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Part 1: Problem Definition
Introduction

The chemical dose controller (CDC) doses coagulant from a stock tank of concentrated coagulant into the rapid mix pipe. The coagulant helps the dirt particles stick together. This allows them to form larger particles in the flocculator, which can be settled out in the sedimentation tank. The CDC design this semester is a linear design. Linear means that the CDC will respond linearly to the changes in plant flow rate to maintain a constant coagulant dose in the plant. The dose is chosen by the operator and is dependent on the turbidity of the influent water. The linear CDC code outputs the necessary number of dosing tubes as well as well as the tubing diameter and length to ensure that the proper head loss is achieved through the tubes exiting the constant head tank and that the flow remains laminar.
Design Overview

The doser can be seen in Figures 1 and 2 below. The components described below are labeled in these figures. The overall design of the dose controller includes: a chemical storage container [1] that holds the concentrated chemical; a constant head tank [2] that maintains a reference level; a dosing tube (s) [3] that provides a specific amount of coagulant to the plant; a free fall tube [4] which holds the dosing tubes in place and which supply the coagulant to the rapid mix pipe;  a scale which indicates what dosages the dosing tube will provide at each point; a float [5] which translates the changes in plant flow rate to the dosing tubes on the other end by moving the lever arm;  a lever arm [6] which has the scale, a float; and a slider [7] with a free fall tube which allows the operator to change the coagulant concentration depending on the influent water characteristics.  These components together maintain the desired coagulant dosage in the plant independent of the plant flow rate.
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Figure 1: View of the constant head tank (2), dosing tube (3), free fall tube (4) dosing arm (5), and slider (7).
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Figure 2: View of the doser with the chemical storage containers (1) and float (5).
Doser Constraints

Figure 3, Figure 4 , and Figure 5 show the constraints on the locations of the individual components of the doser. 
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Figure 3: Lever arm constraints.
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Figure 4: Location of the lever arm.
[image: image5.png]=

H.CdcMax

0=

f

%@@@ 8.0
Gpt)o<)D<>O<)o
-]
2

[
7





Figure 5: Maximum elevation change for the entrance tank.

Design Details

The coagulant stock tank concentration, C.CoagulantStock, is a user input. The current AguaClara plants in Honduras that are using aluminum sulfate as the coagulant have a stock concentration of 120 g/L. It’s the concentration when a 25 kg bag of alum is mixed into a 55 gallon barrel. 
The maximum coagulant flow rate, Q.CdcCoagulantMax, is the amount of concentrated coagulant that must flow through the doser into the plant to achieve the desired plant coagulant concentration. Q.CdcCoagulantMax is determined by performing a mass balance on the coagulant in the system. It is dependent on the maximum plant flow rate, Q.Plant; the stock concentration, C.CoagulantStock; and the maximum coagulant dosage in the plant, C.CdcDoseMax.
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. The optimal range of coagulant concentrations is dependent on the coagulant chosen. For alum, the dosages range from 5 to 60 mg/L. The dosing range is depicted on a scale on one side of the CDC lever arm. In the case of a linear doser, the scale will be linear and thus the dosages will be linearly spaced.
The constant head tank (CHT) is between the stock tank and the dosing tube. It maintains a constant reference level for the system. The height difference between this reference level and the end of the dosing tube drives the flow. A float valve maintains the constant level in the constant head tank. If the level of the coagulant drops, the float on the valve will lower and expose an orifice, allowing more coagulant to flow from the stock tank. If the level in the constant head tank is at the right level, the float rises and closes off the orifice, decreasing flow from the stock tank. There is a maximum amount of flow, Q.CdcChtOrificeMax, that the float valve orifice can provide and this is given by the orifice equation, [image: image9.png]VenaContractaorificeAcdcFioatorificey| 29HL cacstock
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 . Q.CdcFloatOrificeMax is the flow rate from the stock tank to the constant head tank, K.VenaContractaOrifice is the vena contracta coefficient (=0.62), A.CdcFloatOrifice is the area of the orifice, g is the gravitational constant, and HL.CdcStock (=0.3 m) is the distance between the stock tank outlet and the constant head tank orifice.
The float valve size is chosen depending on what flow rates of coagulant it can provide. As mentioned above, coagulant flow rates are directly related to the plant flow rates. They are also dependent on the coagulant chosen as different coagulants have different optimal plant dosages and stock concentrations. Table 1 shows the relationship between float valve orifice diameters and coagulant flow rate assuming a 30 cm elevation difference between the stock tank outlet and the float valve. 
Table 1: Coagulant flow rates for different float valve sizes.
	Float Valve Orifice Diameter (mm)
	Float Valve max Flow (mL/s)

