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ABSTRACT 

The by-pass tank injector is commonly used in trickle 

irrigation systems for the injection of fertilizers or water 

treatments. Their design is simple and inexpensive, and essentially 

involves placing a storage tank in parallel with an irrigation line. A 

pressure-differential between the inlet and outlet forces water through 

the storage tank resulting in the gradual dilution and displacement of 

the chemical solution being injected. 

It was noted in the literature that a minimum pressure-

differential of 3 m is required for operation. Also, flow rates 

through the tank are very difficult to establish. 

The results of this study found that a chemical solution can be 

completely diluted and removed from a 17.4 liter storage tank in 1-1/2 

hours with a differential of less than 0.08 m. If the inlet/outlet 

differential is known, hydraulic analysis can be used to predict flows 

through the storage tank, however, if mixing is less than perfect the 

time required to completely dilute and remove a chemical solution will 

be difficult to ascertain. Finally, by utilizing a pressure-

differential already present in the pipe network (e.g. between the 

inner and outer radius of an elbow), injection efficiency can be 

significantly improved. 

ix 



INTRODUCTION 

The increasing use of trickle irrigation has shown that it is 

desirable to apply fertilizers and water treatments along with 

irrigation water. The methods available for injecting chemicals into 

irrigation water fall into two classes. The first class involves 

powered injection pumps which are driven by either PTO, electric or 

hydraulic motors or gasoline engines. Injectors that utilize pressure 

differentials incorporate the second class and these include the 

venturi and the by-pass tank. Each injector type, whether powered or 

pressure-differential, is limited in its potential applications. 

Factors tj consider before choosing an injector include operating 

efficiencies, initial capital costs, tolerance to corrosive chemicals, 

control over injection rates, injection characteristics and safety. 

In an effort to develop guidelines for relating specific 

injectors to potential applications, an extensive literature review was 

conducted. As a result of this literature search, it was noted that 

very little information had been published regarding the application of 

by-pass tank injectors. Out of the three articles which referred to 

these injectors (Beth, 1981; Hahn et al., 1983; Ponder and Kenworth, 

1975) only one (Beth, 1981) discussed its operating efficiency. 

In his article, Beth (1981) wrote that the two major 

disadvantages of by-pass tank injection included: 1) the inaccuracy 

1 
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and absence of control over injection rates; and 2) a minimum of 3 

meters (10 ft) pressure-differential required for operation. In light 

of Beth's conclusions (1981), the author felt that the second 

disadvantage listed above lacked theoretical support and, for that 

reason, a computer model was developed. Results (listed in Tables 2-4, 

Appendix D) indicated that the by-pass tank was potentially a more 

valuable injection method than reflected by Beth (1981). 

The by-pass tank injector is perhaps among the simplest and 

lowest initial cost methods of chemical injection. If operational 

costs can be sufficiently reduced and injection rates made more 

predictable, it could become a viable and efficient alternative to 

other injection methods. 

The objectives of this study were: 1) to explore a method of 

minimizing the effect of tank injectors on irrigation system operating 

pressure 2) to evaluate the predictability and control of injection 

rates, and 3) to evaluate the theoretical tank mixing characteristics 

and tank flow rates as a function of applied pressure-differentials and 

to compare them to actual field measurements. 



LITERATURE REVIEW 

Some advantages to applying fertilizers and water treatments 

along with irrigation water include labor and energy savings, a more 

efficient use of fertilizers and a greater flexibility in the timing of 

nutrient applications, regardless of field accessibility or the crop's 

growth stage (Bucks and Nakayama, 1980; Hahn et al., 1981; Rolston et 

al., 1979; Rolston, et al., 1981). 

Chemical Injection 

Chemicals injected into a trickle system should 1) be non-

corrosive; 2) be safe for field use; 3) not clog any component of the 

system; 4) not decrease crop yields; 5) be water soluble or 

emulsifiable; and 6) not react adversely with salts or other chemicals 

contained in the irrigation water (Bucks and Nakayama, 1980; Rolston 

et al., 1979). 

Chemicals injected into trickle irrigation systems are either 

water amendments and water treatments (Bucks and Nakayama, 1980). 

Amendments are used to improve crop production and include fertilizers, 

herbicides, insecticides and fungicides. Water treatment involves the 

use of acids, algicides and/or bactericides with the purpose of 

preventing or reclaiming clogged trickle emitters. 

When designing an injection system, injection rate, tank 

storage capacity, equipment layout and safety are important factors to 

be considered (Bucks and Nakayama, 1980). Injectors may either be a 

3 
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proportional rate type, (eg. venturi, hydraulic drive) where injection 

is a function of water flow in the irrigation line or they may be a 

constant rate type, (eg. constant rpm - electric motor drive) where 

injection is independent of line flow. Proportion types allow for a 

constant dilution ratio which is important in pH control, especially if 

irrigation line flows are highly variable. The constant rate injector 

will have a variable dilution ratio with variable mainline flows. 

Typical injection rates for trickle systems will usually range from 7.6 

to 76 liters per hour (lph) per injection point. 

For either powered injection pumps or venturi injectors (as 

commonly used in trickle systems), the chemical storage tank is not 

required to withstand irrigation line pressures. Low cost tanks made 

from plastic, fiberglass or epoxy-coated metal are commonly used. On 

the other hand, if a pressure-differential, by-pass tank injector is 

used, high pressure chemical storage tanks are required. 

A typical layout for an electrical, chemical injection system 

is shown in the schematic taken from Bucks and Nakayama (1980) in 

Figure 1. An anti-siphon valve prevents the water supply from entering 

the storage tank and otherwise causing the spillage of concentrated 

chemicals. When electrically-powered chemical injectors are used, a 

flow or pressure control switch is normally placed in series with the 

time controller to stop injection when system pressure drops or the 

system is shut down. 

The efficient utilization of valuable chemicals and fertilizers 

in trickle irrigation systems requires uniform distribution and the 
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precise control over application rates. Varying degrees of control are 

available and depend on the type of injector system employed. Hahn et 

al. (1983) in a study of four types of chemical injectors (by-pass 

tank, venturi, bladder tank and hydraulic pump), found that the 

application uniformity of chemicals injected into trickle systems is 

largely a function of the water distribution uniformity. 

Methods of Injection 

Two major classes of injectors are used in trickle irrigation 

systems. One class includes those that utilize an external power 

source and the second a pressure differential. 

Powered Injectors 

The most common powered injectors utilize either positive 

displacement, piston or diaphragm pumps (Bucks and Nakayama, 1980). 

The characteristics of these pumps (Raguse and Comp. Inc., 1972; 

Harrison, 1974) include: 

1. capacity remains constant with varying irrigation line 

pressures and flows; 

2. injection rates are easily adjusted; 

3. injection rates are accurately controlled (to 1% or 

better); 

4. installation is simple and maintenance minimal; and 

5. more than one method of drive is available. 

Unless equipped with variable speed electronic devices or 

driven by flow-dependent hydraulic motors, positive-displacement piston 
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and diaphragm pumps are unable to provide a constant ratio of chemical 

injection relative to irrigation line flow. 

Common power sources for injector pumps (Bucks and Nakayama, 

1980; Raguse and Comp. Inc., 1972) include PTO, gasoline engines, 

electric or hydraulic motors. PTO usually involves a V-belt connecting 

the injector with the input shaft of a well pump gearhead. Drive shaft 

rpm and pulley circumference determine the resulting injection rate. 

Injection pumps with electric drive commonly employ either single 

phase, or a 12-volt D.C. fractional horsepower motor. Variable speed 

devices are available for automated systems and constant ratio feeding. 

Gasoline engines are commonly used in remote regions without 

electricity. Setting pump capacity at a fixed input speed (electric 

motor with constant rpm) involves adjusting the length of stroke. 

Injection rates will vary proportionally with input speeds, and are an 

important consideration when using PTO driven pumps. Tables are 

provided by manufacturers for calibration of injection rates at a given 

shaft rpm and diameter. 

Depending on pumping capacity and required power units, the 

cost for powered injectors will range from $500 to $2500 for 4-20 to 

240-440 (lph), respectively. Hydraulic motors that utilize line 

pressure are available with pump capacities commonly ranging from 20 to 

240 lph. These hydraulically driven injectors cause no line 

restriction or pressure drop. However, they do discharge water (2 to 3 

times the volume of chemical injected) at the injection site. 

