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CHAPTER I 

INTRODUCTION 

Groundwater plays a major role in municipal water supply. 

Approximately three-fourths of the public water supply systems in the 

United States use groundwater. Thirty-five million persons depend 

solely on groundwater as their potable supply, as of 1978 (Bouwer, 

1978). The operation of municipal well fields is energy intensive. 

It has been estimated by Helweg (1983) that inefficiencies in the 

groundwater supply systems waste 7.6x10^2 British Thermal Units (Btu) 

per year or 2.22x10^ kilowatt-hours (kwh). The majority of munic

ipalities could decrease operating costs in their well fields by 

better operation and management. 

The purpose of this thesis is to develop a method of operation 

and management that uses a microcomputer in the decision-making 

process. The objectives of this thesis are: 

1. to review existing computer models for their applicability 

of use by municipalities for management; 

2. to develop an algorithm based on well and pipe hydraulics; 

3. to develop a computer solution (expressly developed for the 

microcomputer) of the algorithm; and 

4. to test the program on an existing well field for its 

usefulness as a management tool. 



Previous Work 

Numerous groundwater models have been published in recent years. 

These models address various aspects of groundwater flow. Models are 

available which describe the flow of water in the soil structure, 

that attempt to optimize well field design and operation, and that 

relate groundwater usage to a total water supply system (i.e., inter

action with surface water supplies). Few, if any, address the day-

to-day operation of an existing well field. The majority of the 

computer programs have been developed for mainframe computers. There 

is a strong need for models developed for the microcomputer. The 

microcomputer is less expensive to purchase and operate. A munici

pality has the capability to use the microcomputer but, due to budge

tary or personnel constraints, may be unable to use a larger 

computer. 

Present Method of Management 

Different methods of daily operation of municipal well fields 

are used. Some municipalities elect to pump the wells that have the 

highest efficiencies. Others select the wells that deliver the 

largest amount of flow. Combinations of these methods and other 

methods are also used. These methods will not, in general, produce 

the water at the least cost. The pumps that produce the most water 

will consume more power due to the high flow rates. Using the 

highest efficiency pumps can save energy costs but, as this thesis 

shows, this may not be the largest cost savings possible. There are 

two important factors that are omitted in other selection techniques: 



1. immediate past well history, and 

2. head loss to a storage tank. 

Present management methods fail to consider the cost of power to 

deliver water through the collection system to a storage facility or 

distribution system. 

Algorithm Development 

An algorithm, with a computer solution (expressly written for 

the microcomputer), has been developed to aid in the management of 

municipal well fields. The Well Operation Program or WELLOPER 

calculates the flow rate and cost of power used by each pump in a 

well field for a given set of conditions (i.e., length of pump cycle, 

demand for that cycle, past history of the well, elevation in a 

storage facility, and the cost of power). Calculations made by the 

program are based on well and pipe hydraulics. This program ranks in 

ascending order the wells according to their "normalized" cost (cost 

per unit of flow). The operator may find the place in the resulting 

list where the sum of the flow rates exceeds the required demand and 

select these wells for the most efficient pumping array to meet the 

demand. 

Program Testing 

The computer program has been tested on an existing well field. 

The Paul Davis well field, in which the City of Midland, Texas owns 

or leases water rights, was used as an example to show the input 

required and output generated by the program. Example runs were made 

with different input parameters to show how the program responds. 



Chapter Preview 

A review of previous work is discussed in Chapter II. Various 

groundwater models are reviewed and their applicability towards 

improved operation in municipal well fields discussed. The develop

ment of the algorithm and the computer solution for the Well Opera

tion Program are covered in Chapter III. Examples and results are 

reviewed in Chapter IV. CSiapter V contains discussion, conclusions, 

and recommendations based on the use of the program. 



CHAPTER II 

LITERATURE REVIEW 

Papers have been written describing methods to improve pump 

efficiencies and reduce energy costs. The majority of these articles 

have appeared since the mld-1970's. There also have been many 

groundwater models developed in the last few years. The availability 

of groundwater models as management tools has been increasing since 

the application of optimization techniques of groundwater management. 

Physical Methods 

Studies in reducing energy costs have been done previously. The 

studies have tended to isolate certain areas for improvement. An 

example is a study done by Helweg (1983). He proposed that energy 

cost savings would be available by Improving pump and well effici

ency. Helweg proposed tests to evaluate wells and pumps; the results 

of these tests can be used to make management decisions. The deci

sions might Include redevelopment of the well, the replacement of the 

pump and motor, or the abandonment of the well due to high pumping 

costs. Helweg (1975), in another study, has proposed that, by 

maximizing the net benefit that is found by determining and operating 

a pump at the optimum discharge rate, a more efficient use of money 

spent for the operation cf the pump will be obtained. Williams 

(1985) has proposed that reduced pumping costs can be realized by 

employing better techniques of well design and construction. 



Williams argued that in order to design efficient wells, a person 

must have a knowledge of the various hydraulic factors that affect 

the drawdown components. He used a sand tank model to simulate a 

single well in an aquifer. 

Overview of Groundwater Models 

There are numerous groundwater models in use today. Programs 

are available that simulate hydraulics of flow in a well field. The 

model developed by CHiarbeneau and Street (1979) is an example. 

Another simulation model has been developed by Prickett and Lonquist 

(1973). Other models have been designed to simulate groundwater 

quality management. Gorelick (1983) divides groundwater management 

models into three areas: 

1. hydraulic management models, 

2. policy evaluation and allocation models, and 

3. quality management models. 

The first area is represented by models developed by Aguado and 

Remson (1974); Alley, et al. (1976); Schwarz (1976); and Willis and 

Newman (1977). Other hydraulic management models have been proposed 

by Maddock (1972); Rosenwald and Green (1974); Morel-Seytoux (1975); 

Larson, et al. (1977); and Willis (1973). The groundwater policy 

evaluation and allocation models include programs developed by 

Maddock (1974); Morel-Seytoux, et al. (1980); Young and Bredenhoeft 

(1983); Daubert and Young (1982); Haimes and Dreizen (1977); and 

Blsschopf, elt al. (1982). The models listed above are not capable of 

being used to assist in the management of municipal well fields. 

These models are difficult to convert to use by a microcomputer and 



they do not address the areas of pipe hydraulics or pump characteris

tics. The last model is a prime example of why many of these models 

are not viable for use by municipalities. The program, which orig

inally contained 20,000 linear constraints, or 20,000 equations for 

solution, was reduced to 8,000 linear constraints. The memory 

storage required for solution of this program would require a main

frame computer. 

Optimum Pumping Models 

An optimum pumping model has been developed by Aguado and Remson 

(1980). Their model uses linear programming to arrive at an optimal 

pumping schedule to dewater an excavation site. This program has 

little or no applicability to reduce energy costs in a well field 

since it maximizes the pumping rates of all wells. The objective 

function that is needed for operation of a municipal well field is 

one that minimizes pumping costs while constrained to meet a given 

demand. The optimal pumping schedule, generated by this model, may 

not be the most economical. Maddock (1972) presented an optimal 

withdrawal model intended for use in agricultural production. The 

management model may be used to optimize the pumping schedule for 

irrigation over the entire design period to minimize groundwater 

costs due to variable seasonal lifts. The program also determines 

the volume of water pumped from each well. The time step used, one 

irrigation season or longer (Maddock used a five-year period), 

precludes its applicability to municipal well fields and the program 

itself needs a large memory to store the optimization equation with 

its constraints. The model designed by Willis and Finney (1985) uses 
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quasi-linearization and optimization to determine the optimal 

management of an unconfined or nonlinear groundwater system. The 

model is used as a stochastic planning device. The time step (50 to 

100 days) is much larger than could be used by a municipality. The 

program is complex and could not be easily modified or programmed on 

a microcomputer. A model proposed by Levassor (1975) uses linear 

programming with the simplex method for equation solution. This 

model is used to optimize well field exploitation. The model will 

determine the pumpage rates using drawdown and demand as constraints. 

This model approaches that required by municipalities because it is 

able to set constraints on drawdown at each well. This could be used 

to reduce energy costs by constraining the amount of lift required. 

The drawback is that the program was designed for a mainframe 

computer and may not be easily adapted to a microcomputer. 

Well Field Design Models 

A model developed by Morel and Birtles (1983) is used to find 

feasible well field locations and pumping rates for large-scale 

abstractions from an unconfined coastal aquifer. This is a design 

tool and is not practical for management of an existing well field. 

Hollyday and Seaber (1968) have proposed a method of estimating the 

cost of groundwater withdrawal. Their method includes the cost of 

construction and operation of the well field. This was proposed to 

determine the cost of groundwater development to compare with alter

native water sources. The authors state that this method should only 

be used as a planning device and not for design or operation of 

engineering projects. 