	2.362
	6.6

	4.75
	26.6

	6.35
	47.6

	7.925
	74.2


The size of the float in the float valve increases greatly for the larger float valve orifices. This needs to be taken into account in the design as a larger constant head tank would be needed for the larger float valves. Because the maximum coagulant flow will be around 20 mL/s for the linear doser, only the first two float valve sizes will be required. 
The lever arm is used to communicate changes in the plant flow rate to the doser through the use of a float connected on one end to the lever arm. As the water level in the plant changes, the float attached to one end of the lever arm, will communicate this change to the scale side of the lever arm. If there is a higher flow coming into the plant (see Figure 3 below), the water level in the entrance tank increases. The float then rises and because the float is attached to the lever arm, the float side of the lever arm rises as well. The other side of the lever arm, the scale side, will lower and there will be a greater head difference between the CHT reference level and the end of the dosing tube. This will provide a greater coagulant flow rate and will maintain the set coagulant concentration. If there is a lower flow coming into the plant (see Figure 4), the opposite will occur and the water level in the entrance tank will decrease, and the float will lower, lowering the float side of the lever arm. The scale side will then rise and less coagulant will be dosed because there is a smaller elevation difference between the end of the dosing tube and the reference level in the constant head tank.
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Figure 6: Maximum plant flow condition
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Figure 7: No plant flow rate condition.
Designing the Dosing Tubes 

Dosing Tube Diameters
The dosing tubes for the linear doser are controlled by major losses in the tube. The maximum available head loss is the 20 cm described earlier. The flow through the dosing tube must remain laminar and the minor head losses must be negligible for the linear doser linearly to relate change in plant flow rate to change in dosing. 
The diameter of the dosing tube must meet four constraints: 

1) The flow must remain laminar at the highest coagulant flow rate to maintain a linear relationship between head loss and flow rate.

2) Head loss through the dosing tubes are proportional to the length of tubing. The maximum head loss   must be achieved even at the minimum length of tubing.
3) Minor losses are proportional to the flow rate squared and the major losses are proportional to the flow rate. In order for the doser to have a linear relationship between head loss and flow rate, the head losses must be major losses. Because the minor losses cannot be completely eliminated, thus, the minor losses must be limited to be a  small percentage of the total head loss. 
4) The tubing diameter must be a commonly available size.

Laminar Flow Constraint 
The maximum coagulant flow rate that will maintain laminar flow in the dosing tubes is determined using the Hagen-Poiseuille equation and the Reynolds number constraint for laminar flow in order to remove diameter from the equation. 

Hagen-Poiseuille: [image: image13.png]hfgmD”
128vL




Reynolds number equation:  [image: image15.png]


 

Combining the two equations and solving for the maximum laminar flow rate, 
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Q.CdcLaminarMax is the maximum coagulant flow rate for laminar flow, L.CdcMax is the maximum dosing tube length, Re.PipeTransition is 2100, Nu.Water is the kinematic viscosity of water, H.CdcMax is the maximum elevation difference between no flow and maximum flow in the entrance tank and is 20 cm. It is assumed that the elevation change of the lever at the maximum dose location is the same as the change in the water level in the entrance tank. 
The tubing diameter size is determined using the Hagen- Poiseuille equation and the Reynolds number constraint as the diameter must maintain laminar flow as well as the 20 cm of head loss. Q.CdcLaminarMax is used to calculate the minimum diameter required for laminar flow using the Reynolds number equation. 
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Head Loss Constraint
The minimum diameter required to achieve the maximum head loss at the maximum coagulant flow rate is calculated using the Hagen-Poiseuille equation. The minimum length of tubing is used to ensure there is enough head loss even at a shorter tubing length. Q.CdcCoagulantMax is the maximum coagulant flow for the design.
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Minor Loss Constraint