Operating pressures usually range from 14 to 90 m, with maximum 

injection capacity proportional to line pressure. Because of this 
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characteristic, use with low pressure trickle systems will limit the 

capacity range of the injector to the low end of its performance 

rating. Other hydraulic drive systems utilize an inline impeller to 

drive an injection pump. These are less commonly used, but they allow 

for precise control of rates, offer a wide range of injection 

capacities and also provide constant ratio feed. The main 

disadvantages of these injectors is that they introduce a line 

restriction causing a significant drop in line pressure. Additional 

pressure must be supplied to the system for injection, thus leading to 

increased operational costs. 

To have a properly functioning, powered injection system, 

certain requirements for installation and management must be met 

(Raguse and Comp. Inc., 1972). For example, the solution tank should 

be placed as close as possible to the pump and suction head should be 

minimized. High pressure suction and discharge lines (minimum I.D. 

12.7 mm) should be used to avoid hose collapse or rupture. The 

solution tank must be vented to avoid creating a vacuum which could 

cause the pump to stop or the storage tank to collapse. It is 

important to flush the injector unit to avoid the deposition of 

chemical precipitates, especially when injecting phosphate solutions. 

Finally, check valves are required at the injection point. 

Pressure-Differential Injectors 

Pressure-differential injectors commonly include the venturi 

and by-pass tank, See Figures 2 and 3. The pressure-differential is 

usually developed by using a by-pass loop in conjunction with a flow 
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Figure 2. Venturi injector operated in by-pass 

Figure 3. By-pass tank injector 
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restricting valve. In some cases the pressure-differential at a pump 

can be used, however, it is important to note that the injected 

material passes through the pump and may cause corrosive damage to 

metal pump parts. 

The Venturi operates on the principle of increasing flow 

velocity in a pipe line with decreasing cross-section area, causing a 

reduction in pressure at the constriction. With sufficient increase in 

velocity at the venturi, pressure will drop below atmospheric, creating 

a negative pressure which draws chemical solution from an open tank (at 

atmospheric pressure) into the irrigation system. Depending on the 

venturi design and desired injection rate, head losses across the 

venturi will usually run from 25 to 50% of the system head. When the 

venturi is placed in the system as a by-pass, see Figure 2, no external 

power source will be required; however, substantial operational costs 

will be incurred. Costs are especially high when the irrigation pump 

supplies the required differential because the added pressure is felt 

throughout the entire irrigation system. Presently the venturi by 

itself will cost from $55 to $250, depending on its capacity. They are 

reliable, trouble-free and are usually made of durable plastics which 

tolerate a wide range of chemicals and temperatures. 

To avoid high operating costs, the venturi can be used in 

conjunction with a booster pump (see Figure 4). This has the advantage 

of eliminating head loss due to a by-pass configuration and it also can 

provide high injection capacities without the need for a powered, 

injection pump whose metal parts must be protected from the corrosive 

effects of a wide variety of chemical injectants. 
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The by-pass tank injector requires no external power source and 

has a low capital cost. A pressure-differential developed between the 

tank inlet and outlet is used to hydraulically displace an initial 

charge of chemical solution into an irrigation system. The tank is 

connected in parallel with a major irrigation pipe line. A valve 

located between the inlet and outlet taps of the pipeline (see Figure 

3) permits throttling of the pressure-differential. During operation, 

chemical concentration will decay exponentially with time. Complete 

removal of a full charge of chemical solution will require by-passing, 

through the tank, four to five tank volumes of irrigation water (Ponder 

and Kenworthy, 1975). Solid fertilizers can also be applied, but the 

number of volumes required to dissolve and displace the chemical 

solute/solution varies as a function of the solid material's 

solubility, tank mixing characteristics and particle size. 

Although chemical concentration in the tank decays 

exponentially with time, the uniformity of application in the field 

depends only on the water distribution uniformity (Hahn et al., 1983). 

The by-pass tank is pressurized and must be able to withstand the 

pressures developed by the irrigation system. For large capacities, 

generally epoxy-coated, metal tanks are employed. The major 

disadvantages to these injectors are their high operational costs and 

poor control of fertilizer injection rates (Beth, 1981). High 

operational costs result because the pressure loss at the injector by

pass must be supplied by the pump, whether or not the injector is 

operating. 
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Theoretical Considerations 

Pressure-differential developed at an irrigation line elbow 

Across every component in an irrigation system (through which 

flow occurs) there is a pressure drop. Included are energy losses 

across valves, pumps, elbows and pressure regulators. One method of 

minimizing the operational costs of the by-pass tank injector would be 

to utilize a pressure-differential already located in the system. 

Replogle et al. (1966) evaluated pipe elbows for use as flow 

meters. Their study involved measuring pressure-differentials as a 

function of flow through cast iron elbows with diameters ranging from 

76.2 to 304.8 mm (3 to 12 in.). They also evaluated 76.2 mm short and 

long radius ABS plastic elbows. Their results are summarized in Figure 

5. 

In Figure 5 velocity ranges between .9 and 1.5 m/s (3 and 5 

fps) were marked on each curve. This range of velocities is common in 

the design of irrigation systems. As indicated on the curves, for the 

.9 and 1.5 m/s velocities, corresponding pressure-differentials will 

typically range from 0.04-0.06 to 0.18-0.27 m (0.15-0.2 to 0.6-0.9 

feet) depending on the elbow diameter. 

Due to the change in water direction at the elbow, a high 

pressure area is developed on the outer radius (PQ) and a low pressure 

area results on the inner radius (P^) (See Figure 6). This pressure-

differential can be described by the following equation. 

P P v2 

(- + Z)Q - (- + z)i = ck — (1) 
2g 
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0.283 

0.142 

Flow 
(cu.m/s) 

0.028 

0.014 

0.003 

i i i i i 11 T 1 1 1—II I I I 

J L. I I L-L. 

0.03 0.15 0.30 0.61 1.22 
Pressure Differential (m) 

Figure 5. Elbow calibration curves: flow vs pressure-differential 
formed between the inner and outer elbow radius 
(Replogle et al. 1966). 
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where Z is the elevation above the horizontal datum, _ is the specific 

weight of the fluid, v is average fluid veloci >, g is the 

gravitational constant and Ck is a constant dependent on elbow 

dimension and ranges from 1.3 to 3.2 (Vennard and Street, 1982). 

It was suggested that an elbow may be able to provide a 

sufficient pressure-differential to drive the by-pass injector without 

contributing additional head loss to the piping system. Operating 

costs for the tank injector in this type of arrangement would be 

largely a function of the labor required to periodically fill the tank. 

In practice, if an elbow is used the tank injection rates will 

be commonly limited to what can be obtained with approximately 0.18 to 

0.27 m pressure-differential. 

Tank Flow 

Hydraulic analysis can be used to predict flows through a given 

tank injector as a function of the pressure-differential developed 

between the inlet and outlet of the injector. Essentially the theory 

must account for any energy losses associated with the entrance and 

exit of fluid at the connection points between mainline and tank 

injector. In addition, fittings and valves located in the connecting 

hose will also influence flow rates. The energy losses (Hf) associated 

with valves, fittings, and pipe contractions and expansions at the tank 

and irrigation line connection points can be described by the 

expression 

(2a) 
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Hf = CL q2/(2A2g) (2b) 

where is a loss coefficient, v is fluid velocity, g is the 

gravitational constant, and A is cross-sectional area (Albertson et 

al., 1960). 

Losses associated with friction through the connecting hose and 

tank can be predicted by using the Hazen-Williams friction loss 

equation. Thus, friction loss (H^) is determined by the equation: 

K L q1'852 

Hf = c~I7852~4T87 (3) 

where L is the length of pipe, q is flow, D is diameter, is a 

constant relating to pipe roughness and K equals 10.675 in metric units 

and 4.727 in English units. 