Conjunctive Use Models 

Numerous conjunctive use models have been developed. Conjunc

tive use programs model the interaction of both groundwater and 

surface water supplies. Two of these models examine the operation of 

a stream-aquifer system. The model designed by Maddock (1974) 

operates under stochastic demands. Another stochastic model has been 

designed by Flores, Gutjahr, and Gelhar (1978). These models are not 

applicable to municipalities for management of well fields because of 

the interaction with the surface water supply. The model proposed by 

Willis and Liu (1984) is a conjunctive use model. They have Included 

the hydraulic response of the aquifer. This model can be used to 

develop optimal design of groundwater use as a water supply. The 

scale is designed for a river-basin-size system and would be 

difficult to use for a single well field. 

Simulation Models 

Simulation models are being used to develop planning policies 

and to train personnel in the management of water supply systems. A 

model devised by Willis and Newman (1974) is an attempt to charac

terize a groundwater system by a series of equations and to solve 

these equations for various proposed management or planning scenar

ios. This model is useful in setting broad management policies but 

is not useful in the day-to-day operation of groundwater systems. 

Applicable Models 

Three models have been developed which with modifications could 

be used in the operation of municipal well fields. The first is a 
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model proposed by Schwarz (1976). The program uses linear program

ming. The formulation of the objective function can be made to 

minimize costs for a given supply schedule. The one-year time 

increment used in the model requires reduction. Schwarz used the 

one-year time step to describe the use of water for one year of 

agricultural use. The operator of a municipal well field would need 

a much smaller time step. Buchleiter and Heerman (1986) have 

developed a model for use in the management of center pivot irriga

tion systems. The methodology used to determine the most efficient 

pumps is similar to that used in the development of WELLOPER. The 

model was designed for a microcomputer. This model with some 

modifications could be applicable to municipal uses. The third 

program was developed by the City of Amarillo, Texas in conjunction 

with Black and Veatch Consulting Engineers (Scherer, 1984). The 

program used the same principles as in the development of WELLOPER. 

The program's major drawback is that the operator selects the wells 

to be used and cost calculations are based on the use of these wells 

only. This will not produce the most economical pumping array unless 

the operator considers all possible combinations of wells to be used. 

This program with modifications could be used to reduce energy costs. 

Conclusions 

The current models that are used for the operation of well 

fields are complex and difficult to apply to the operation of a 

municipal well field. The models have different purposes and the 

time steps are larger than can be used effectively by municipal

ities. The programs are also difficult to use on a microcomputer. 
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The programs that use optimization techniques require large memory 

storage to solve the many equations to find the optimum point. The 

need is for a program that operates on a municipality's operational 

time frame and can lead to cost savings. This program will be more 

beneficial if developed for solution by the microcomputer. 



CHAPTER III 

PROGRAM DEVELOPMENT 

Introduction 

Many methods are available to aid in the development of manage

ment programs for well fields. The method chosen should be easy to 

use by capable of providing sufficient Information for use as a 

management tool. In this context, "management" means the day-to-day 

choice of wells to operate to meet a projected daily demand. These 

methods include optimization techniques, development of management or 

operational guidelines, or other methods such as the method used in 

the development of the Well Operation Program. The method chosen in 

this project is based on hydraulic principles. The use of micro

computers, no matter which method is chosen, is desirable. The 

microcomputer is less expensive to purchase and use for a municipal

ity than a mainframe computer. The ease and cost of obtaining input 

parameters are also important. The use of the program should not 

require specialized training or education beyond that which is re

quired for the computer. 

Types of programming available for optimization include linear 

programming and nonlinear programming. These methods all have their 

drawbacks, especially for use on the microcomputer. Linear program

ming requires that the objective function and the constraints be 

linear. The nonlinear!ty of pump curves and drawdowns can be 

difficult to linearize. General nonlinear methods do not exist; 

12 
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each problem formulation requires a special solution algorithm. 

Dynamic programming, which embraces sequential decision making, can 

embody either linear or nonlinear equations. However, the "curse of 

dimensionality" (the array needed for equations to describe the 

system is larger than what can be stored in a microcomputer) to 

describe the problem precludes its use on the microcomputer, thus 

failing to meet important criteria. 

Operational or management guidelines should be used to reduce 

energy costs. The difficulty is in arriving at these guidelines due 

to the diverse nature of groundwater systems. An acceptable policy 

in one area or at one time might have no applicability in another. 

An algorithm based on the hydraulics of the well and collection 

system, with a solution obtained on a microcomputer would be a useful 

management tool. The program must be flexible enough to handle any 

type of well field layout. The use of well and pump hydraulics 

encompasses two factors that should be considered in determining the 

proper well or wells to be operated. The algorithm proposed in this 

thesis does not take into consideration other cost factors such as 

leased rights, minimum royalty payments (amount paid for the water 

pumped even if the well does not pump the minimum guaranteed), and 

water quality. The well hydraulic parameters include: 

1. pump performance curve, 

2. pump efficiencies, 

3. hydraulic conductivity of the aquifer, 

4. specific yield of the aquifer, 

5. well losses. 
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6. saturated thickness of the aquifer, and 

7. the static water level in the well. 

The collection system hydraulics include: 

1. pipe friction losses, 

2. minor losses through bends, elbows, valves, and meters. 

The algorithm that has been developed is programmed for solution 

by a microcomputer. The data necessary for the program can be 

obtained without undue difficulty. The solution of the algorithm 

provides the user with the flow rate and cost of power used by a 

well. These can readily be used to determine the most economical 

pumping array to operate, as will be shown in the remainder of this 

chapter. 

Well Field Description 

In order to understand the operation of the algorithm, an under

standing of the physical characteristics of a well field is neces

sary. A well field is a system of wells that are connected by a 

common collection system. A typical well field and collection system 

has the appearance of a tree; the collection lines are the trunk and 

branches with the wells discharging into the branches. The wells may 

be in a cluster served by one branch or each well may have its own 

connecting branch. An example is shown in Figure 3.1. The discharge 

is carried by the collection system to a central storage facility for 

transmission to the distribution system. There are some municipal

ities or water systems which have direct discharge from their wells 

into the distribution system. 
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Collection System Hydraulics 

The collection system hydraulics are based on friction losses 

and minor losses within the collection pipes. The system head, HS^, 

at any point in the collection system is defined by: 

HSi = Ho + HLio (3-1) 

where HQ is the elevation at the water surface in the storage facil

ity and HL^Q is the head loss from point 1 to the tank (node 0 in 

Figure 3.1). The head loss term is the sum of the friction losses 

and the minor losses. An illustration of Eq. (3-1) is shown in 

Figure 3.2. The system head defines the amount of total energy per 

unit weight contained by a fluid at a certain elevation, pressure, 

and velocity. The energy grade line is also known as the total head 

line which is shown in Figure 3.2. The slope of the line, S, repre

sents the decrease in total energy per unit weight in the direction 

of flow. The decrease in total energy occurs due to pipe friction 

and minor losses. The head loss term may be defined in terms of the 

flow rate by the equation 

HL = KQii (3-2) 

where, using the Hazen-Williams equation, K is the head loss 

coefficient, Q is the flow rate, and n is an exponent of flow (in the 

Hazen-Williams equation n = 1.85). The Hazen-Wllliams equation 

(Prasuhn, 1980) is 

V = 1.32ChR 0.63s0.54 (3_3) 
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Figure A graphical illustration of head loss. 
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where V is the velocity, C^ is the Hazen-Williams coefficient, R is 

the hydraulic radius (for a circular pipe flowing full, this value is 

equal to the diameter of the pipe divided by 4), and S (as shown in 

Figure 3.2) is the slope of the total head line (or energy grade 

line). S is defined as the ratio of the head loss to the length of 

pipe. A direct solution for the head loss term can be found by sub

stituting the continuity equation into Eq. (3-3) and representing S 

as HL divided by length which yields the following equation 

Q/A = 1.32ChR0-63 (H1/L)0-54 (3-4) 

This equation is then arranged to the form of the head loss equation 

presented in Eq. (3-1). K is represented by the following 

K = (4/[TTD2l.32ChR0-6^])l-85L (3-5) 

For the layout shown in Figure 3.1, the system heads at each node are 

represented by the general for of the equation as shown in Eq. (3-1), 

where HS is the system head, K is the head loss coefficient, and Q is 

the flow rate from the wells. There are other equations available to 

calculate the friction loss in a pipe. The Darcy-Weisbach equation, 

the Chezy equation, or the Manning equation also could be applied to 

obtain friction losses (Prasuhn, 1980). 