A linear relationship between dosing and plant flow rate cannot be maintained if minor losses are present in the system. However, because the minor losses cannot be completely eliminated, they will be limited to be a small percentage of the total head loss available, such as 20%. Further analysis of the effect of nonlinearity from minor losses on the performance of the doser will need to be completed in the near future to determine an appropriate maximum allowable contribution from minor losses.
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The minor loss equation is used to determine the minimum dosing tube diameter that will be required in order to limit the minor loss to HLMinorMax. 
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In order to use this equation, the minor loss coefficient, K.Cdc, for the system must be known. 
Limiting Diameter Constraint 
By requiring the total minor head loss to be low compared to the total head loss, the minor loss constraint is the limiting constraint on tubing diameter. Figure 5 below illustrates this for a minor loss coefficient of 8. This minor loss coefficient was the highest average the CDC research team found for their experimental set-up. The minor loss constraint is the limiting constraint starting at about 1 mL/s coagulant flow rates. Below that flow rate, the head loss requirement is the limiting constraint. The maximum flow rate plotted is the maximum flow rate the doser can have in order to keep the minor losses below a percentage of the total head loss. The maximum flow rate shown in Figure 5 is 2.113 mL/s. This flow rate constrains the minor loss to be 15% of the total head loss at the maximum head loss.  
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Figure 8: Cdc Tube diameter limiting constraints
  Choosing a diameter
Method #1:

Each of the first three diameter constraints have a minimum diameter size to satisfy those constraints. The maximum diameter from these constraints can then be rounded up to the nearest available diameter. With this approach, the diameters can become large for large coagulant flow rates, which then require extremely long tubes to achieve the required major head loss. The diameters could also be too short can have problems with entrance region effects (see Entrance Region section below). Thus, instead of calculating a diameter from the constraints, the diameter will be set and the other variables will be calculated from the chosen diameter. 

Method #2:

Another method is to set the dosing tube diameter. Figure 9, Figure 10, and Figure 11 show the tubing length varies with coagulant flow rates for tubing diameters of 2 mm, 3.15 mm, and 4 mm, respectively. The spikes in length represent an additional tube that was added because the desired coagulant flow rate for the tube exceeded the maximum minor loss coagulant flow rate described earlier. The 2 mm tube has lengths that are mostly between 0.75 m and 1.5 m (Figure 9). These lengths are relatively short and losses entrance region effects could have significant effects on the actual flow rate that is produced. The 3.15 mm tube has reasonable tubing lengths that are mostly between 2 m and 3 m (Figure 10). The 4 mm diameter tube has tubing lengths of at least 5 m, which is unreasonably long (Figure 11). Thus, the 3.15 mm tube is the chosen diameter size for the design. 





Maximum Dosing Flows 
Setting the diameter restricts the maximum coagulant flow rate because te three constraints still must be met. As discussed earlier, the limiting constraint for coagulant flow rates above 1 mL/s is the minor loss constraint. Thus, the maximum coagulant flow rate in order to keep minor losses low will be calculated using the minor loss equation:
[image: image22.png]/e

Hlssinoritas * 9% P12 * D3 osignstas
Qutasttingr = (S o

8Kcac




This flow rate is used to calculate the tubing lengths required.

