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Abstract 

Extended Dynamic Network Modelling 

Yves R. Filion 

Depart ment of Civil Engineering 

University of Toronto 

In order to design, maintain and operate a distribution system, one must first un- 

derstand how it will perform when subjected to different external hydraulic loads. 

This unders taiiding is often complicated by the complex and dynamic behavioiir of 

modern systerns. 

This thesis presents a hybrid model which couples a transient simulstor with a 

tinie-stepping met hod and which tracks system condit ions over an extendecl periocl. 

To do this, short transient simulations are run at different points in an estended ti~ne 

step to gather information on changes in a system so as to advance tlie solutioii t.o the 

nevt extended step. The hybrid model can help link unsteadiness wit 11 its associated 

costs (i.e.> design: repair, etc.) 

Some extended period and worst-case simulatioiis are performed in a niinlerical 

test to show the inodel's routing accuracy and its ability to identify tlie critical state 

whicli will produce the mosf severe transients in a system. 
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Chapter 1 

Introduction 

In the last half century, pipeline systems have b e n  extensively used to transport 

water and other fluids from one location to another- Proof positive of this Lies in the 

prevalent use of such systems in the modern, industrialized societies of the post-war 

(WWII) era. Indeed, pipeline systems find a broad range of uses within the industrial, 

agricultural and municipal sectors. For example, pipelines are used to carry an array 

of fluids-from slumes to steam-in industrial facilities, to irrigate fields and crops 

and t O convey wat er to turbines which manufacture electricity within a hydro-electric 

station. In the context of urban drainage, pipelines are often used to convey stormwa- 

ter to local watercourses and to carry industrial, commercial and domestic wastes to 

treatment facilities, either by gravity or pressurized flow. Wit h advancements made 

in manufacturing and construction techniques, the pipeline system has become a cost 

effective means of transporting water fiom one location to another. In urban areas, 

where population densities are typically high, pipeline systerns often have economies 

of scale superior to t hose associated wit h other water-carrying alternatives. Overlay 

the always-relevant need to minirnize water loss, particularly through evaporation 

and seepage in conveyance charnels, and it becomes clear why the pipeline often is 

the most appealing alternative in a water supply endeavour (Karney, 1999). For this 

reason, most urban and rural cornmunities have water supply systems which comprise 

an arrangement of pipes that transport water from a freshwater source or treatment 



facility to individual households. 

The modem water distribution system, with its sometimes complex configuration 

of pipes, plays an important role in the functioning of any community. On a daily 

basis, we rely on our distribution systems to deliver an adequate supply of water of 

an acceptable quality to meet our various domestic needs which commonly include 

washing, cooking, cleaning, heating and cooling. In times of fire or public emergencies. 

the water supply system must be able to deliver large amounts of water quickly and 

efficiently to various locations in a community- Even under normal circumstances, the 

industrial and commercial sectors depend heavily on a reliable supply and conveyance 

of water, and, for this reason, the economic vitality of a community (or lack thereof) 

is inextricably linked to its water supply system. Since water figures in all the vital 

activities of life, it is fair to say that the integrity of the water supply system is closely 

correlated to the public and economic welfare of its community. 

For a distribution system to fulfiU its chief mandate of transporting and sup- 

plying an adequate amount of water at an acceptable rate, pressure and quality, 

it must be properly designed, maintained and operated. In order to do that, the 

responsible agents (Le., planners, engineers, operators, etc.) must first understand 

how a proposed or existing system will behave when it is subjected to different hy- 

draulic demands and loads. Forget ting, for the moment, about field measurements 

and experiments, the primary means of understanding how a system will behave in 

different Ioading situations is with a set of mathematical relationships t hat "mimic" 

the physical phenornena and interactions occurring in the system. Typically, these 

mathematical relationships are solved with numerical algorithms "coded" into a digi- 

tal cornputer to estimate the hydraulic and water quality conditions in a real system. 

With information on key parameters such as pressure, Aow rate, velocity and concen- 

tration in a system, the analyst can make informed and rational decisions regarding 

the design, maintenance and operational rules of a system. 



1.1 Significance of Thesis 

Presented in this thesis is an extended dynamic model which can solve a variety 

of hydraulic problems pertaining to the planning, design, and operation of a water 

distribution system. The model's applicability, generality and flexibility are all rooted 

in the strengths of its transient simulator, which is able to simulate a wide variety of 

hydraulic conditions in a systern-from steady state flow to M y  unsteady, slightly- 

compressible flow. Essentially, this new approach constitutes a conceptual bridge 

between conventional extended p e ~ o d  analysis-as it is usually performed with a 

quasi steady state model-and conventional transient analysis, where a system is 

typically analyzed over a short period of time under rather unusual circumstances 

(e-g., pump failure, sudden valve closure, etc.) Briefly explained, the method tracks 

conditions in a system by si-mulating short segments of time at the start and end of 

an extended time step with a transient mode1 and then uses the hydraulic estimates 

calculated in these segments to "jump" to the next extended time step. By combining 

the time-s tepping capabilities of the quasi s teady state model wit h the modelling 

strengths of a transient simulator, the new approach d o w s  us to track the steady and 

unsteady behaviour of a system over an extended penod. Note that the terms "time- 

stepping method" and "mass-accounting method" are used synonymously throughout 

t his t hesis . 