The minor losses are represented by an equation of the same form 

as Eq. (3-1) except that the coefficient n is usually 2. The minor 

losses include losses through valves, at bends, at elbows, and at 

contraction or expansion sections. The head loss coefficient, K for 

various valves, bends, elbows, expansions, and contraction are 
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available in fluid mechanics texts. The value of K for both pipe 

friction and minor losses can be summed if the n is constant. 

Well Hydraulics 

The well hydraulics portion of the solution method can be 

divided into two areas: 

1. pump characteristics, 

2. well and aquifer properties. 

The two, while interrelated, can be handled separately to aid in the 

solution process. 

Curves A and D in Figure 3.3 illustrate a typical pump perform

ance relation. Curve A represents the flow rate versus total head. 

The total head is used in the calculation of the power used by the 

motor of the pump. Curve D represents the efficiency of the pump. 

This efficiency is also known as the "wire to water" efficiency (for 

electric motors). Curve B represents the system head curve. The 

system head curve (in terms of Eq. [3-1]) can be defined by the 

following equation 

HSi(Q) = Hi + HLi (Q) (3-6) 

where HSi(Q) is the system head for the given discharge, H^ is the 

difference in elevation head from the water surface in the well and 

the water surface in the storage facility, and HLi(Q) is the headloss 

associated with the discharge Q. The intersection of the system 

curve and the total head curve. Point C, is the point at which the 

pump will operate. A cubic spline function can be used to define an 
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equation describing Curve A and D. Curve B will be defined for the 

collection system hydraulics (Eq. 3-1) and the lift from the pump. 

The intersection of Curve A and B will yield the flow rate and the 

total head for the well. The efficiency for the given pump can be 

determined from Curve D. 

A major component of the system curve is the amount of lift 

required to remove the water from the well to ground level. A draw

down equation must be employed to determine the pumping level in the 

well. Several equations are available to determine drawdown in a 

well. These equations are available for both confined and unconfined 

aquifers. The Theis equation (Bouwer, 1978) was developed for a 

confined aquifer. The drawdown, s, is represented by the equation 

s = (Q[-0.577216-ln(u)-l-u-u2/(2(2:))-l-...])/4TrT (3-7) 

where Q is the flow rate and T is the transmissivity of the aquifer, 

u is defined by the equation 

u = (r2s)/(4Tt) (3-8) 

where r is the radial distance from the center of the well to the 

outside edge of the well, S is the specific yield, and t is the time 

of pumping. The function in the brackets in Eq. (3-7) is called the 

well function W(u). Tables with the corresponding value of the well 

function, W(u), based on the value of u, are available in most 

groundwater texts. The equation for the well function (represented 

by the portion of Eq. [3-7] in the brackets) can be used to calculate 
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W(u). The expansion of this equation continues until the change in 

the next term of the expansion becomes insignificant. 

Cooper and Jacob modified Eq. (3-8) (Bouwer, 1978) for large 

values of time and the following equation resulted 

s = (Q/(4TrT))ln((2.25Tt)/(r2s)) (3-9) 

Boulton (1954) developed an equation for an unconfined aquifer. 

The equation is 

s = (Q(l+Ck)V(t',r'))/(2nKH) (3-10) 

where K is the hydraulic conductivity, H is the saturated thickness, 

Cĵ  is a correction factor, and V(t',r') is Boulton's well function. 

The values of t' and r' are found from the following equations: 

t' = (Kt)/(SH) (3-11) 

r' = r/H (3-12) 

This equation is not easily Incorporated into a computer program 

because Boulton's well function is in tabular form. The value is 

found by comparing t' and r'. If t* is greater than or equal to 5, 

the height above the impermeable layer, h^^, of the water in the well 

can be calculation from the equation 

hiw^ = H2-[(Q/(7rK))ln(1.5((Kt)/(Sr^))0.5)] (3-13) 

where r^ Is the radius of the well, H is the saturated thickness 

(Boulton, 1954). The surface of seepage is considered but the well 

losses are neglected. If t' falls between 0.05 and 5, the height of 
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the water level (measured from the bottom of the aquifer) in the well 

is determined by the equation 

^iw ' H-(Q(m+ln(H/rw))/(2trKH) (3-14) 

where m is a function of t' and is obtained from a plot of m versus 

t' (Bouwer, 1978). The Boulton and Theis equations indicate the same 

drawdown at a radial distance far from the well. Boulton's equation 

was selected for use because it was designed for an unconfined 

aquifer where vertical flow may become significant near the well. 

The Dupuit-Forchheimer assumption is invalid in this flow (Bouwer, 

1978) and the Theis or Cooper-Jacob equation will not give exact 

solutions. The program could easily be modified to use the Theis 

equation (Eq. 3-7). There are several assumptions made in the use of 

either the unconfined or confined aquifer equations. These assump

tions are: 

1. the flow rate is constant; 

2. the well is fully penetrating; 

3. the aquifer is homogenous, isotropic, horizontal, and of 

infinite extent; and, 

4. water is released from the aquifer in response to a drop in 

the water table. 

However, these theoretical equations neglect well losses in determin

ing drawdown. Accurate drawdowns are needed to determine the lift 

required. This needed accuracy requires the addition of a well loss 

function to any of the drawdown equations used. The well loss can be 

represented by 
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W = C^(^ (3-15) 

where W is the well loss, C^ Is the well loss coefficient, Q is the 

flow rate, and n is a function of flow turbulence (for the purpose of 

this study, n is assumed to be 2). The well loss coefficient can be 

adjusted to reflect any conditions which might invalidate the ideal 

assumptions. Figure 3.4 shows a typical well section for an uncon

fined aquifer. 

Algorithm Development 

The algorithm is developed by combining the collection system 

and well hydraulic equations. This development is best illustrated 

by using the well field presented in Figure 3.1. 

The energy equation is written from node 0 to node 1 to obtain 

the system head at node 1. This is accomplished by combining Eq. 

(3-1) and Eq. (3-2). The pipe between these two nodes has the 

potential of conveying all the flow from the five wells so that the 

resulting equation is 

HSi = K 0-1 [Ql+Q2+Q3+Q4+Q5]'^Ho (3-16) 

where HS^ is the system head at node 1 and KQ.^ is the loss co

efficient from node 0 to node 1 (this includes both friction and 

minor losses). This process is continued for all nodes in the 

system. The system head equation for the remaining nodes are: 

HS2 = HSi+Ki_2[Q2+Q3+Q4+Q5]'^ (3-17) 

HS3 = HS2+K2-3[Q3+Q4+Q5]^ (3-18) 
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HS4 = HS3+K3-4[Q4-»^5P (3-19) 

HS5 = HS3-HK3_5[Q3]n (3-20) 

these equations represent the system head at each node in the collec

tion system. The system head at the well is easily done by applying 

Eq. (3-1) and Eq. (3-2) to the pipe connecting the well to the col

lection system. 

The total head on the pump is also dependent on the drawdown in 

the well. Using Eq. (3-13), the drawdown can be calculated. The 

total head is equal to the difference between the system head and the 

water level in the well. This can be represented for well 1 by the 

equation 

THi = HS(Well)i-WLi (3-21) 

where TH^ is the total head at well 1; HS(Well)i is the system head 

at well 1; and WLĵ  is the water level in well 1. The system head at 

the well is calculated from the node at which its discharge enters 

the collection system and the discharge point of the well. The 

drawdown is time dependent and is based on the flow rate at that 

time. By including the time dependency in Eq. (3-22), the general 

form of the equation becomes 

TH(Qi) = HS(Well)i(t)-WLi(t) (3-22) 

where TH(Qi) is the total dynamic head at the flow rate, Qi, 

delivered by the pump; HS(Well)j[ represents the system head at well 1 

at time t; and WL^ represents the water elevation in the well at node 
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1 at time t. Setting Eq. (3-22) to zero yields the following 

equation 

TH(Qi)-l-WLi(t)-HSi(t)-0 (3-23) 

which is the basic equation used to find the flow rate with the 

corresponding total head and efficiency. 

The terms in Eq. (3-23) are not Independent. Unless one of the 

terms is made Independent, the solution to this equation would re

quire dynamic prograimning. The program would consider all possible 

combinations to arrive at the given demand. The larger well fields 

would require a large memory capacity to handle all possible com

binations. This would again defeat the criteria of developing a 

program for the microcomputer. An assumption must be made to make 

one term of Eq. (3-23) independent. The total pump head and water 

level in the well are not assumed because of their strong influence 

on each other. The system head is used because the system head at 

each node can have a theoretical maximum value. This maximum value 

is based on the rated or design capacity of the pump and would yield 

a maximum design flow rate from the well field. Using the well field 

in Figure 3.1 as an example, the assumed head at each node can be 

calculated. The design flow rate for the entire well field is equal 

to the summation of the flow rates for the individual wells. For 

Figure 3.1 the design flow, Q^es* ^^ 

Qdes ' Qdesl+Qdes2+Qdes3+Qdes4+Qdes5 (3-24) 



28 

where Q^esl* Qdes2> etc., is the design flow from each well. The 

maximum system head anticipated can be calculated at each node, based 

on the design flow at each node, by applying Eq. (3-1) and Eq. 