Dosing Tube Lengths 

The length of the tube (L.CdcDosingTube) is calculated using the Hagen-Poiseuille equation. The tubing diameter is the design tubing diameter of 0.125 inches and the flow rate is the maximum minor loss flow rate.
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Number of Tubes

In the case that the maximum coagulant flow rate required is greater than the maximum flow the design can provide, i.e. Q​.CdcCoagulantMax > Q.MaxMinor, the number of dosing tubes must be increased. The following equation is used to calculate the number of tubes required for the design. The number of tubes is rounded up to the nearest integer. 
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Maximum Coagulant Flow Rate for the Linear Doser

The maximum number of tubes for the linear doser is 9. This is the number that can reasonably fit on the CDC research team’s drop tube reducer. The maximum coagulant flow rate the linear doser can achieve, with each tube providing the maximum minor loss flow rate  is [image: image28.png]QcacMaxbesign = NrubesMax * QMaxMinor



 With 9 tubes, each providing the maximum flow rate of 2.113 mL/s, the maximum flow rate for the linear doser is about 19 mL/s.
Attempt at Estimating the Minor Loss Coefficient
The minor loss coefficient can be estimated by quantifying the entrance, expansion, and exit losses. In the CDC setup, there are two barbed fittings which introduce head loss. One barbed fitting connects the constant head tank to the dosing tubes and the other one connects the dosing tube to the drop tube. There are also minor losses because of changes in flow direction.
The minor loss equation is: [image: image30.png]



he is the minor head loss, Ke is the minor loss coefficient, V is the velocity, and g is the gravitational constant. 
Entrance loss

For a 90 degree turn, the entrance minor loss coefficient is 0.5. This loss is in the barbed fitting that connects the constant head tank to the dosing tubes. This loss must be translated into a loss in the dosing tube. 
Using a mass balance on the flow rate, [image: image32.png]


. ‘in’ denotes the barbed fitting and ‘out’ denotes the dosing tubes. [image: image34.png]Q = VA so,
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  Rearranging in terms of Vin, [image: image38.png]


. Substituting Vin into the minor loss equation for losses in the barbed fitting, [image: image40.png]


. Thus, the minor loss coefficient in terms of the velocity in the dosing tube, Vout, will be [image: image42.png]Koon (222 )
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Expansion Losses

The losses from the flow expansion from the barbed fitting into the dosing tubes are described by the following equation: [image: image45.png]


. Again with a mass balance on the flow rate, [image: image47.png]


 and [image: image49.png]


. Rearranging in terms of Vin in order to remove the velocity in the barbed fitting from the equation, [image: image51.png]


. Substituting this into the minor loss equation for expansion losses, [image: image53.png]


 

The minor loss coefficient is thus, [image: image55.png]



Contraction Losses

There are losses as the flow travels from the dosing tube into the barbed fitting on the drop tube. The losses are from the expansion after the contraction from the barbed fitting. The losses are dependent on a contraction coefficient. The contraction coefficient is described by the ratio between the barbed fitting area and the dosing tube area. The figure below describes this relationship.
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Figure 12: Contraction coefficient (Weber-Shirk)

The minor losses from the contraction are expressed by:

[image: image57.png]



This time Vout is the velocity in the barbed fitting and Vin is the velocity in the dosing tube. Again, the velocity in the barbed fitting must be translated into a velocity in the dosing tube. 
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Thus, [image: image61.png]Keomeracrion = (2= 1) (22)’




Exit Losses

The exit losses from the dosing tube are assumed to be 2 because the centerline velocity in the tube is double the average velocity.

Total Losses

[image: image62.png]+ Kexpansion + Kcontraction + Kexi




The CDC research team’s current setup uses 3.175 mm (0.125 in) diameter tube. The diameter measured in the lab is slightly smaller, 3.15 mm. There are two barbed fittings with  inner diameters of 2.997 mm (0.118 in) and 2.972 mm (0.117 in).  Using the equations described earlier for estimating minor loss coefficients, this equates to a minor loss coefficient, K, of 2.63. The greatest losses are from the exit loss (K = 2) and from the entrance loss (K=0.61). The contributions from expansion from the first barbed fitting into the dosing tube and the contraction from the dosing tube into the second barbed fitting are small, 0.011 and about 0, respectively. 
Problems Encountered with Minor Losses

The first problem encountered by the CDC research team when testing the flow rates from their apparatus was that the measured flow rate was consistently lower than the expected flow rate using Hagen-Poiseuille. After looking into this, we determined that other losses besides major losses were present and were affecting the results. 