This powerful combination opens the door to a myriad of modelling possibilities. 

With a long-term, dynamic simulator, the analyst can understand more thoroughly 

the unsteady behaviour of a system as different hydraulic loads are placed on it over 

the course of an extended period. This effectively means that he/she can investi- 

gate more productively the effects of unsteadiness (varying levels) in a system and its 

implications for the design (e-g., pipe diameter and t hickness and the selection, siz- 

ing and location of surge-suppression devices), operation (e.g., valve opening/closing 

çurve, pump schedule and speed-switching curve, etc.) and maintenance of a systern. 

These applications can further be enhanced by incorporating the extended dynamic 



mode1 in optimization algorithms dedicated partly or solely to finding the most ben- 

eficial answer to  one or all of these problems. And finally, the ability to accurately 

track hydraulic conditions in a system over a mid- to long-term period begins to shed 

light on the complex problern of tracking the quahty of water in a system over an 

extended period of time. 

Perhaps most exciting of all is the opportunity to identiSr, systematically, the 

critical state of a system which will create the "worst" transients when subjected to 

a transient event, like a power failure, a pipe break or a valve closure. Identi@ing 

this critical state (Le-, combination of water levels, system demand and operation of 

hydraulic devices) with the extended dynarnic mode1 is a simple matter of simulating 

a single, or a set of, transient event(s) at the start of a time step, and then advancing 

the solution to  the next step where the demand, device settings and reservoir levels 

are updated. After repeating this procedure over every step of a simulation, one sim- 

ply has to compare the minimum and maximum transient envelopes generated with 

a transient simulator to identify the "worst" transient conditions in a system. Very 

often, an analyst's efforts to identify the critical state of a system will be styrnied 

by the nonlinearities of transient flow, the coupled behaviour of looped systems, the 

unpredictable superposition of transient pressure waves propagating in a system and 

the tedium of investigating these conditions manually. To circumvent these compli- 

cations, unproven rules of thumb and modelling conventions' (analyze system under 

minimum/maximum hour conditions only) are often used to flush out the worst tran- 

sients in a system. What makes this new approach particularly appealing is that 

enables the analyst to systematically identifv the critical hydraulic state of a system 

(e.g., demands, water levels, pumps operating, etc.) which will give rise to the most 

severe transient pressures in it. 

In any but the simplest cases, surmising the critical loading pattern is complicated 

by an array of factors, including the unsteady nature of transients in pipeline systems, 

the integrated behaviour of rnost distribution networks with innumerable hydraulic 

devices (e.g., pumps, valves, reservoirs, etc.) continualiy operating together to fix the 



hydraulic conditions in them and the superposition of pressure waves which often d e l  

intuition and can only be tracked by analyzing a system with a transient simulator. 

To get around these difficulties, unproven rules of thumb and modelling conventions 

(Le., transient analysis of a system performed for minimum- and maximum-hou flow 

conditions only) have been used to characterize the "worst" transients in systems. 

Being abIe to track the dynamic behaviour of a system over an extended period 

and identïfy its critical state brings us closer to the comprehensive design, mainte- 

nance and operation of a water distribution system. Through long-term dynamic 

modelling and worst-case analysis, i t  becomes possible to establish a link between the 

effects of transients in a system and various design and operational factors like pipe 

diameter, pipe t hickness, system topology and pumping and valve operation policies, 

as mentioned above. This in turn allows the engineer to keep a more refined economic 

account of the costs associated with the design, maintenance and operation of a sys- 

tem throughout its useful life-potentially leading to greater efficiency in some or all 

of these areas. For example, the ability to track both steady and unsteady conditions 

enables the analyst to make more informed decisions about the appropriate pressure 

rating (thickness), diameter and topology of pipes and other devices in a network and, 

as a result, get a firmer handle on the capital costs linked with its construction. This 

idea can be extended to include the performance and maintenance of a system as well 

as the corresponding costs incurred during the lifetime of a component or system. 

