=2.0 m new BF

		AguaClara Lab				Notes:		L = 2.0 m

		3-May-11				Dosing with room temperature water

		4:10 PM - 5:00 PM				1 small diameter tube

						**** new barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		Qexp (from slope of graph)		Percent error		K for each flow rate		a qith k individ		Qexp individ k (mL/s)		Abs percent error from Qexp individ k

		1		60																2273389247.92271		84368.2168173273		-0.01		0.1181518842						0.113		-4.56%

		2		60																2273389247.92271		84368.2168173273		-0.02		0.2355608878						0.226		-4.23%

		3		60																2273389247.92271		84368.2168173273		-0.03		0.3522408496						0.339		-3.91%

		4		60		28.3		0.4716666667		29		0.4833333333		29.90		0.4983333333		0.48		2273389247.92271		84368.2168173273		-0.04		0.4682051841		3.3521408948		3.3521408948		0.452		-3.59%		10.88		9131320789.81		0.45		0.00%

		5		60																2273389247.92271		84368.2168173273		-0.05		0.5834668993						0.565		-3.27%

		6		60																2273389247.92271		84368.2168173273		-0.06		0.6980386138						0.678		-2.96%

		7		60																2273389247.92271		84368.2168173273		-0.07		0.8119325731						0.791		-2.65%

		8		60		58.7		0.9783333333		59.1		0.985		58.30		0.9716666667		0.98		2273389247.92271		84368.2168173273		-0.08		0.9251606647		5.4350257581		5.4350257581		0.904		-2.34%		5.44		4565660394.87		0.90		0.00%

		9		60																2273389247.92271		84368.2168173273		-0.09		1.0377344325						1.017		-2.04%

		10		60																2273389247.92271		84368.2168173273		-0.1		1.1496650907						1.13		-1.74%

		11		60																2273389247.92271		84368.2168173273		-0.11		1.2609635368						1.243		-1.45%

		12		60		83		1.3833333333		84.6		1.41		86.00		1.4333333333		1.41		2273389247.92271		84368.2168173273		-0.12		1.3716403641		2.6438227377		2.6438227377		1.356		-1.15%		3.63		3043774621.05		1.36		0.00%

		13		60																2273389247.92271		84368.2168173273		-0.13		1.4817058731						1.469		-0.86%

		14		60																2273389247.92271		84368.2168173273		-0.14		1.591170083						1.582		-0.58%

		15		60																2273389247.92271		84368.2168173273		-0.15		1.7000427424						1.695		-0.30%

		16		60		108.4		1.8066666667		108.6		1.81		108.50		1.8083333333		1.81		2273389247.92271		84368.2168173273		-0.16		1.8083333392		-0.0000003227		0.0000003227		1.808		-0.02%		2.72		2282830965.95		1.81		0.00%

		17		60																2273389247.92271		84368.2168173273		-0.17		1.9160511102						1.921		0.26%

		18		60																2273389247.92271		84368.2168173273		-0.18		2.0232050508						2.034		0.53%

		19		60																2273389247.92271		84368.2168173273		-0.19		2.1298039232						2.147		0.80%

		20		60		130.7		2.1783333333		130.9		2.1816666667		131.10		2.185		2.18		2273389247.92271		84368.2168173273		-0.2		2.2358562648		-2.4838624051		2.4838624051		2.26		1.07%		2.18		1826264773.69		2.26		0.00%

																										Min sum		8.9471266627		13.9148521185

																		Inputs

																		nu		0.000001		m^2/s

																		L		2		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		2.71



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.48444444444444446	0.97833333333333339	1.4088888888888889	1.8083333333333333	2.1816666666666666	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.11815188423787948	0.23556088783904269	0.35224084964854918	0.4682051841096288	0.58346689926463102	0.69803861378606935	0.81193257310086253	0.9251606646661048	1.0377344324502817	1.1496650906699	1.2609635368277816	1.3716403640959101	1.4817058730826937	1.5911700830216104	1.7000427424156386	1.8083333391695018	1.9160511102394926	2.0232050508287105	2.1298039231535504	2.2358562648056739	Total head loss (cm)

Flow rate (mL/s)

Percent error

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-4.5591895910437837E-2	-4.2304813447091534E-2	-3.9058553535543238E-2	-3.5852177233692009E-2	-3.2684777459523827E-2	-2.9555477560574191E-2	-2.6463429963163709E-2	-2.3407814896133604E-2	-2.0387839184151043E-2	-1.7402735106106064E-2	-1.4451759314385769E-2	-1.1534191811143041E-2	-8.6493349780079401E-3	-5.7965126558851927E-3	-2.975069271763134E-3	-1.8436900968016263E-4	2.576204976838858E-3	5.3072513133184647E-3	8.0093511161853093E-3	1.0683068670055898E-2	Total head loss (cm)