The minor loss coefficients (C^) of Equation 2 for the 

components of a by-pass tank injector are listed below in Table 1: 

Table 1. Minor Loss Coefficients 

Type CL 

Exit 1.0 
Entrance 0.8 
Gate valve 0.2 
Elbow 0.8 
Expansion (sudden) (1 - A1/A2) 
Contraction (sudden) 0.5 - 0.5 (AjM^) 

The variables Aj and A2 

contraction or expansion 

are cross-sectional areas of the pipeline 

where A2 > Aj. The loss coefficient for a 
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contraction is a linearized expression derived from Albertson, et al. 

(1960). An additional loss term will be required if a filtering screen 

is placed in the tank. As an alternative to using Equations 2 and 3, a 

more accurate equation for describing injector flow rates as a function 

of applied pressure-differentials can be developed for a given, 

specific injector. With the appropriate measuring devices, a simple 

calibration study can be conducted to generate flow vs. pressure-

differential data which can be fitted to a power curve where the 

equation has the form: 

Hf = Kjq11 (4) 

where Kj and n are constants characteristic of the specific injector 

tested. 

Tank Dilution 

Before the injection process begins the tank must be charged 

with a given quantity or mass of chemical injectant. After initiating 

injection the rate at which the chemical is diluted and removed from 

the tank will depend on the following factors: 1) flow through the 

tank; 2) tank mixing characteristics; 3) tank volume; and 4) whether 

the injectant is liquid or solid. If the chemical is introduced into 

the tank as a solid, then particle size, mixing and solubility in 

irrigation water will affect its rate of solution and the resultant 

tank dilution rate. 

After initiating injection, the rate of dilution or removal of 

the mass of chemical contained in a tank can be described using a 
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simple mathematical model (Ross, 1980) which assumes 1) perfect mixing 

and complete dissolution of chemical in a constant volume (V) tank; 

and 2) constant flow (q) through the tank with no chemical contained in 

the inflow water. In this model, Mt will represent the mass of 

chemical in the tank solution at time t. By definition, the tank 

concentration at time t is given by 

Ct = Mt/V (5) 

where V is the tank volume. Thus, for a given flow rate (q), the 

displaced volume of tank solution over an infinitesimal time interval 

(t^-t), is the total quantity of chemical removed in this displaced 

volume of tank solution M£ - Mt. Therefore, the concentration of the 

exiting mixture (equal to tank concentration) will be 

- Mt 
c = _ _i (7) 

q <trt) 

As the infinitesimal time interval approaches zero, and by rearranging 

these terms, we can express Equation 7 as a differential relation that 

describes the instantaneous mass flow out of the tank. 

dMfc/dt = Ctq (8) 

Substituting Equation 5 into Equation 8 gives the relation 

dMt/dt = -Mtq/V (9) 

The mass of chemical contained in the tank at any time during injection 

can be determined by integrating Equation 9 giving the exponential 

decay function: 

Mt = Mj, EXP(-qt/V) (10) 

where t is the total time elapsed from the initiation of injection and 
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Mj; is the initial mass of chemical in the tank. A similar relation 

describing concentration decay with time can be developed by simply 

dividing each side of Equation 10 by the tank volume (V). 

Ct = EXP(-qt/V) (11) 

By taking logarithms and rearranging Equation 10 or 11 the total volume 

of inflow (displacement volume) required to dilute the chemical to some 

fraction of the initial mass or concentration is 

Displacement volume = qt = -V ln(xt/x£) (12) 

where x is either mass (M) or concentration (C). For example, the 

number of tank volumes (V) of inflow required to displace 99% of the 

initial chemical mass can be calculated as follows: 

Number of tank volumes = qt = V(-ln (xt/x^)) 

= V(-ln ((100 - 99)/100)) 

= 4.6 * V 

therefore, approximately 4.6 tank volumes are needed to displace 99% of 

a perfectly mixed tank solution. 



MATERIALS AND METHODS 

Experimental Approach 

Before any field experiments could be run a method was needed 

for determining flows through the tank injector. Mechanical flow 

measuring devices were avoided due to relatively high energy 

requirements, and the inaccuracy and expense associated with the 

measurement of very low flow rates. By Equation 11, a unique 

concentration vs time relationship exists for any selected flow rate 

through a tank of given volume. This characteristic can be used to 

evaluate tank flow rate by applying a dilution method (shown below) 

which is similar to the method discussed by Vennard and Street (1982). 

1. For k select flow rates, qj (j = 1, 2,...k) 

a. the tank is filled with chemical (i.e. concentration 

(ct/ci = 1) 

b. displacement of chemical by water is initiated at a 

selected flow rate qj. 

c. concentration Ct is monitored at selected times until 

dilution is essentially complete. 

d. the exponent yj in the equation 

Ct/C£ = EXP(-yj t) (13) 

is solved uniquely for its best-fitting value. 

2, A family of characteristic exponential decay curves is 

developed representing the k flow rates - each curve differing 

only through the exponent yj. 

21 
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3. A single "calibration curve" relating flow q to the decay 

exponent y is developed. 

Under field conditions where tank discharge is measured directly, flow 

can be determined by monitoring the characteristic concentration decay 

with time and relating it back to the family of curves developed in the 

calibration study. 

Design of Elbow/lniector System 

The by-pass tank used in this study was constructed from 1.4 

meters (4.5 feet) of 127 mm (5-inch) Swanson, Schedule 40 PVC 

irrigation pipe and two weld-on end caps. Tank capacity was measured 

at 17.4 liters (l). Each end cap was drilled and tapped to accommodate 

the insertion of two nipples - one 12.7 mm (1/2-inch) and the other 

25.4 mm (1-inch) as shown in Figure 7. To these nipples 25.4 mm and 

12.7 mm PVC gate valve were attached. The 25.4 mm valves were used to 

fill and empty the tank while the 12.7 mm valves acted as isolation 

valves. Two and six-tenths meters of flexible, high pressure hose 

(12.7 mm I.D.) were used to connect the tank to the mainline. Thread-

by-barbed PVC hose fittings were used at all hose connection points. A 

12.7 x 12.7 x 3.2 mm tee was placed along the inlet and outlet hoses to 

allow for periodic sampling of inflow and outflow to and from the tank. 

The mainline elbow utilized in this study was a 76.2 mm (3-inch) Spears 

Schedule 80 elbow. Connection points are shown in Figure 8. 

The by-pass tank/elbow injection system (Figure 9) was set up 

at the Irrigation Laboratory at the Campus Agriculture Center. Flow 

measurements were made with a McCrometer flow meter (0-20 1/s) model 



12.7 mm PVC Nipple 

127 mm PVC 25.4 mm PVC Nipple 

Figure 7. Experimental by-pass tank with hose 
connection points 

12.7 mm PVC 

7S.2 mm Elbow 
12.7 mm PVC 

Nipple 

12.7 mm PVC 
Barbed Fitting 

Figure 8. Mainline elbow with hose connection points 
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Flow Motor 

76.2 mm PVC-
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Valvo 

50.8 mm PVC 

12 HP Pomp 

3.6 m 

X 

3,4 m 

2.7 m 

Figure 9. Experimental elbow/injection system 



number 823716. System pressure was monitored with an Ashcroft pressure 

gauge (0-21 m), model number 59504 which was located two meters 

downstream of the mainline elbow. A range of mainline flows was 

provided for by a 8.9 kW Berkeley centrifugal pump, model number 

B3TQKHS. The various system operating pressures and flow rates were 

obtained by controlling pump rpm and adjusting the gate valves. 

Tank Calibration:Flow vs. Tank Dilution 

To establish characteristic concentration decays for known 

flows through the tank, four trials were run where tank flows ranged 

from .025 to .150 1/s. Each trial initially involved priming the tank 

with approximately 1000 ppm of potassium ion solution. Potassium was 

utilized because of the relative ease in determining concentration with 

atomic-emission spectroscopy. Flow rates were adjusted and the flow 

then diverted into the tank. At that moment the effluent was sampled 

and the timing sequence was initiated. 

Over the decay period twenty samples of the outflow were 

taken at equal time intervals ranging from 3.5 minutes for the .025 l/s 

trial to 30 second intervals for the .150 l/s trial. During each trial 

flow measurements were made by collecting discharge in a 500 ml flask 

for a given time period and measuring its volume with a graduated 

cylinder. Periodic samples of inflow were also taken to establish 

background concentrations of potassium ion. 
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Tank Flow Equation 

By applying Equations 2 and 3 a theoretical expression was 

developed which described the energy loss as a function of flow for the 

tank injector. 