(3-2). The system head at each node for a demand on the well field 

is assumed to be the product of the ratio of the demand to the design 

flow and the system head, for the design flow, at each node. This 

would yield the following equation for node 1 in Figure 3.1: 

HSi = (Q/Qdes)^HSMAXi (3-25) 

where Q is the demand on the well field and HSMAX^ is the system head 

at node 1. The remainder of the system heads at each nodes can be 

calculated in a similar fashion. The general form of the equation is 

HSi = (Qj/Qdes)°HSMAXi (3-26) 

where Qj is the demand for the time step; Qjjes ̂ ^ the design flow 

rate; and HSMAXi is the system head at node 1 based on all wells 

pumping at their design point. The exponent, n, is assumed to be 2. 

Using this approximation and the time step, Eq. (3-23) can generate 

the potential flow rate, total head, and efficiency of the wells in a 

system. 

The method of evaluating which wells to use is based on the cost 

to pump the water. The instantaneous cost is 

C(t) = power(power cost/unit of power)time (3-27) 

and the total cost is the sum of (or integral of) the Instantaneous 

cost over the time step. The power used is based on the equation 
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P = Qy(TH)/E (3-28) 

where Q, TH, and E are found by using the solution method outlined. 

Computer Solution 

The computer program developed is based on the preceding equa

tions to calculate the potential production from each well during a 

given time cycle. The program solves Eq. (3-23) for the flow rate 

which satisfies the equation. A flow chart for the program is shown 

in Figure 3.5. The pump curves (both total pump head and efficiency) 

are described by a cubic equation developed by the use of a cubic 

spline. The program uses an interactive solution method consisting 

of calculating the result of Eq. (3-23) for each flow rate supplied 

from the pump curve. The results of Eq. (3-23) are compared to the 

desired value of zero at which the flow rate, total pump head, and 

efficiency would occur. The flow rates inputted from the curve will 

in all probability not yield zero. The value will however be posi

tive or negative. The interval which results in this sign change 

contains the flow rate which satisfies the equation. The bisection 

Iterative method is used to determine the flow rate once the interval 

has been located. The end points or end conditions are established 

by using the flow rate before the sign change and the flow rate after 

the sign change. The resulting flow rate is used to calculate the 

total head and efficiency of the pump. 

The program calculates the power used by the well. The power is 

converted to kilowatts and the number of kilowatt hours is obtained 

by multiplying kilowatts by the length of the pumping cycle. The 
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INPUT: 

I . COLLECTION SYSTEM 
HYDRAULICS. 

2. PUMP CURVES-
3. WELL CHARACTERISTICS 

Qi = Qi-f I 

THH fOn4-Wl : ft) H9: ft) - O ? • NO 

1 YES 

I P = QyH/e 

C = P X COST OF POWER x t 

OUTPUT: 
1. FLOW RATE 
2. SUM OF FLOWS 

3. POWER USED 
4. COST OF POWER 
5. "NORMALIZED" COST 

6. SUM OF POWER COST 

Figure 3.5. Flow chart for the Well Operation Program, 
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cost is determined as the product of the cost per kilowatt hour and 

the number of kilowatt hours. The cost is divided by the flow rate 

to obtain the cost per unit flow or "normalized" cost. The wells are 

ranked in ascending order based on the "normalized" cost. The flow 

rate from each well, the sum of the flows, the power used, the cost 

of the power, the "normalized" cost, and the sum of the power costs 

are reported in tabular form. The operator finds the place on the 

list where the sum of the flow exceeds the required demand and 

selects these pumps for operation. This pumping array will be the 

most economical consistent with the assumption made and the input 

data supplied. A complete listing of the program is shown in 

Appendix A. Examples are examined in CHiapter IV. 

Data Requirements 

To utilize the program, the user must, assemble a set of data 

which describes the hydraulics and hydrology of the collection system 

and the well field. The user must specify the length of the operat

ing cycle (in hours), the demand during the time cycle, the elevation 

of the water in the storage facility to which the water is delivered, 

and the cost of the power. 

The database consists of two parts: description of the collec

tion system and of the wells. The data which describes the collec

tion system consists of the following for each pipe: 

1. diameter (ft); 

2. length (ft); 

3. Hazen-Williams "C" factor, 

4. loss coefficient if any valves are present. 
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The data required for each well is: 

1. the well number; 

2. the effective well diameter (ft) 

3. the static water level in the well (ft) 

4. the elevation of the impermeable layer (bottom of the 

aquifer) (ft) 

5. the rated or design flow rate of the well (gpm); 

6. the aquifer transmissivity (gal/day/ft); 

7. the well loss coefficient; 

8. the specific yield of the aquifer; 

9. a pump performance curve consisting of flow rate, head, and 

efficiency, of which the first must be for zero shutoff 

head and zero efficiency; 

10. the number of the node in the pipe collection system where 

the pump is connected; and 

11. the length, diameter, Hazen-Williams "C" factor, and sum of 

the loss coefficients for flow meter, bends, and valves in 

the line connecting the pump to the collection system. 

Required Field Tests 

Several field tests may be needed to determine the values for 

the various parameters that are necessary for the program. Correctly 

determined values of these input parameters enhance the accuracy of 

the results. A flow test may be required to determine the Hazen-

Williams "C" factor for the pipes in the collection system if this 

information is not available. This is done by measuring the pressure 

difference between two known points in a system with no changes in 



33 

the flow rate between them. The difference is converted into a head 

loss in feet and used in the Hazen-Williams equation to determine 

"C." Pump curves may be available from the pump manufacturer. A 

performance test may be required for each pump to determine the 

relationship between flow rate, total dynamic head, power used by the 

pump, and the efficiency of power use. A pump's performance will 

decline over time due to normal wear. This test should be performed 

periodically to evaluate when pump maintenance or replacement should 

take place. 

A step-drawdown test is used to estimate the well loss function. 

The well loss coefficient is found by plotting the values of the 

drawdown divided by the flow rate versus the flow rate. A "best fit" 

line is drawn and the slope of this line is the well loss coefficient 

(Bouwer, 1978). A recovery or pump test may be required at each well 

to obtain the local hydraulic conductivity (Bouwer, 1978). 

Recommendations on Program Use 

The program should be used as a guide in the day-to-day manage

ment of municipal well fields. The program is relatively easy to use 

and the output can easily be used to aid in operations. The program 

can be operated on small time steps. A minimum time step of two 

hours is recommended. This recommendation is based on the energy 

that is expended by the well during the first few moments of 

operation. If the wells are continually turned on and off, the 

savings that are possible by use of the program may be lost. 



CHAPTER IV 

EXAMPLES 

Three examples are presented in the use of the Well Operation 

Program. The first and second examples, using the layout in Figure 

3.1, illustrate the necessary input parameters and the output gene

rated by the program. The third example is presented to show the 

results obtained when the program is applied to an existing municipal 

well field used by the City of Midland, Texas. 

Example Number 1 

The first example is presented to show the format of the input 

and the output generated. The well field for Example 1 is shown in 

Figure 4.1. A complete listing of the input data for the well field 

can be found in Appendix B. The operator must interactively provide 

four additional input variables to drive the program: 

1. the length of the operating cycle (hr); 

2. the average demand rate for the cycle (gpm); 

3. the elevation of the water surface in the storage facility 

(ft); and 

4. the cost of power (i/kwh). 

The operator also will have to provide the program with information 

about the status of each well during the previous cycle. The value 

of the input variables interactively supplied for Example 1 were: 

34 
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Figure 4.1. The layout of the well field for Example 1, 
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1. the length of the time cycle = 8 hrs; 

2. the demand for the cycle = 1500 gpm; 

3. the height in the storage facility = 360 ft; and 

4. the cost of power = $0.35/kwh. 

The wells were considered as not operating in the previous time 

cycle. The results from the program are shown in Table 4.1. The 

operator, based on the information provided, would select well 

numbers 3 and 5 to be operated for this time cycle. The two wells 

would have a combined capacity of 1676 gpm. The cost of power to 

operate these two wells would be $24.15. The water would be produced 

at the rate of 3 cents per 1000 gallons produced. The operator may 

be tempted to use well numbers 2 and 3 to obtain a flow rate closer 

to the 1500 gpm desired. This is not as economical as using wells 3 

and 5. The production cost for wells 2 and 3 is 3.5 cents per 1000 

gallons produced. The operator will also invalidate any results 

obtained from the program if the flow is restricted. 