1 sdt L=2.949 m new BF

		AguaClara Lab				Notes:		L = 2.949 m

		4-May-11				Dosing with room temperature water

		1:45 PM - 2:45 PM				1 small diameter tube

						**** new barbed fittings on the drop tube

						Trial 1				Trial 2				Trial 3

		Elevation Setting (cm)		Dosing Time (s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Actual Volume dosed (mL)		Actual Flow Rate (mL/s)		Average Actual Flow Rate (mL/s)		a		b		c		Qexp (mL/s)		Percent Error (%)		Absolute Percent error		Qexp (from slope of graph)		Percent error		K for each flow rate		a qith k individ		Qexp individ k (mL/s)		Abs percent error from Qexp individ k

		1		60																288.9174082084		124400.935697149		-0.01		0.080385245						0.08		-0.48%

		2		60																288.9174082084		124400.935697149		-0.02		0.1607704899						0.16		-0.48%

		3		60																288.9174082084		124400.935697149		-0.03		0.2411557601						0.24		-0.48%

		4		60		19.9		0.3316666667		23.7		0.395		22.90		0.3816666667		0.37		288.9174082084		124400.935697149		-0.04		0.321541005		12.9663444998		12.9663444998		0.32		-0.48%		2.23		1872075760.89		0.32		0.00%

		5		60																288.9174082084		124400.935697149		-0.05		0.40192625						0.4		-0.48%

		6		60																288.9174082084		124400.935697149		-0.06		0.482311495						0.48		-0.48%

		7		60																288.9174082084		124400.935697149		-0.07		0.5626967399						0.56		-0.48%

		8		60		42.1		0.7016666667		45.5		0.7583333333		44.20		0.7366666667		0.73		288.9174082084		124400.935697149		-0.08		0.6430819849		12.1739322593		12.1739322593		0.64		-0.48%		1.12		936037871.83		0.64		0.00%

		9		60																288.9174082084		124400.935697149		-0.09		0.7234672299						0.72		-0.48%

		10		60																288.9174082084		124400.935697149		-0.1		0.8038524748						0.8		-0.48%

		11		60																288.9174082084		124400.935697149		-0.11		0.8842377198						0.88		-0.48%

		12		60		63.5		1.0583333333		65.2		1.0866666667		64.90		1.0816666667		1.08		288.9174082084		124400.935697149		-0.12		0.9646229648		10.3139805492		10.3139805492		0.96		-0.48%		0.74		624025313.81		0.96		0.00%

		13		60																288.9174082084		124400.935697149		-0.13		1.0450082349						1.04		-0.48%

		14		60																288.9174082084		124400.935697149		-0.14		1.1253934799						1.12		-0.48%

		15		60																288.9174082084		124400.935697149		-0.15		1.2057786997						1.2		-0.48%

		16		60		81.3		1.355		85.2		1.42		82.60		1.3766666667		1.38		288.9174082084		124400.935697149		-0.16		1.2861639446		7.0616178115		7.0616178115		1.28		-0.48%		0.56		468018981.07		1.28		0.00%

		17		60																288.9174082084		124400.935697149		-0.17		1.3665491896						1.36		-0.48%

		18		60																288.9174082084		124400.935697149		-0.18		1.4469344597						1.44		-0.48%

		19		60																288.9174082084		124400.935697149		-0.19		1.5273197047						1.52		-0.48%

		20		60		98.6		1.6433333333		98.7		1.645		100.00		1.6666666667		1.65		288.9174082084		124400.935697149		-0.2		1.6077049497		2.6616579418		2.6616579418		1.6		-0.48%		0.45		374415125.12		1.60		0.00%

																										Min sum		45.1775330616		45.1775330616

																		Inputs

																		nu		0.000001		m^2/s

																		L		2.949		m

																		D		0.00315		m

																		g		9.81		m/s^2

																		Avg Ke		0.00



Actual flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.36944444444444441	0.73222222222222222	1.0755555555555556	1.3838888888888892	1.6516666666666666	Calculated flow rate	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	8.0385244964721214E-2	0.16077048992944243	0.24115576007768466	0.3215410050424059	0.40192625000712712	0.48231149497184839	0.56269673993656955	0.64308198490129087	0.72346722986601208	0.8038524748307333	0.88423771979545451	0.96462296476017573	1.045008234908418	1.1253934798731391	1.2057786996543394	1.2861639446190609	1.366549189583782	1.4469344597320242	1.5273197046967455	1.6077049496614666	Total head loss (cm)

Flow rate (mL/s)

Percent error

1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	-4.8155620590151563E-3	-4.8155620590151563E-3	-4.8156669903527917E-3	-4.815640757518426E-3	-4.8156250178177373E-3	-4.8156145246841765E-3	-4.8156070295883781E-3	-4.8156014082669646E-3	-4.8155970361279327E-3	-4.8155935384165682E-3	-4.8155906766528507E-3	-4.8155882918497536E-3	-4.8156104888634156E-3	-4.8156070295883781E-3	-4.8155830452828452E-3	-4.8155817336413206E-3	-4.8155805763102364E-3	-4.8155970361279327E-3	-4.8155951952272872E-3	-4.8155935384165682E-3	Total head loss (cm)