First, friction loss in meters (m) along the length of 

connecting hose (L = 2.6 m, I.D. = 12.7 mm, Cj = 140) is related to 

flow (1/s) by using Equation 3, as 

K L q1*852 

Hf c~I7852~~4787 (3) 

1.0675C10)—5 (2.6) q1'852 

(140)1*852 (.0127)4,87 

Hf = 14.034 q1'852 

(14) 

The corresponding friction loss along the length of the tank (L = 1.4m, 

I'.D. = 127 mm, = 150) was calculated (shown below) and found to be 

insignificant when compared to losses along the connecting hose. 

Hf = 9.0(10)-5 q1"852 (15) 

Secondly, applying Equation 2 and Table 1 the total loss 

coefficient (C^) is established by summing all the minor losses 

associated with each valve, fitting, expansion, and contraction. 

Figure 10 shows the location and nature of minor losses associated with 

the tank injector used in this study. The type, loss coefficient and 

frequency of occurrence are listed in Table 2. 
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The inside diameter of the barbed PVC fittings used to make 

the hose connections was measured at 10mm. The ratio of cross-

sectional areas (barbed fitting -A^; Hose-A2, from Table 1) was 

calculated to be 0.62 which resulted in the minor loss coefficients for 

both the contractions and expansions to be approximately 0.2. 

Throughout the majority of the study there was no side flow out of the 

tees, therefore their loss coefficient was taken to be 0.4 (one 

expansion plus one contraction). Also, the minor loss associated with 

the bends in the flexible hose (see Figure 10) was simulated by three 

pipe elbows. 

Table 2. Minor loss coefficients appled to Figure 10. 

Type Number of Terms Subtotal 

Gate valve 0.2 2 0.4 

Tee 0.4 2 0.8 

Entrance 0.8 2 1.6 

Exit 1.0 2 2.0 

Contraction 0.2 3 0.6 

Expansion 0.2 3 0.6 

Elbow 0.8 3 2.4 

TOTAL CL 8.4 

The pressure drop associated with all the minor losses is thus given 

by: 

Hf = CLq2/(2gA2) (2) 

8.4 (1/1000)2 q2 

2(9.81)(3.1416)2(.0127/2)^ 



Hf = 26.681 q2 ( 1 6 )  

Combining Equations 14 and 16 we obtain an expression t t 

theoretically predicts the pressure drop (m) associated with a given 

flow (1/s) through the by-pass injector used in this study. 

Hf = 26.681 q2 + 14.034 q1'852 (17) 

Elbow Calibration:Flow vs Pressure-Differential 

A Dwyer Slack-Tube pressure-differential manometer, model 

number 1211-72 was used to calibrate the 76.2 mm elbow to measure 

pressure-differentials as a function of flow through the elbow. A 

total of fourteen measurements were made; seven were taken at a system 

pressure of 1.4 m and seven at 2.8 m. Measurements taken at both the 

1.4 and 2.8m levels started at the low end of the flow, range (2-5 1/s). 

While a constant operating pressure was maintained, discharge rates 

were incrementally increased and corresponding pressure-differential 

measurements were made. Once the maximum flow was reached, the 

discharge was then incrementally decreased and corresponding pressure 

drops measured until the low end of the flow range was reached. 

Field Study 

For each trial, the measurements required to develop an 

empirical relation between mainline and tank flows included mainline 

flow and the decay of tank concentration with time. Depending on the 

mainline flow, the time for each trial ranged from 60 to 90 minutes. 

The number of samples taken to monitor the tank concentration decay 

varied with different trials and ranged from twelve to seventeen. 
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Before each trial the tank was filled with approximately a 

1000 ppm solution of potassium ion. Two gate valves, one in each 

connecting hose, isolated the injector until mainline flow and pressure 

were adjusted to a desired level. The isolation valves were opened and 

the injector operated for approximately one minute before the timing 

sequence and sampling of tank concentration was initiated. This was 

done to insure that the injector flow was approaching a steady state. 

Mainline flow readings were observed after each sampling of tank 

solution. 

Potassium Analysis 

Atomic emission spectroscopy was utilized for the determination 

of potassium ion concentration. Analyses were performed with an 

Instrumentation Laboratory AA/AE spectrophotometer, model number 951. 

Atomic emission from potassium was generated with a flame that was 

fueled by an acetylene/air mixture with emission monitored at a 

wavelength of 7695 nanometers (nm). Analysis involved working with a 

concentration range of 0-20 ppm. Tank concentrations during the 

calibration and field studies usually started between 500 and 1000 ppm 

potassium ion. These samples required dilution before analysis could 

be performed. Prior to analyzing a complete trial, a few samples (from 

each trial) were diluted and analyzed to approximate the absolute 

concentrations and the rate of tank dilution. With this information, 

more accurate dilutions (to 10-15 ppm) of each sample in a given trial 

could be made. Volumetric flasks (100, 50 and 25 ml) and pipets (10, 
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5, 4, 2 and 1 ml) were used to make dilutions ranging from 1:100 to 

1 : 1 .  

Analysis involved aspirating the diluted sample into the AE 

spectrophotometer where the liquid sample was atomized and introduced 

into the flame. The atomic emission of potassium was then scanned at 

7695 nm for 5 one-second intervals. A microprocessor within the AA/AE 

spectrophotometer permitted input of standard curve data (see Figure 

11) prior to use. Five emission readings for each sample were 

statistically evaluated and related to actual concentrations by using 

the stored standard curve information. The coefficient for 

o 
determination (r ) for the standard curve is .9993. The equation 

generated to describe potassium ion concentration, [K+] as a function 

of the emission voltage (Em) is given as: 

[K+] = 26.96 Em"814 (18) 
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RESULTS AND DISCUSSION 

Tank Calibration:Flow vs Tank Dilution 

Calibrating the 17.4 liter tank used in this study involved 

monitoring concentration decays for four different flow rates (25, 51, 

103 and 147 ml/s) through the tank. Sampling times, [K+] measurements, 

dilution factors and corresponding tank concentrations are listed in 

Appendix A. For each flow rate a least squares curve fitting technique 

was utilized to fit twenty points (concentration vs time) to an 

exponential decay curve describing absolute tank concentration with 

n 

time. The coefficient of determination (r ) for the four curves ranged 

from 0.98 to 0.99. From the fitted absolute relation, a relative 

relationship between the concentration at time t (Ct) and its initial 

value (C^) can be established using Equation 13. 

C,./^ = EXP(-yjt) (13) 

where time is in minutes and yj is an exponent characteristic of the 

concentration decay for a given flow (<lj)» The empirical equations 

generated for each flow rate are listed below in Table 3: 

Table 3, Tank calibration - empirical concentration/time decay 
equations. 

Flow (l/s) Empirical Expression 

0.025 % tank Cone. = 100 EXP(-.0281t) 

0.051 % tank Cone. = 100 EXP(-.124t) 

0.103 % tank Cone. = 100 EXP(-.292t) 

0.147 % tank Cone. = 100 EXP(-.502t) 

33 
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A linear regression model was used to obtain a relation between 

the measured tank flows (q) and the characteristic exponent (y). The 

ty 

r value for the fitted equation (below) is 0.992. 

q = 0.0199 + 0.261 y (19) 

From measurements of concentration with time a characteristic exponent 

(y) can be determined and an estimation of tank flow then obtained by 

Equation 19. 

After developing the empirical tank flow vs. concentration 

decay relations, a comparison between theoretical predictions and 

actual measurements were made. For each flow theoretical predictions 

of concentration decay with time were made using the previously 

developed expression: 

Ct = CiEXP(-qt/V) (11) 

This equation was derived assuming there was perfect mixing inside the 

tank. If this assumption is correct, the characteristic exponent (y) 

should be equivalent to q/V. For the four flow rates of the 

calibration study, the corresponding values of y and q/V were obtained 

as listed below in Table 4. 

Table 4. Tank calibration - characteristic exponent (empirical vs. 
theoretical, and Reynolds number. 