Example Number 2 

The second example uses the same input parameters with the 

exceptions that well numbers 3 and 5 have been previously operated. 

The program will request that the operator input the length of the 

time that the wells have been operating. Well number 3 is considered 

to have run for 96 hours and well 5 for 16 hours. The results of 

this example are found in Table 4.2. The operator would select well 

numbers 1 and 5 for operation. The drawdown in well number 3 has 

become large enough to cause the "normalized" cost to become greater 

than well number 1. The production cost per 1000 gallons produced 
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Table 4.1. Results of Example 1 
(8 hrs @ 1500 gpm) 

Well 
Number 

5 
3 
1 
4 
2 

Flow 
Rate 

825 
851 
913 
906 
658 

Sum of 
Flow Rate 

825 
1676 
2589 
3495 
4153 

KWH 

314 
376 
407 
450 
352 

Cost 

11.00 
13.16 
14.23 
15.74 
12.33 

Normalized 
Cost 

5.98 
6.94 
6.99 
7.79 
8.41 

Cumulative 
Cost 

11.00 
24.15 
38.38 
54.12 
66.45 
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Table 4.2. Results of Example 2 
(8 hrs @ 1500 gpm) 

Well 
Number 

5 
1 
3 
4 
2 

Flow 
Rate 

737 
913 
839 
906 
658 

Sum of 
Flow Rate 

737 
1650 
2489 
3395 
4053 

KWH 

296 
407 
373 
450 
352 

Cost 

10.36 
14.23 
13.07 
15.74 
12.33 

Normalized 
Cost 

6.31 
6.99 
7.00 
7.79 
8.41 

Cumulative 
Cost 

10.36 
24.59 
37.67 
53.41 
65.74 
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for well numbers 1 and 5 is 3.1 cents. This example was provided to 

show that as a well is pumped, the drawdown will become larger and 

cause the flow rate to become less but with a higher total head; 

therefore, the cost of energy will begin to rise. 

Example Number 3 

The third example details the use of the program in an existing 

well field. The City of Midland, Texas produces water from the Paul 

Davis well field. A layout of the well field is shown in Figure 

4.2. A listing of the input data is in Appendix C. The well field 

is used as a supplement to a surface water supply. 

The input parameters for the example are: 

1. the length of the time cycle » 8 hrs; 

2. the demand for the time cycle = 5000 gpm; 

3. the elevation in the storage facility = 2918 ft; and 

4. the cost of power = 0.55$/kwh. 

The results are shown in Table 4.3. The operator would select wells 

20, 21, 22, 24, 25, 26, and 27 for use in this time cycle. The total 

flow generated by these wells would be 5288 gpm. The cost of power 

over the eight hours of operation would be $94.63 or a production 

cost of 3.7 cents per 1000 gallons produced. Table 4.4 shows the 

results of a comparison made with three other operational guidelines 

that could be used. The first is with the City's current operating 

procedures. The City currently operates their wells in alternating 

paris and the first wells used are the one with the higher efficien

cies. These guidelines call for wells 2, 4, 6, 8, 18, 20, and 23 to 

be used. The calculated cost of this option is still $111.34 or 4.5 
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Table 4.3. Results of Example 3 
(8 hrs (§ 5000 gpm) 

Well 
Number 

24 
20 
22 
21 
26 
27 
25 
23 
8 
16 
28 
4 
19 
3 
17 
7 
15 
6 
10 
5 
12 
14 
2 
1 
13 
9 
18 

Flow 
Rate 

670 
677 
823 
383 
1216 
682 
837 
440 
387 
425 
1237 
777 
415 
1246 
241 
291 
1448 
1414 
112 
997 
1424 
1502 
1226 
1504 
186 
103 
187 

Sum of 
Flow Rate 

670 
1347 
2170 
2553 
3769 
4451 
5288 
5728 
6115 
6540 
7777 
8554 
8969 
10214 
10455 
10747 
12195 
13609 
13721 
14718 
16142 
17644 
18870 
20374 
20559 
20662 
20849 

KWH 

208 
212 
264 
124 
403 
226 
283 
150 
134 
148 
455 
296 
159 
478 
93 
115 
579 
579 
47 
428 
617 
652 
543 
668 
89 
52 
111 

Cost 

11.44 
11.64 
14.51 
6.83 
22.18 
12.45 
15.58 
8.24 
7.35 
8.16 
25.01 
16.28 
8.72 
26.28 
5.10 
6.31 
31.84 
31.84 
2.56 
23.53 
33.94 
35.85 
29.88 
36.72 
4.88 
2.87 
6.11 

Normalized 
Cost 

7.67 
7.72 
7.91 
8.00 
8.19 
8.19 
8.36 
8.41 
8.52 
8.62 
9.08 
9.40 
9.43 
9.47 
9.49 
9.72 
9.87 
10.11 
10.28 
10.59 
10.69 
10.71 
10.94 
10.96 
11.81 
12.52 
14.65 

Cumulative 
Cost 

11.44 
23.08 
37.59 
44.42 
66.60 
79.05 
94.63 
102.87 
110.22 
118.38 
143.39 
159.67 
168.39 
194.67 
199.77 
206.08 
237.91 
269.75 
272.32 
295.84 
329.78 
365.63 
395.51 
432.23 
437.11 
439.98 
446.09 
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Table 4.4. Summary of Cost Savings Achievable 
in Example Run 

Operating 
Rule 

Current 
Operating 
Guidelines 

Worst 
Case 

Pumps with 
Highest 
Flows 

Well 
Operation 

Cost 

$111.34 

150.25 

117.91 

94.63 

Production 
Rate (gpm) 

5108 

6131 

5151 

5288 

Cost Per 
1000 gal. 

$0,045 

0.051 

0.048 

0.037 

Savings 

$16.71 

55.62 

23.28 
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cents per 1000 gallons for the time period. The cost saved by using 

the results of the program is $16.71 over the eight-hour period. The 

second comparison is with the worst case scenario (using the most 

expensive wells to meet the demand). This calls for wells 1, 2, 9, 

12, 13, 14, and 18 to be used. The cost for using these wells would 

be $150.25 (5.1 cents per 1000 gallons), $55.62 more than by the use 

of the program. The last comparison is with the wells having the 

highest flows, thus the fewer wells. This option would require well 

numbers 12, 14, 15, and 4 (number 4 was chosen to get the flow rate 

as close to 5000 gpm as possible). The cost for this option is 

$117.91 or $23.28 more than the selections made by the program. 

Tii ml tations of Program 

The program, while appearing to be a useful management tool, has 

some limitations. The first limitation is the assumption that the 

system node Is a function of the demand and the design flow rate for 

the well field, Eq. (3-26). Table 4.5 shows a comparison of the 

system heads that were assumed for each node and the actual system 

heads when the results of the program were applied for Example 1. 

The largest differences, 3.6 feet, occurred at node 5. The percent

age of error for all nodes, however, was less than 1 percent. These 

differences do not seem to be significant. The second limitation is 

the absence of a specific recovery section which will be helpful in 

well fields where recovery takes a longer time than the operating 

cycle. The program uses an appropriate equation for an unconfined 

aquifer and may have to be modified for a different type of aquifer. 
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Table 4.5. Comparison of Assumed System Heads to 
Actual System Heads 

Node 

1 

2 

3 

4 

5 

Assumed System 
Head 

380.12 

380.24 

380.30 

380.64 

380.72 

Actual System 
Head 

380.18 

380.45 

380.67 

381.39 

384.29 

Percent 
Difference 

0.016 

0.055 

0.097 

0.197 

0.929 
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The program also does not contain a method for deleting a well due to 

poor quality. 

Conclusion 

These examples have been provided to show the necessary input 

and the output obtained in the use of the Well Operation Program. 

The program, although it has limitations, has shown its capabilities 

at reducing production costs. Use of the program can significantly 

reduce energy costs when the demand is less than the maximum field 

capacity. The savings will increase as the fraction field capacity 

used decreases. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The purpose of this thesis was to develop a method of operation 

and management of municipal well fields that uses a microcomputer to 

aid in the decision-making process. The objectives of this thesis 

were to review previous work, develop an algorithm to aid the manage

ment process, to develop a computer solution for the algorithm, and 

to test the computer solution on an existing municipal well field. 

The first objective was to review previously developed computer 

models for their applicability of use by municipalities as management 

tools. The literature review has shown that there are very few 

groundwater management models that can be applied by municipalities 

to reduce energy costs in the operation of their groundwater well 

fields. The models available were diverse in nature and they were 

designed for different purposes. The models previously written were 

generally for mainframe computers. 