Attempts were made to determine the minor loss coefficient for the system. The minor loss coefficient estimations described above was the one attempt. This predicted minor loss coefficient was checked against the minor loss coefficient calculated from the CDC research team’s data. Not only did the two values not agree, but the CDC research team’s data showed that minor losses were changing with tubing length. This was an unexpected result as the minor loss coefficient should be dependent only on geometry, i.e. directional changes in flow. Because the minor loss coefficients were not constant for the experimental set-up, designing the CDC became difficult. 
It is now hypothesized that entrance region effects are having significant effects on the results. The entrance region is the length in which the velocity profile has not yet developed into its parabolic shape. In this region, there is greater shear and thus greater losses. 

Entrance Region Effects

The length of the entrance region, le, is:   [image: image64.png]


 and Re is the Reynolds’s number [image: image66.png]


. D is the diameter, Q is the flow rate, and [image: image68.png]


 is the viscosity. 

Combining the equations, [image: image70.png]


. Thus, the entrance region length is only a function of the flow rate if the viscosity is constant. This shows that the entrance region length increases with flow rate. 
The doser design has constrained the maximum flow rate for each tube in order to keep minor losses to be a small percentage of the total head loss. As stated earlier, when constraining minor head loss to be 20 percent of the total head loss, this maximum flow rate is 2.113 mL/s. For this flow rate, the corresponding entrance region length is 0.16 m. For a tubing length of 1 m at this maximum flow rate, this entrance region will be about 16 percent of the total length. This means that the entrance region can have a significant effect on the system and it is important to quantify this loss in terms of a minor loss. 

Design Considerations

The maximum coagulant flow rate is based on user inputs and affects the CDC as well as the volumes of the chemical storage tanks. The maximum flow that can be supplied to the constant head tank is not only a function of the float valve orifice, it is also a function of the distance between that orifice and the outlet of the stock tank. In the design, this distance is set to 30 cm. The placement of the doser has to consider where the other parts of the plants are. The operators must also be able to easily access the different parts of the doser such as the constant head tank, the scale, and the flow measurement device. It would also be advantageous if the operators can see the coagulant flow through the doser and this will affect the materials we use.
The CDC is currently in the Automated Design Tool. The tubing still needs to be drawn, but AutoCAD doesn’t have a method of drawing tubes at this point. 
Recommendations

It is recommended that a tubing size around 3.15 mm (0.124 in) be used. This diameter produces tubing lengths that are long enough for the entrance region to be less problematic as well as tubing lengths that are not excessively long. 

The tubing lengths are extremely long at small flow rates. Thus, it is recommended that the coagulant flow be at least 1 mL/s. This can be accomplished by decreasing the stock concentration of coagulant. 

Future Work

Future work includes quantifying the losses in the entrance region as a minor loss coefficient. It is crucial for the doser design to have a minor loss coefficient that is independent of tubing length. This is another area where more research can be done. 
The current doser code output the design diameter, length, and number of tubes. This needs to be incorporated into the Design Tool. Also, a way of drawing the tubes needs to be investigated. This was attempted this semester, however it was determined that it is not possible to do this in a straight forward way in AutoCAD because 3-D lines can be extruded only if they are in the same plane.
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Figure � SEQ Figure \* ARABIC �9�: Tubing length as a function of coagulant flow rate for D = 2 mm.





Figure � SEQ Figure \* ARABIC �10�: Tubing length as a function of coagulant flow rate for D = 3.15 mm (0.124 in).





Figure � SEQ Figure \* ARABIC �11�: Tubing length as a function of coagulant flow rate for D = 4 mm.