Flow y q/V Re 

.025 .0281 .0862 220 

.051 .1242 .1759 452 

.103 .2917 .3552 914 

.147 .5022 .5069 1303 



A graphical comparison of dilution patterns is also shown in Figures 12 

through 15. From these curves and Table 4 it can be seen that at the 

higher flow rates the actual measured concentrations are approaching 

the theoretical predictions. However, as flow decreases actual 

concentration measurements diverge from theory. This phenomena can be 

attributed to the development of partially laminar flow at the lower 

tank discharge rates. The more turbulent the flow through the tank, 

the closer the state of perfect mixing. Also listed in Table 4 are the 

corresponding Reynolds numbers (Re) for the four test flow rates. 

In a pipe with a smooth surface, laminar flow will result if 

Re< 2000 and turbulent flow occurs at Re > 3000 (Albertson et al., 

1960). The Reynolds numbers listed in Table 4 are all less than 2000 

indicating the presence of at least partially laminar flow through the 

tank, with mixing characteristics approaching theoretical at an Re 

value of 1300. 

Elbow Calibration:Flow vs. Pressure-Differential 

The measured values for pressure-differentials developed as a 

function of flow through the elbow are listed in Appendix B and 

graphically presented in Figure 16. Theoretically, it can be shown 

from Bernoulli's equations, that the pressure-differential formed 

between the inner and outer radius of an elbow should follow a power 

curve relation. The measured values listed in Appendix B were fit to a 

power curve to give the following relation between flow (l/s) and 

pressure-differential (meters): 

H = 0.0171 Q1,07 (20) 



100 
q18.025 ± .0004 l/s 
r2=> .9838 

—Measured' 
——Theory 

40 30 0 20 10 

Tima(min) 

Figure 12, Tank, dilution,trial #4; measured vs. theoretical 

100 
q ».051 ±.0012 l/s 
r2= .9847 

%K 

—Measured 
—Theory 

30 40 

Figure 13, Tank dilution,trial i3: measured.vs. theoretical 



37 

100 
q =.103 ±.0017 l/s 
r2= .9902 

— Measured 
Theory 

10 20 30 

Time (min). 

40 

Figure 14. Tank. dtlutfon.»trfa1 measured v s .  theoretical 
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Figure 15. Tank, dilution,trial Jl: measured vs. theoretical 
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Fourteen points were utilized in generating this expression. A 

coefficient of determination (r ) of 0.98 was obtained. At the time 

these measurements were made, flow rates were limited to less than 5 

1/s. Pressure-differentials at flows less than 2 1/s were not taken 

due to the decreasing accuracy of the flow meter at these relatively 

low flow rates. 

Field Study 

Concentration decay results for each of the nine trials are 

o 
contained in Appendix C. The r values associated with the 

concentration decay equations ranged from .90 to .98. Once these 

relations were established, the characteristic exponent (y) was used in 

Equation 19 to estimate flow in the tank. Table 5 lists the 

corresponding mainline flows, the characteristic exponents (y), the 

estimated tank injection rate and the pressure-differentials calculated 

from Equations 17 (hydraulic analysis of tank flow) and 20 (elbow 

calibration). 

The accuracy associated with evaluating the concentration decay 

functions could have been improved by increasing the total number of 

samples taken during the tank displacement cycle. Also, mainline flow 

measurements could have been improved by noting the total volume of 

water used during the test period instead of relying only on 

instantaneous measurement which would commonly oscillate over a range 

of .2 to .4 l/s around the average. 
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Table 5. Field study results. 

Trial Mainline Characteristic Estimated Press - Diff 
Flow Exponent Tank Flow Theory Elbow Calib. 
1/s (y) (1/s) (m) 

1 3.14 .0340 .029 .042 .059 

2 3.17 .0358 .029 .042 .060 

3 4.04 .0792 .041 .083 .078 

4 4.20 .0913 .044 .095 .081 

5 4.70 .1019 .046 .103 .091 

6 4.74 .0958 .045 .099 .092 

7 4.78 .0870 .043 .091 .093 

8 6.13 .1092 .048 .112 .122 

9 6.48 .1286 .053 .136 .130 

Theoretically the tank injection rate is a function of mainline 

flow and follows a power relation. Forcing the data listed in Table 5 

(mainline flow, Q vs. estimated tank flow, q), to fit a power curve, 

ry 

results in the following expression (r = 0.87). 

q = .0121Q*81 (21) 

This is shown graphically in Figure 17. 

As indicated by the elbow calibration data (two pressure 

levels: 1.4 and 2.8 m) and the results obtained from field study (four 

levels of operating pressures: 10.6, 6.3, 4.2 and 0.7m, see Figure 

17), the pressure differentials developed at the elbow appear to be a 

function of velocity. 

One of the objectives of this study was to evaluate the 

practicality of using hydraulic analysis to predict tank flow rates as 

a function of an applied pressure-differential. For comparison 

purposes, the estimated tank flow rates were inserted into Equation 17 
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which describes tank flow as a function of the pressure drop associated 

with pipe friction and the presence of valves and fittings. These 

values are compared to pressure-differentials obtained by using 

Equation 20 generated from calibrating the pressure-differential/flow 

relation of the elbow (Table 5). For perfect correlation, a plot of 

estimated results relative to measured results should fall on the 

dashed line shown in Figure 18. 

The greatest difference between the elbow calibration curve and 

the points obtained from hydraulic analysis occurs at the lower flow 

rates. These differences are approximately 0.017m (2/3 of an inch) of 

water pressure. Using the elbow-calibration data at these low mainline 

flow rates (3.1 - 3.2 1/s) we expect approximately 0.061m (2.4 inches) 

of pressure-differential available at the elbow. Hydraulic analysis 

indicates about 0.043m (1.7 inches) pressure-differential, reflecting a 

30% difference. 

Design Parameters 

The components that make up a given tank injector include a 

storage tank, two isolation valves, the hose running between the tank 

and mainline, and fittings required to make necessary connections. 

Provisions for draining and filling the tank also are required. 

One of the advantages of the by-pass tank injector is that it 

can be designed to fit a given injection situation. Depending on the 

desired frequency of use, application rate (volume of material 
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delivered to field), cost of labor, type of injectant (solid or liquid, 

amendment or treatment) and timing of application, a tank injector can 

be designed to best fit a given situation. Assuming the friction loss 

along the storage tank walls is negligible, injector flow rates can be 

precisely adjusted by choosing an appropriate length and diameter of 

connecting hose or by inserting an orifice in the connecting hose and 

coupling them with a known pressure-differential. The subsequent time 

required to displace a given chemical solution from the tank will 

depend on flow through the tank and its volume and mixing 

characteristics. 

The effects of tank dimensions and inlet/outlet positioning on 

mixing were not considered in this study, however, in practice they can 

play an important role in the mixing characteristics of a by-pass tank 

injector. For example, when a low flow rate is coupled to a large, 

unagitated tank, partially laminar to laminar flow will result with 

mixing significantly reduced from theoretical predictions. This can be 

shown by comparing actual measured displacement time (calculated using 

Table 3) to theoretical predictions using equation 11. As shown in 

Table 6, the time required to displace 99% of the initial chemical 

solution approaches the theoretical values as Re reaches 1300, 

However, as Re values decrease, substantially longer times for 

displacement are required when compared to theory. 
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TABLE 6. Time required to displace 99% of initial tank solution: 
Theory vs. Actual 

Tank Flow Displacement Time Cmin) 
1/s Re TV.ecr> Actual 

.025 220 53 164 

.051 452 26 37 

.103 914 13 16 

.147 1303 9 9 

When mixing is significantly less than perfect and the accurate 

evaluation of displacement time is important, then a calibration study 

of tank flow vs. solution displacement should be conducted. Mixing may 

also be improved by inserting baffles in the tank or providing 

mechanical agitation. 

Before designing a by-pass tank injector, limits on the maximum 

concentration delivered to the field should be established. Bucks and 

Nakayama (1980) reported that the final concentration of injectant 

present in irrigation water is usually very low, ranging from 4 to 100 

ppm for amendments and 0,5 to 10 ppm for treatments. Without adverse 

effects, T.C. Tucker (1984) has applied nitrogen amendments to cotton 

in "pulses" where concentrations have ranged from 300 to 500 ppm for 

short periods of time. 