The second objective was to develop an algorithm based on well 

and pipe hydraulics. The algorithm was developed with equations that 

described frictional and minor losses. Other equations were used to 

describe the hydraulics of a pump and a well. The two areas were 

combined to develop one equation to solve for the potential flow rate 

of each well in a well field based on certain conditions (such as 

46 
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demand on the field, aquifer properties, pump characteristics, and 

collection system characteristics). 

A computer solution for the algorithm was created. There is a 

need for management models developed for solution by the micro

computer. The program is based on hydraulic principles which should 

be the basis for any well field management model. Cities also need a 

program that can lead to a reduction in energy costs generated by the 

use of municipal well fields. The management model must accomplish 

both of the preceding goals. The Well Operation Program represents 

an attempt to meet this need. 

The last objective was to test the Well Operation Program on an 

existing well field for its usefulness as a management tool. The 

well field used by the City of Midland was used to test the program. 

Example runs made with WELLOPER have shown that municipalities can 

realize a cost savings by use of the program. The program has 

limitations which need to be addressed but would still be a useful 

management tool. The program also requires that accurate information 

be supplied as input. This input may required field testing as 

previously described. The results of these tests can also lead to 

better management by Improved maintenance and replacement schedules 

of the components in the well field. 

Recommendations on Further Studies 

Further research should, and can, be performed in the area of 

management of municipal well fields. Other methods of solution to 

the algorithm presented should be tried and compared to the results 

obtained by WELLOPER. Sensitivity analysis should be performed on 
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the program to determine which input parameters have the greatest 

affect on the results. The program has not considered recovery and 

this should be addressed for well fields where recovery does not 

occur rapidly. The program has not considered quality in the 

determ-ination of pumps to be operated. It is recognized that, with 

the new guidelines issued by the Environmental Protection agency, 

quality will play a major role in the selection of which wells to 

operate. The list of primary standards will be continually expanded 

over the next several years and the potential will increase that 

treatment costs of groundwater will become a larger factor in 

production costs. Weighting factors could be developed to reflect 

the quality of a given well in relation to other wells or treatment 

costs could be added to the production costs. As microcomputers 

continue to have increasing memory capacity, true optimization 

techniques can be applied to improve the results obtained by the Well 

Operation Program. 
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10 REM ****************************************************** 

20 REM ****************************************************** 

30 REM *** WELL OPERATION PROGRAM (WELLOPER) *** 

40 REM *** *** 

50 REM *** DEVELOPED BY *** 

60 REM *** *** 

70 REM *** SCOTT TAYLOR *** 

80 REM *** *** 

90 REM *** AT TEXAS TECH UNIVERSITY *** 

110 REM ****************************************************** 

110 REM ****************************************************** 

120 REM THIS PROGRAM IS DESIGNED TO CALCULATE THE POWER COSTS PER 

UNIT VOLUME 

130 REM OF WATER PUMPED AND LIST THE WELLS IN ORDER BY LEAST COST, 

THIS WILL 

140 REM ALLOW THE OPERATOR TO DECIDE THE MOST ECONOMICAL PUMPING 

SCHEDULE 

150 LPRINT CHR$(15) 

160 WIDTH "LPT1:",120 

170 INPUT "ENTER DRIVE AND FILE NAME FOR INPUT" ;F$ 

180 OPEN F$ FOR INPUT AS #1 

190 INPUT "THE DRIVE AND NAME FOR OUTPUT";G$ 

200 OPEN G$ FOR OUTPUT AS #2 

210 INPUT //1,N0WELL,N0PIPE,N0N0DE 

220 PRINT USING "NOWELL»////#";NOWELL 

230 PRINT USING "NOPIPE=«###";NOPIPE 
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240 PRINT USING "NONODE-//##";NONODE 

250 WELLNO(NOWELL) ,NNOD(NOWELL) ,WELLRAD(NOWELL), 

QR(NOWELL), CW(NOWELL) ,T(NOWELL^ 

260 DIM SY(NOWELL),K(NOWELL),CPC(NOWELL),CPL(NOWELL), 

CPD(NOWELL), CPK(NOWELL), QNODE(NONODE) 

270 DIM H(NOWELL),WL(100),CHWK(NOWELL),TDH(100),P(NOWELL), 

BE(NOWELL),TL(NOWELL) 

280 DIM QA(NOWELL),COST(NOWELL),HS(NONODE),NCOST(NOWELL), 

PN(NOPIPE) ,X(NOPIPE) ,Y(NOPIPE) ,TDHA(NOWELL), 

EFF(NOWELL) 

290 DIM PDIA(NOPIPE),PLENG(NOPIPE),COE(NOPIPE),HL(NOPIPE), 

KV(NOPIPE),HWK(NOPIPE),QP(NOPIPE) 

300 DIM F(20),AL(20),A(20),Q(20),L(20),Z(20),MU(20), 

FQ(20),TH(20),E(20) 

310 DIM C(20),B(20),D(20),AT(20),AS(20),AF(20),AO(20), 

WE(NOWELL) 

320 FOR 1=1 TO NOWELL 

330 INPUT #1,WELLN0(I),NN0D(I),WELLRAD(I),QR(I),CW(I),T(I), 

SY(I),K(I),CPC(I),CPL(I),CPD(I),BE(I),H(I) 

340 NEXT I 

350 REM THE FIRST STEP IS TO PUT DELTA T, THE DEMAND FACTOR FOR 

DELTA T, AND THE WATER SURFACE ELEVATION IN THE STORAGE 

TANK AT THE WELL FIELD 

360 INPUT "THE LENGTH OF THE OPERATOR"S CYCLE"; TR 

370 LPRINT" THE LENGTH OF THE TIME CYCLE = 

";TR,"HRS" 
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380 PRINT #2," THE LENGTH OF THE TIME CYCLE = 

";TR,"HRS" 

390 INPUT "THE DEMAND FOR THE OPERATING CYCLE (INGPM)"; QDEM 

400 PRINT #2," THE DEMAND FOR THE TIME CYCLE = 

";QDEM,"GPM" 

410 LPRINT " THE DEMAND FOR THE TIME CYCLE = 

";QDEM,"GPM" 

420 INPUT "THE WATER ELEVATION IN THE TANK"; HT 

430 LPRINT THE WATER ELEVATION IN THE TANK 

440 

= ";HT,"FEET ABOVE M.S.L." 

PRINT #2," THE WATER ELEVATION IN THE TANK 

+ ";HT,"FEET ABOVE M.S.L." 

450 INPUT "THE COST OF POWER";UC 

460 

470 

LPRINT " 

";UC,"$/KWH' 

PRINT #2," 

UC,"$/KWH" 

THE COST OF THE POWER = 

THE COST OF POWER = "; 

480 LPRINT 

490 LPRINT 

500 LPRINT 

510 LPRINT 

520 LPRINT 

530 QDEM=QDEM/448.86 

540 FOR I»l TO NOWELL 

550 QMAX-QR(I)+QMAX 

560 NEXT I 
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570 QMAX-QMAX/448.86 

580 PRINT #2,USING "QMAX=####.##////";QMAX 

590 FOR 1=1 TO NOPIPE 

600 INPUT #1,PN(I),X(I),Y(I),PDIA(I),PLENG(I),C0E(I),KV(I) 

610 NEXT I 

620 REM CALCULATION OF K'S BASED ON HAZEN-WILLIAMS 

630 FOR 1=1 TO NOPIPE 

640 HWK(I)=(4/(3.1415*PDIA(I) 2*1.32*C0E(I)* 

(PDIA(I)/4) .63) 1.85*PLENG(I) 

650 NEXT I 

660 FOR 1=1 TO NOWELL 

670 CHWK(I)»(4/3.1416*CPD(I) 2*1.32*CPC(I)* 

(CPD(I)/4) .63)) 1.85*CPL(I) 