Due to the gradual dilution of material contained in the tank, 

maximum field concentrations will be observed only for the initial 

fraction of the injection period. For this reason, the by-pass tank 

injector is well suited for the delivery of short, concentrated pulses 

of amendments or treatments. Further research is needed to establish 

concentration limits for specific crops. 
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Design Example 

The variables that are most important for the design of a by

pass tank injector include the quantity and rate of material being 

injected, the hose and fittings used to connect the storage tank to the 

irrigation line, the storage capacity of the by-pass tank and the 

available inlet/outlet pressure-differential. The application rate of 

either amendment or treatment is generally established before 

initiating the design process. Factors that influence the quantity of 

material applied over one injection period include the total amount of 

material applied over a season, peak requirements, the number of 

irrigations per season and labor requirements. Generally, it will be 

practical to use the injector during each irrigation period in order to 

minimize tank size; however, labor requirements may also influence how 

often an injector is used. After establishing the desired quantity of 

material to be applied, the next step in the design process will 

involve estimating the available flow rates for a given connecting hose 

diameter and inlet/outlet differential. Also, in practice there will 

be limits placed on the maximum allowable injectant concentration sent 

to the field. The remaining steps in designing a by-pass tank will 

involve looking at combinations of tank capacity, hose diameter and the 

resultant displacement times and capital costs in order to find a 

practical combina ion of design components. In order to simply the 

following design example, only one tank size was considered; however, 

in practice, there will be many combinations of tank storage and flow 

rates that will provide acceptable injection characteristics. 
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1. Obtain system specifications and management criteria: 

a. Irrigation system: 100 hectares (40 acres). 

b. Total flow at injection point: 45 1/s (720 gpm) 

c. Fertilizer application rate 184 grams N/ha (1 lb 

N/acre) using urea (46% N, solubility: 78 pph in cold 

water). 

d. Limit on field concentration of applied amendment 

(urea) 500 ppm 

e. Size of storage tank: 150 liters (40 gal.) 

f. Connecting hose: Length = 3m, Cj = 150 

g. Minor loss along connecting hose between injector and 

irrigation line: Cj = 10 

h. Available pressure-differential: Hj = 0.21 m (0.7 

ft). 

2. Use hydraulic analysis to estimate tank flow rate (1/s) as 

a function of the available pressure-differntial (H^ = 

0.21 m) and hose diameters (12.7 mm, 19.0 mm, or 25.4 mm) 

a. Develop flow equations for each hose diameter by 

using Equations 2a and 3. 

(1) 12.7 mm hose 

10.675(3)(1/1000)1,852q1,852 10(1/1000)2 q2 

(150)1,852(0.0127)4'87 2(9.81)(3.14)2 (0.0127/2)4 

(22)  

Hf = 14.25 q1*852 + 31.76 q2 
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(2) 19.0 mm hose 

= 1.98 q1*852 + 6.27 q2 lf " * 

(3) 25.4 mm hose 

(23) 

Hf = 0.49 q1*852 + 1.99 q2 (24) 

b. Solve Equations 22, 23, and 24 by trial and error 

where Hf = 0.21 m and also calculate the dilution 

factor (D.R.). 

(1) q = 0.063 1/s D.R. = 45/0.063 = 714 

(2) q = 0.155 1/s D.R. = 290 

(3) q = 0.287 1/s D.R. = 157 

3. Determine quantity of urea required for applying 184 grams 

N/ha for 100 ha system. 

184 g N 1 g urea 
grams urea = ( ) ( ) (100 ha) = 40,000 

ha .46 g N 

4. Evaluate initial tank concentration for 150 liter tank and 

determine maximum field concentration for each hose 

diameter. 

a. initial tank concentration (C^) 

40,000 g 
c = = 267 

150 liter 

= 26.7 pph (<78 pph, readily 
dissolved) 
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b. maximum field concentration 

(1) 12.7 mm hose, q = 0.063, D.R. = 714 

C. max 

26.7 pph 10,000 ppm 
( ) ( ) = 370 ppm 

714 pph 

(2) 19.0 mm hose, q = 0.155 1/s, D.R. = 290 

Cmax = 920 PPm 

(3) 25.4 mm hose, q = 0.287 1/s, D.R. = 157 

C max 1700 ppm 

5. Estimate displacement time for 150 liter tank connected to 

irrigation line with 12.7 mm hose (370 ppm < 500 ppm 

1 imit). 

a. Use equation 12 to calculate theoretical displacement 

time for the removal of 95% of fertilizer solution. 

t = ( ) ( ) (-in (0.05)) 
0.063 1/s 60 s 

= 120 min. (assuming perfect mixing) 

b. Without perfect mixing the displacment time will 

increase when compared to theoretical predictions. 

Actual displacement time may be difficult to 

establish without direct measurement, however it may 

be assumed that a safety factor of 3 will be 

sufficient margin of safety if the tank Reynolds 

number is greater than 200. 

150 1 mm. 



CONCLUSIONS 

As indicated by the field study, hydraulic analysis can be used 

to model injector flow rates as a function of a known, applied 

pressure-differential. The required minimum pressure-differentials 

needed for injection can be significantly less than was indicated in 

the literature and are dependent on the dimensions of the components 

used to build the injector. By placing the by-pass tank across a 

pressure-differential already located in the pipe system, additional 

pressure drops commonly associated with injection (as by-pass with 

throttled valve) can be largely eliminated, thus greatly improving the 

efficiency of the by-pass tank injector. 

For very accurate determination of the injector displacement 

time, the mixing characteristics for a given tank must be accounted for 

and its flow/pressure-differential relations obtained through 

calibration. 

For practical application in a field situation, the author 

feels that defining mixing characteristics and calibrating the tank are 

not necessary for the use of these injectors. In most cases, 

displacement time is not important, as long as the tank contents are 

delivered before the end of the irrigation period. Uniformity of 

fertilizer distribution in a trickle system will not be significantly 

different from water distribution. With a good irrigation system 

design we can expect good fertilizer distribution, as long as injection 
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is started after the trickle system is completely full and operating 

normally. 

Common applications of the by-pass tank injector would include 

the injection of nitrogen amendments such as nitrate, urea and other 

liquid nitrogen solution. Also, it may have value in the injection of 

water treatments such as sodium hypochlorite. Because of the injection 

characteristics of the by-pass tank, it may be particularly valuable 

for the application of NO3 solutions. Nitrates readily travel with 

water through the soil profile. With this in mind, nitrate placement 

in the soil profile can be precisely controlled by introducing a 

"pulse" of NO3 solution late in the irrigation period, thus minimizing 

the distance it travels within the soil profile. Also, a major problem 

in trickle systems is the growth of biological clogging agents during 

system "off" time when water contained in the pipe networks is static. 

This growth can be inhibited by sending a pulse of chlorine solution 

just prior to system shut down. With precise timing of the injection 

period, a sufficient concentration of growth inhibiting chlorine 

solution can be left in the system during its "off" time, thus 

minimizing biological growth. Finally, when operating multi-block 

trickle systems or when tank capacity is limited, it may be practical 

to place a number of tanks in parallel and synchronously displace each 

tank depending on what block is being irrigated or the quantity of 

injectant required. 



APPENDIX A 

TANK CALIBRATION 
Trial #1. - 1/11/84 

Time, t [K+] Dilution Tank Tank Flow 
(min) (ppm) Factor (ppm) Q(ml/s) 

0.00 12.64 100 1260 

0.50 12.67 100 1260 

1.00 15.54 50 770 

1.50 11.09 50 550 

2.00 5.90 50 290 

2.50 5.19 50 260 

3.00 12.41 20 250 

3.50 12.32 20 240 

4.00 15.68 12.5 190 

4.50 12.13 12.5 150 

5.00 10.57 12.5 130 

5.50 18.28 5 88 

6.00 13.18 5 63 

6.50 11.70 5 56 

7.00 12.36 5 59 

7.50 17.15 2.5 40 

8.00 10.96 2.5 24 

8.50 14.88 1 13 

9.00 10.43 1 7.8 

9.50 14.78 1 12 

10.00 9.16 1 6.5 

10.50 9.20 1 6.6 

11.00 8.27 1 5.6 

11.50 7.90 1 5.3 

12.00 4.92 1 2.3 

435/3 

440/3 

450/3 

435/3 

440/3 

tank (ppm) 
r^ 

^ave r +1 
Background LK J 

= 1267 EXP (-.502t) 
= .98 
= .147+0.0018 
= 3.0 ppm 
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TANK CALIBRATION 
Trial #2 - 1/11/84 

Time, t [K+] Dilution Tank Tank Flow 
(min) (ppm) Factor (ppm) Q(ml/s) 

0.00 9.19 100 920 415/4 

0.67 20.20 50 1010 

1.33 15.11 50 750 

2.00 9.95 50 490 425/4 

2.67 5.98 50 300 

3.33 6.08 50 300 

4.00 14.79 20 290 410/4 

4.67 11.19 20 220 

5.33 8.60 20 170 

6.00 5.99 20 120 410/4 

6.67 9.16 12.5 110 

7.33 7.35 12.5 89 

8.00 7.24 12.5 87 410/4 

8.67 16.17 5 78 

9.33 14.09 5 67 

10.00 11.54 5 55 400/4 

10.67 8.83 5 41 

11.33 15.85 2.5 37 

12.00 11.49 2.5 26 405/4 

12.67 9.97 2.5 21 

13.33 19.9 1 17 

14.00 16.81 1 14 410/4 

14.67 14.88 1 12 

15.33 12.69 1 10 

16.00 11.99 1 9.4 

T|nk (ppm) 

Qave { 
Background LK J 

= 890 EXP (-.292t) 
= 0.99 
= .103 + .0017 
=2.7 ppm 
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TANK CALIBRATION 
Trial #3 - 1/11/84 

Time, t [K+] Dilution Tank Tank Flow 
(min) (ppm) Factor (ppm) Q(ml/s) 

0.00 15.49 50 770 775/15 

1.33 14.64 50 730 

2.67 11.17 50 560 765/15 

4.00 8.11 50 400 

5.33 8.33 50 410 755/15 

6.67 7.00 50 350 

8.00 15.38 20 300 780/15 

9.33 12.98 20 260 

10.67 11.96 20 240 765/15 

12.00 17.07 12.5 210 

13.33 15.24 12.5 190 740/15 

14.67 14.35 12.5 180 

16.00 11.86 12.5 150 745/15 

17.33 10.00 12.5 120 

18.67 8.08 12.5 98 735/15 

20.00 7.02 12.5 85 

21.33 14.97 5 72 740/15 

22.67 12.83 5 61 

24.00 10.25 5 48 755/15 

25.33 15.71 2.5 36 

26.67 13.12 2.5 30 780/15 

28.00 11.10 2.5 25 

29.33 9.36 2.5 20 795/15 

30.67 18.07 1 15 

32.00 15.23 1 12 770/15 

860 EXP (-.124t) 
.98 
0.051+ .0012 
3.0 

Tank (ppm) = 
r = 

^ave r 
Background LK J = 



55 

TANK CALIBRATION 
Trial #4 - 1/11/84 

Time, t [K+] Dilution Tank Tank Flow 
(min) (ppm) Factor (ppm) Q(ml/s) 

0.00 11.35 20 225 730/30 

3.50 9.61 20 190 750/30 

7.00 3.39 50 170 760/30 

10.50 3.07 50 150 740/30 

14.00 2.62 50 130 750/30 

17.50 2.46 50 120 760/30 

21.00 12.86 10 130 720/30 

24.50 4.45 25 110 745/30 

28.00 4.21 25 100 775/30 

31.50 3.48 25 85 730/30 

35.00 3.44 25 84 740/30 

38.50 4.06 20 79 745/30 

42.00 3.61 20 70 740/30 

45.50 7.17 10 69 745/30 

49.00 6.50 10 63 745/30 

52.50 5.04 10 48 740/30 

56.00 4.53 10 43 765/30 

59.50 4.40 10 42 730/30 

63.00 3.56 10 33 735/30 

66.50 6.65 5 31 740/30 

70.00 5.79 5 27 755/30 

T|nk (ppm) 

^ave . r +1 
Background [K J 

= 210 EXP(-.02871) 
= .98 
= .025 + .0004 
=  2 . 8  



APPENDIX B 

ELBOW CALIBRATION 

Flow, Q (1/s) Pressure-Differential 
-m- (psi) inches meters 

1.4 (2) 2.75 2.05 .0521 

1.4 4.00 3.05 .0775 

1.4 4.85 3.90 .0991 

1.4 4.70 3.80 .0955 

1.4 3.75 2.80 .0711 

1.4 4.00 3.05 .0775 

1.4 2.25 1.75 .0445 

1.4 

2.8 (4) 2.20 1.55 .0394 

2.8 ' 3.20 2.20 .0559 

2.8 4.20 3.10 .0787 

2.8 4.90 3.75 .0953 

2.8 4.80 3.65 .0927 

2.8 3.00 2.05 .0521 

2.8 2.05 1.50 .0381 
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APPENDIX C 

FIELD STUDY 
Trial #1 - 2/23/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

00:00 3.0 12.76 100 1280 

5:00 3.0 15.90 50 800 

10:00 3.0 11.85 50 590 

15:00 3.1 17.33 25 430 

20:00 3.1 13.06 25 330 

25:00 3.1 10.58 25 260 

30:00 3.1 11.60 20 230 

35:00 3.2 19.00 10 190 

40:00 3.2 16.47 10 170 

50:00 3.2 13.37 10 130 

60:00 3.2 8.31 10 81 

70:00 3.2 6.96 10 68 

80:00 3.3 6.05 10 59 

90:00 3.3 10.69 5 52 

Tank (ppm) 
r 

^ave 
Tank Flow 
Background [K ] 
Operating pressure 

= 770 EXP (-.034t) 
= .95 
= 3.14 + .098 
= .029 l/s 
= 1.7 ppm 
= 0.7 m 
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FIELD STUDY 
Trial #2 - 2/23/84 

Range 
Time, t Mainline K+ Dilution lank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

00:00 3.1 13.24 100 1320 

5:00 3.0 12.18 50 610 

10:00 3.1 10.86 50 540 

15:00 3.1 10.17 50 510 

20:00 3.2 15.85 25 400 

25:00 3.3 14.27 25 360 

30:00 3.2 16.55 20 330 

35:00 3.2 12.41 25 310 

40:00 3.1 11.60 25 290 

45:00 3.2 11.13 25 280 

50:00 3.2 20.33 10 200 

55:00 3.1 16.55 10 170 

60:00 3.2 22.70 5 110 

70:00 3.3 13.73 5 68 

80:00 3.2 17.74 5 39 

T^nk (ppm) 

Qave 
Tank Flow 
Background [K+] 
Operating pressure 

= 970 EXP (-.036t) 
= .94 
= 3.17 + .079 
= .029 l/s 
= 1.7 
= 10.6 m 



FIELD STUDY 
Trial #3 - 3/8/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

00:00 4.0 - 4.3 7.86 50 390 

5:00 4.0 - 4.2 8.30 50 410 

10:00 3.9 - 4.1 8.65 25 210 

15:00 3.9 - 4.1 4.70 24 110 

20:00 3.8 - 4.1 2.65 20 50 

25:00 2.8 - 4.1 3.02 10 27 

30:00 3.8 - 4.1 2.05 10 17 

35:00 3.9 - 4.2 1.57 10 12 

40:00 3.9 - 4.3 1.13 10 7.8 

50:00 2.9 - 4.2 1.78 5 5.4 

60:00 3.9 - 4.2 1.59 5 4.5 

70:00 3.9 - 4.3 2.26 2.5 2.2 

T^nk (ppm) 

^ave 
Tank Flow 
Background [K+] 
Operating pressure 

= 320 EXP (-.0792t) 
= .93 
= 4.04 + .163 1/s 
= .041 1/s 
= 3.5 ppm 
= 10.6 m 



FIELD STUDY 
Trial #4 - 3/15/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