680 NEXT I 

690 REM THE SYSTEM HEAD IS CALCULATED AT EACH NODE WHERE A WELL 

ENTERS THE 

700 REM DISTRIBUTION SYSTEM BASED ON THE ASSUMPTION THAT THE SYSTEM 

HEAD IS 

710 REM FUNCTION OF THE DEMAND AND THE MAXIMUM SYSTEM HEAD 

720 REM FOR 1=1 TO NOWELL 

730 QR(I)=QR(I)/448.86 

740 NEXT I 

750 FOR 1=1 TO NONODE 

760 QNODE=0 

770 FOR J=l TO NOWELL 

780 IF I=NNOD(J) THEN 790 ELSE 800 



790 QNODE+QR(J)+QNODE 

800 NEXT J 

810 QNODE(I)=QNODE 

820 IF QNODE(I)=0 THEN 830 ELSE 840 

830 PRINT "NODE";I,"HAS NO WELL FLOW TO IT' 

840 NEXT I 

850 GOSUB 3280 

860 GOSUB 3360 

870 FOR 1=1 TO NOPIPE 

880 IF PN(I)<0 THEN 890 ELSE 960 

890 Y=Y(I) 

900 QPP-QP(I) 

910 FOR J=l TO NONODE 

920 IF Y=J THEN 930 ELSE 950 

930 QNODE(J)=QNODE(J)+QPP 

940 GOTO 960 

950 NEXT J 

960 NEXT I 

970 GOSUB 3280 

980 GOSUB 3380 

990 FOR I=NOPIPE TO 1 STEP -1 

1000 IF PN(1)>0 THEN 1010 ELSE 1070 

1010 FOR J=l TO NONODE 

1020 IF Y(I)»J THEN 1030 ELSE 1060 

1030 X-X(I) 

1040 QNODE(J)-QNODE(X)+QP(l) 
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1050 GOTO 1060 

1060 NEXT J 

1070 NEXT I 

1080 GOSUB 3280 

1090 GOSUB 3360 

1100 FOR 1=1 TO NOPIPE 

1110 HL(I)=HWK(I)*(QP(I)) 1.85+KV(I)*(QP(I)) 2 

1120 PRINT #2,"PIPE NUMBER";I,"HAS A HEAD LOSS OF"; 

HL(I),"FT" 

1130 NEXT I 

1140 FOR I-l TO NOPIPE 

1150 FOR J»l TO NONODE 

1160 IF Y(I)=0 THEN 1170 ELSE 1190 

1170 HS(J)=HL(I) 

U80 GOTO 1240 

1190 IF J=X(I) THEN 1200 ELSE 1230 

1200 Y=Y(I) 

1210 HS(J)-HL(I)+HS(Y) 

1220 GOTO 1240 

1230 NEXT J 

1240 NEXT I 

1250 FOR 1=1 TO NONODE 

1260 HS(I)=HS(I)*(QDEM/QMAX) 2+HT 

1270 PRINT #2,"NODE NUMBER";I,"HAS A HYDRAULIC GRADE LINE 

OF";HS(I),"FT" 

1280 NEXT I 
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1290 REM THE PROGRAM WILL INPUT THE PUMP CURVES FOR EACH WELL AND 

CALCULATE THE 

1300 REM Q IN THE PUMP AND THE TDH OF THE PUMP (BASED ON A CUBIC 

SPLINE FUNCTION) 

1310 FOR II-l TO NOWELL 

1320 TL(II)=TR 

1330 PRINT USING "TL»###//";TL(II) 

1340 PRINT USING "NOWELL-####";II 

1350 FOR J=l TO NONODE 

1360 IF NNOD(II)»J THEN 1370 ELSE 1390 

1370 HS(II)=HS(J) 

1380 GOTO 1300 

1390 NEXT J 

1400 INPUT #1,NP 

1410 FOR J=l TO NP 

1420 INPUT #1,Q(J),TH(J),E(J) 

1430 Q(J)=Q(J)/448.86 

1440 A(J)=TH(J) 

1450 NEXT J 

1460 LS-(TH(NP)-TH(NP-1))/(Q(NP)-Q(NP-1)) 

1470 QI=Q(NP)-(TH(NP)/LS) 

1480 BI=-(QI*LS) 

1490 GOSUB 2270 

1500 GOSUB 2650 

1510 FOR J=l TO NP 

1520 A(J)-E(J) 
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1530 NEXT J 

1540 ES-(E(NP)-E(JP-1))/(Q(NP)-Q(NP-1)) 

1550 QEI-Q(NP)-(E(NP)/ES) 

1560 BIE»-(QEI*ES) 

1570 GOSUB 2270 

1580 GOSUB 3410 

1590 NEXT II 

1600 REM CALCULATION OF POWER FOR EACH WELL 

1610 PRINT #2,"POWER CALCULATION" 

1620 FOR 1=1 TO NOWELL 

1630 PRINT #2,USING "NOWELL=###";I 

1640 PRINT #2;USING "QA=####.##";QA(I) 

1650 PRINT #2,USING ""=TDHA=###.##";TDHA(I) 

1660 PRINT #2,USING "WE=####.//";WE(I) 

1670 PRINT #@, USING "EFF=//.//###"; EFF (I) 

1680 P(I)-QA(I)*62.4*TDHA(I)/EFF(l)/550*.74569 

1690 PRINT #2,"THE POWER USED BY WELL NUMBER";I,"IS"; 

P(I),"KW" 

1700 NEXT I 

1710 REM COST CALCULATION 

1720 FOR I-l TO NOWELL 

1730 COST(I)=TR*UCP(I) 

1740 NEXT I 

1750 FOR I-l TO NOWELL 

1760 P(I)=P(I)*TR 

1770 NEXT I 
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1780 FOR I-l TO NOWELL 

1790 NCOST(I)-COST (I)/QA(I) 

1800 NEXT I 

1810 FOR 1=1 TO NOWELL 

1820 QA(I)=QA(I)*448.86 

1830 PRINT #2, "THE FLOW RATE OF WELL NO."; WELLN0(I),"="; 

QA(I),"GPM" 

1840 LPRINT " THE FLOW RATE OF WELL NO."; 

WELL NO(I),"- ";QA(I),"GPM 

1850 NEXT I 

1860 LPRINT 

1870 LPRINT 

1880 LPRINT 

1890 LPRINT 

1900 LPRINT 

1910 FOR I-l TO NOWELL 

1920 PRINT #2,"THE COST OF POWER USED BY WELL NO.":WELLNO(I)," = 

;COST(I) 

1930 LPRINT" THE COST OF POWER USED BY WELL NO,";WELLNO*=(I)," = 

";COST (I) 

1940 NEXT I 

1950 REM THE COSTS WILL THEN BE SORTED. THE PRINTOUT WILL INCLUDE 

WELL NUMBERS, 

I960 REM THE VOLUME OF WATER EACH WELL WILL PROVIDE, THE SUM OF THE 

VOLUMES AND 
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1970 REM THE COST OF POWER PER UNIT VOLUME FOR EACH WELL. THE 

OPERATOR WILL THEN 

1980 REM FIND THE SUM WHICH EXCEEDS IS DEMAND AND WILL TURN ON THE 

WELLS INDICATED 

1990 LPRINT 

2000 LPRINT 

2010 LPRINT 

2020 LPRINT 

2030 LPRINT 

2040 LPRINT 

2050 LPRINT 

2060 PRINT #2, " WELL NUMBER FLOW RATE 

SUM OF FLOW RATE KWH COST 

NORMALIZED COST CUMULATIVE COST" 

2070 LPRINT " WELL NUMBER FLOW RATE 

SUM OF FLOW RATE KWH COST 

NORMALIZED COST CUMULATIVE COST" 

2080 PRINT #2," 

2090 LPRINT 

2100 FOR J=l TO NOWELL 

2110 M-J 

2120 MA-J+1 
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2130 FOR I = MA TO NOWELL 

2140 IF NCOST(I)<NCOST(M) then M=l 

2150 NEXT I 

2160 TEMP-NCOST(J) 

2170 NC0ST(J)-NC0ST(M) 

2180 NCOST(M)=TEMP 

2190 GOSUB 3150 

2200 QSUM=QA(J)+QSUM 

2210 CSUM+COST(J)+CSUM 

2220 PRINT #2,USING " ### 

#####.##";WELLNO(J),QA(J),QSUM,P(U),COST(J), 

NC0ST(J),CSUM 

2230 LPRINT USING " ### ###//# 

#####.##";WELLN0(J),QA(J),QSUM,P(J),C0ST(J), 

NCOST(J),CSUM 

2240 NEXT J 

2250 STOP 

2260 END 

2270 REM DETERMINE COEFFICIENTS FOR SPLINES 

2280 FOR 1=1 TO NP-1 

2290 F(I)=Q(I+1)=Q(I) 

2300 NEXT I 

2310 FOR 1-2 TO NP-1 
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2320 AL(I)-3*(A(I+1)*F(I-1)-A(I)*(Q(I+1)-Q(I-1))+A(I-1)* 

F(I))/(F(I-1)*F(I)) 