0:00 4.2 - 4.5 6.52 50 330 

4:00 4.1 - 4.4 13.87 50 690 

8:00 4.2 - 4.5 15.76 25 390 

12:00 4.1 - 4.4 9.84 25 250 

16:00 4.0 - 4.5 7.57 20 150 

20:00 4.2 - 4.4 8.82 10 88 

24:00 4.0 - 4.3 6.21 10 62 

28:00 4.0 - 4.3 7.38 5 37 

32:00 4.1 - 4.3 5.09 5 25 

36:00 3.9 - 4.3 2.87 5 14 

40:00 4.0 - 4.2 4.71 2.5 12 

44:00 4.1 - 4.3 3.92 2.5 10 

48:00 4.0 - 4.3 3.14 2.5 8 

52:00 4.0 - 4.2 2.45 2.5 6 

56:00 4.0 - 4.3 2.24 2.5 5 

Tank (ppm) = 580 EXP (-.0913t) 
r2 = .97 
Qave = 4.20 + .170 1/s 
Tank Flow = .044 1/s 
Background [K+] = 2.7 ppm 
Operating pressure = 10.6 m 



FIELD STUDY 
Trial #5 - 3/8/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

00:00 4.5 - 4.9 11.31 50 560 

2:00 4.5 - 4.8 12.68 50 630 

5:00 4.5 - 4.9 14.28 25 350 

10:00 4.6 - 4.9 6.06 25 150 

15:00 4.6 - 4.9 2.69 25 63 

20:00 4.5 - 4.9 1.41 20 24 

25:00 4.5 - 4.8 .85 20 13 

30:00 4.5 - 4.9 1.12 10 7.2 

35:00 4.5 - 5.0 .88 10 4.8 

40:00 4.6 - 4.8 1.69 5 4.4 

45:00 4.5 - 4.9 1.43 5 3.2 

50:00 4.5 - 4.8 1.69 5 4.4 

60:00 4.6 - 4.9 2.53 25 2.3 

Tank (ppm) 
r 

^ave 
Tank Flow 
Background [K+] 
Operating pressure 

= 360 EXP (-.102t) 
= .90 
= 4.70 + .181 1/s 
= .046 1/s 
= 4.00 ppm 
= 6.3 m 



FIELD STUDY 
Trial #6 - 2/8/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(1/s) (ppm) Factor (ppm) 

00:00 4.7 - 4.9 14.38 25 360 

1:00 4.7 - 4.9 10.34 25 260 

2:00 4.6 - 4.9 14.87 25 370 

3:00 4.7 - 4.9 13.90 25 350 

4:00 4.7 - 4.9 16.16 25 400 

5:00 4.5 - 4.8 17.23 20 340 

6:00 4.6 - 4.8 15.73 20 310 

7:00 4.7 - 4.9 14.61 20 290 

8:00 4.6 - 4.8 12.75 20 250 

9:00 4.6 - 4.9 11.12 20 220 

10:00 4.7 - 4.8 18.19 10 180 

11:00 4.7 - 4.9 16.14 10 160 

13:00 4.6 - 4.8 13.59 10 140 

15:00 4.6 - 4.8 11.16 10 110 

17:00 4.6 - 4.9 17.83 5 88 

19:00 4.5 - 4.9 15.89 5 78 

Tank (ppm) 
r2 

^ave 
Tank Flow 
Background [K+] 
Operating pressure 

= 490 EXP (-.0958t) 
= .94 
= 4.74 + .128 1/s 
= .045 1/s 
= 1.3 ppm 
= 0.7 m 



FIELD STUDY 
Trial #7 - 2/15/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) (ppm) Factor (ppm) 

00:00 4.7 - 4.9 12.6 50 630 

2:30 4.7 - 5.0 14.93 50 750 

5:00 4.7 - 4.9 11.36 50 570 

7:30 4.6 - 5.0 9.39 50 470 

10:00 4.7 - 5.0 12.34 25 310 

12:30 4.7 - 4.9 9.91 25 250 

15:00 4.7 - 5.0 7.30 25 180 

17:30 4.7 - 5.0 7.33 20 150 

20:00 4.7 - 5.0 5.83 20 120 

22:30 4.6 - 5.0 8.54 10 85 

25:00 4.5 - 5.1 7.66 10 76 

27:30 4.6 - 4.9 7.34 10 73 

30:00 4.6 - 4.9 10.84 5 54 

32:30 4.5 - 4.8 9.27 5 46 

35:00 4.5 - 4.9 8.17 5 40 

37:30 4.5 - 4.8 12.19 2.5 30 

40:00 10.23 2.5 25 

T^nk (ppm) 

^ave 
Tank Flow 
Background [K+] 
Operating pressure 

= 750 EXP (-.087t) 
= .99 
= 4.78 + .179 1/s 
= .043 1/s 
= 2.7 ppm 
= 0.7 m 



FIELD STUDY 
Trial #8 - 3/8/84 

Range 
Time, t Mainline K+ Dilution Tank 
(min) flow, Q(l/s) Cppm) Factor (ppm) 

00:00 5.9 - 6.3 10.97 50 550 

3:00 6.0 - 6.4 7.81 50 390 

7:00 6.0 - 6.3 6.38 25 160 

10:00 6.0 - 6.3 3.49 24 84 

15:00 6.1 - 6.3 1.81 20 33 

20:00 5.8 - 6.0 1.36 20 23 

25:00 5.8 - 6.1 1.87 10 15 

30:00 6.1 - 6.4 1.16 10 8.1 

35:00 6.1 - 6.4 .98 10 6.3 

40:00 6.2 - 6.4 1.50 5 4.0 

45:00 5.8 - 6.1 1.32 5 3.1 

50:00 6.0 - 6.3 2.28 2.5 2.2 

Tank (ppm) = 310 EXP (-.109t) 
r2 = .95 
Q = 6.13 + .195 1/s 
Tank Flow = .048 1/s 
Background [K+] = 3.5 ppm 
Operating pressure = 10.6 m 



FIELD STUDY 
Trial #9 - 3/8/84 

65 

======================================================================= 
Range 

K+ ~. Mainline Dilution Tank .:.. i . '~ ) l. 

(min) flow, Q( 1/ s) (ppm) Factor (ppm) 
--------------------------------------------~--------------------------

00:00 6.0 - 6.5 7.77 50 390 
2:00 6.2 - 6.5 8.81 50 440 
5:00 6.3 - 6.6 16.89 25 420 

10:00 6.4 - 6.6 7.15 25 180 
15:00 6.4 - 6.7 5.08 20 98 
20:00 6.4 - 6.6 3.05 20 57 
25:00 6.4 - 6.6 1.60 10 12 
30:00 6.4 - 6.7 2.21 5 7.6 
35:00 6.3 - 6.6 1.72 5 5.1 
40:00 6.3 - 6.7 2.50 2.5 2.7 
45:00 6.5 - 6.7 1.96 2.5 1.4 
50:00 6.4 - 6.7 1.90 2.5 1.2 
60:00 6.4 - 6.6 1.54 2.5 .3 

T~nk (ppm) = 540 EXP (-.129t) 
r = .96 
Qave = 6.48 + .173 1/s 
Tank flow = .053 l/s 
Background [K+] = 3.5 ppm 
Operating pressure = 4.2 m 



APPENDIX D 

Table 2. 

Injection Injector Tank Pipe 
Time psi model Flow Size I.D. 
(min.) 1 2 3* (1pm) (gal.) (in.) 

30 .0291 .9036 3.63 4.65 8 .75 

60 .0073 .0269 1.80 2.32 8 .75 

240 .0005 .0030 0.45 .58 8 .75 

Table 3. 

Tank 
Size 
(gal.) 1 

psi model 
2 3* 

Injector 
Flow 
(1pm) 

Injection 
Time 
(min.) 

Pipe 
I.D. 
(in.) 

8 .007 .027 1.80 2.32 60 .75 

20 .045 .142 4.54 5.81 60 .75 

40 .181 .533 9.20 11.62 60 .75 

Table 4. 

Pipe Tank Injector Injection 
I.D. Model (psi) Size Flow Time 
(in.) 1 2 3* (gal.) (1pm) ( min.) 

.75 .01 .03 1.80 8 2.32 60 

.50 .04 .14 1.84 8 2.32 60 

.25 .59 2.18 2.49 8 2.32 60 

Model 3 contained 2 ft. of 0.125 in. microtubing placed in series 
with connecting hose. 
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