2330 NEXT I 

2340 REM SET END CONDITIONS 

2350 L(0)=1 

2360 MU(O)-0 

2370 X(0)-0 

2380 L(N)-1 

2390 Z(N)=0 

2400 REM INITIALIZE TRIDIAGONAL SYSTEM 

2410 FOR 1=2 TO NP-1 

2420 L(I)-2*(Q(I+1)-Q(I-1))-F(I-1)*MU(I-1) 

2430 MU(I)-F(I)/L(I) 

2440 Z(I)=(AL(I)-F(I-1)*Z(I-1))/L(I) 

2450 NEXT I 

2460 REM SET END CONDITIONS 

2470 C(N)=Z(N) 

2480 REM SOLVE TRIDIAGONAL SYSTEM 

2490 FOR J-NP-1 TO STEP-1 

2500 C(J)-Z(J)-MU(J)*C(J+1) 

2510 B(J)-(A(J+l)-A(J))/F(J)-F(J)*(C(J+l)+2*C(J))/3 

2520 D(J)=(C(J+1)-C(J))/(3*F(J)) 

2530 NEXT J 

2540 FOR I-l TO NP-1 

2550 AT(I)-D(I) 

2560 AS(I)=(C(I)-3*Q(I)*D(I)) 
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2570AF(I)=(B(I)+3*Q(I)'2*D(I)-2*C(I)*Q(I)) 

2580 AO(I)-A(I)-B*Q(I)+C(I)*Q(I) 2-D(l)*Q(I) 3 

2590 NEXT I 

2600 AT(0)=AT(1) 

2610 AS(0)=AS(1) 

2620 AF(0)-AF(1) 

2630 A0(0)-AF(1) 

2640 RETURN 

2650 INPUT "WAS WELL ON DURING PREVIOUS CYCLE (Y/N)";AS$ 

2660 IF AS$-"Y" THEN 2670 ELSE 2690 

2670 INPUT "LENGTH OF TIME WELL HAS BEEN RUNNING" ;TP 

2680 TL(II)-TL(II)+TP 

2690 FOR J=l TO NP 

2700 TDH(J)-AT(J-1)*Q(J)'^3+AS(J-1)*Q(J)'^2+AF(J-1)*Q(J)+A0(J-1) 

2710 WL(J)=(H(II 2-Q(J)*86400*7.481/3.1416/K(II)* 

L0G(1.5*SQR(K(lI)*TL(II)/24/7.481/SY(II)/ 

WELLRAD(II))))\5-CW(II)*Q(J)''2+BE(II) 

2720 FQ(J)=TDH(J)+WL(J)-HS(II)-(CHWK(II)* 

(Q(J)/448.86)'^1.85+CPK(II)*(Q(J)/448.86) 2) 

2730 NEXT J 

2740 FOR K=l TO NP-1 

2750 F=FQ(K)*FQ(K+1) 

2760 W-AT(K) 

2770 P=AS(K) 

2780 M»AF(K) 

2790 R-AO(K) 



67 

2800 QH-Q(K+1) 

2810 QL=Q(K) 

2820 XF=FQ(K) 

2830 YF»FQ(K+1) 

2840 IF F<0 THEN 2960 ELSE 2850 

2850 NEXT K 

2860 PRINT "CAUTION THE PROGRAM HAS CALCULATED A FLOW RATE 

AND TOTAL DYNAMIC HEAD" 

2870 PRINT "WHICH IS BEYOND THE LAST DATA ENTRY FOR THE 

PUMP CURVE" 

2880 W=0 

2890 P-0 

2900 M-LS 

2910 R-BI 

2920 QH-QI 

2930 QL=Q(NP) 

2940 XF=FQ(NP) 

2950 YF=M*QI+R-HS(II)+(H(II) 2-QI*86400*7.481/K(II)/3.1416* 

LOG(1.5*SQR(K(II)*TL(II)/24/7.48l/SY(Il)/ 

WELLRAD(II)))) .5-CW*QI 2+BE(II)-(CHWK(II)* 

QI 1.85+CPK(II)*QI 2) 

2960 REM THIS SECTION OF THE PROGRAM WILL CALCULATE THE VALUE OF Q 

WHICH 

2970 REM CAUSES THE FUNCTION TO NEAR ZERO. THIS IS DONE BY THE 

BISECTION 

2980 REM METHOD. THE Q FOUND WILL BE USED TO CALCULATE THE TDH. 
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2990 YH-QH 

3000 YL-QL 

3010 V=0 

3020 Q=(YL+YH)/2 

3030 FQ-Q*Q 3+P*Q 2+M*Q+R-HS(II)+(H(II) 2»Q*86400*7.481/ 

3.1416/K(II)*L0G(1.5*SQR(K(II)*TL(II)/24/7.48l/ 

SY(II)/WELLRAD(II)))) .5-CW(II*Q 2+BE(II)-

(CHWK(II)*Q 1.85+CPK(II)*Q 2) 

3040 IF ABS (FQX.Ol THEN 3100 

3050 IF FQ<0 THEN YH=Q ELSE YL-Q 

3060 V-V+1 

3070 IF V>25 then 3090 

3080 GOTO 3020 

3090 D=(QH-QL)*XF/ABS(YF-XF) 

3100 Q=QL+D 

3110 QA(II)-Q 

3120 TDHA(II)=W*QA(II) 3+P*QA(II) 2+M*QA(II)+R 

3130 WE(II)=(H(II) 2-QA(II)*86400*7.481/3.1416/K(II)* 

L0G(1.5*SQR(K(II)*TL(II)/24/7.481/SY(II)/ 

WELLRAD(II)))) .5-CW(II)*QA(Il) 2+BE(II) 

3140 RETURN 

3150 TEMP+QA(J) 

3160 QA(J)-QA(M) 

3170 AQ(M)=TEMP 

3180 TEMP-WELLNO(J) 

3190 WELLNO(J)-WELLNO(M) 
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3200 WELLNO(M)=TEMP 

3210 TEMP=COST(J) 

3220 COST(J)=COST(M) 

3230 COST(M)-TEMP 

3240 TEMP»P(J) 

3250 P(J)=P(M) 

3260 P(M)-TEMP 

3270 RETURN 

3280 FOR I-l TO NOPIPE 

3290 X=X(I) 

3300 FOR J-1 TO NONODE 

3310 IF X+J THEN 3320 ELSE 3330 

3320 QP(I)=QN0DE(J)+QP(I) 

3330 NEXT J 

3340 NEXT I 

3350 RETURN 

3360 FOR I-l TO NONODE 

3370 QNODE(I)-0 

3380 NEXT I 

3390 RETURN 

3400 REM EFFICIENCY CALCULATION BASED ON CURVE PROVIDED 

3410 FOR I-O TO NP-1 

3420 IF QA(II)>=Q(I) AND QA(II)<=Q(I+1) THEN 3430 ELSE 3450 

3430 EFF(II)=AT(I)*AQ(II) 3+AS(I)*AQ(Il) 2+AF(I)*AQ(II)+ 

AO(I) 

3440 RETURN 
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3450 NEXT I 

3460 PRINT "THE PROGRAM HAS CALCULATED A FLOW RATE AND 

EFFICIENCY" 

3470 PRINT "WHICH IS BEYOND THE LAST DATA ENTRY FOR THE' 

3480 PRINT "EFFICIENCY VERSUS FLOW RATE CURVE" 

3490 EFF(II)=AQ(II)*ES+BIE 

3500 GOTO 3440 
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GLOSSARY 

NOWELL: number of wells in well field 

NOPIPE: number of pipes in collection system 

NONODE: number of nodes in collection system 

WELLNO: number of well 

WELLRAD: well radius (ft) 

QR: rated discharge of pump (gpm) 

H: saturated thickness (ft) 

E: pump efficiency (%) 

CW: well loss coefficient 

T: transmissivity of aquifer (gal/day/ft) 

SY: specific yield of aquifer 

K: hydraulic conductivity of aquifer (ft/day) 

BE: elevation of impermeable layer (ft) 

CPL: length of pipe that connects well to the collection system (ft) 

CPD: diameter of pipe that connects well to the collection system 
(ft) 

CPC: Hazen-Williams "C" value for pipe that connects well to the 
collection system 

CPK: sum of loss coefficients through valves located in the pipe 
that connects the well to the collection system 

PIPENO: (also appears as PN in the program) pipe number in 
collection system 

PDIA: diameter of pipe in collection system (ft) 

PLENG: length of pipe in collection (ft) 
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COE: Hazen-Williams "C" value for pipe in collection system 

QP: maximum flow in pipe (based on rated discharge of wells that 
flow through the pipe) (gpm) 

KV: sum of loss coefficients due to valves in pipe of collection 
system 

NP: number of points from pump curve 

Q: flow rate of pump (gpm) 

TH: head on pump at the given flow rate (ft) 

NNOD: the number of the node which connects the well to the 
collection system 

X: the node which flow is "from" 

Y: the node which flow is "to" 

QA: the flow rate which is calculated by the program 

TDHA: the total dynamic head calculated by the program 
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