On a more practical level, integrating the predictive strengths of a time-stepping 

routine and the modelling capabilities of a transient simulator into a single model 

allows one to do  away with the usual encumbrance of maintaining two or more pro- 

grams, databases of records and other information in order to perforrn different hy- 

draulic analyses on a system (Axworthy, 1997). This means that the cornprehensive 

analysis of a system can be conducted with a single model quickly and with less 

chance of committing errors, as the need to transfer data from one mode1 to another 

is eliminated, and the reporting of data in the integrated model is perfectly consistent 

in form. 



1.2 Thesis Organization 

In Chapter 2, the physical representation and uses of the quasi steady state model 

are briefl y introduced. Shen, the equations describing unsteady, compressible flow 

and how they are solved with the method of characteristics (MOC) are presented. 

This segues into a new discussion about the extended dynamic network mode1 and 

how it represents hydraulic conditions in a distribution system- Also discussed are 

the advantages of this new model and the opportunities it offers to understand the 

steady/unsteady behaviour of a system and its microeconomic r a d c a t i o n s  when 

designing, maintaining and operating a system. 

Chapter 3 consists of a discussion paper submitted to the Journal of Ameri- 

can Water Works Association in January, 2000. The paper discusses the common 

sources of error encountered in hydraulic modelling. Specific examples include: the 

relative accuracy of the Darcy-Weisbach and Hazen-Williams hiction models, the 

mass-accounting errors, the simplistic representation of hydraulic devices and the as- 

sumption of steadiness in quasi steady state models. The uncertainty Iinked with 

steady state measurements and calibration practices is also discussed. 

In Chapter 4, the discussion on quasi steady state modelling picks up from where 

it left off in Chapter 2. The mechanics of the quasi steady state model are briefly 

surveyed and a literature review of the research developments in quasi steady state 

rnodelling is given, Secondary issues aside, the focus of this chapter is on the errors 

incurred by the time-stepping techniques found in most quasi steady state models. 

How such errors arise in extended period simulations and how they can be mitigated is 

dernonstrated through a hypothetical example. The chapter ends by placing the errors 

mentioned above in the broader context of engineering analysis and juxtaposing them 

against common sources of uncertainty and error in hydraulic modelling-a topic first 

broached in Chapter 3, 

Then, in Chapter 5, the potential applications of the extended dynamic network 

model are briefly outlined. Here, the three mas-accounting techniques (Predictor- 



Corrector, Predictor-Adams and Quadratic SpLine ~nter~olation) used in the new 

model are presented. At the end of the chapter, the physical underpinnings of each 

technique are explained. 

This avenue of thought is extended to Chapter 6 ,  where the functionality of the 

new extended dynamic model is demonstrated by working through two case studies. 

In each study, an extended period analysis and a worst case analysis are performed 

wit h the new dynamic modeL The results fiom these simulations highlight the merits 

and advantages of the new model. 

In Chapter 7, the numerical characteristics of the Predictor-Correct or and Predict or- 

Adams techniques are explained partly through a Lipschitz argument and partly 

through a number of numerical experiments. Tests of numerical consistency and sen- 

sitivity seem to suggest that the time-stepping methods of Chapter 5 "inherit" the 

properties of the standard modified Euler and Adams methods. The order of the two 

methods was found by plotting the global truncation error in the consistency tests 

against time step on logarithrnic paper. The slopes of the regression lines "fitted" to 

the data were found and yielded the order of the two methods. 

Finally, Chapter 8 summarizes what has been said in the previous chapters. 



Chapter 2 - 

Dynamic Network Modelling 

2.1 Overview 

The chapter discusses the fundamental concepts behind dynamic rnodelling- First, 

the main components of the quasi steady state model as well as the mechanics of 

an extended period simulation are explained. Then, the model's assumptions which 

underpin the steady state equations and the routing scheme are mentioned briefly 

This part of the discussion ends with a few words on the common uses of extended 

quasi steady state models. The second part of the chapter discusses the new extended 

dynamic model developed in this thesis. To introduce this new model, the full tran- 

sient flow equations of continuity and momentum, as well as the fixed-grid method of 

charac t eristics (FGMOC) typically used t O solve t hese equations are presented and 

commented on. This discussion also includes the salient features of the transient sim- 

ulator TransAM which constitutes an integral part of the extended dynamic model. 

Then, a brief explanation of the new model precedes a more elaborate discussion on 

its applications. This last discussion forms the basis of a more thorough presentation 

in Chapter 5. 



2.2 Introduction 

Regardless of its size, configuration or capacity, the modern distribution system plays 

host to a rash of hydraulic activities, even when it operates under fairly "normal" con- 

ditions. During a typical service day, a network will continually change its hydraulic 

state to miriister to the changing water needs of its users. To meet the constant 

fluctuation in demand, pumps in the system are brought on and off line, valves are 

opened and closed to regulate pressure and flow in the system, and the water levels 

of reservoirs are changed to store and deliver water to the rest of the system. These 

external actions thus create unsteady hydraulic conditions within a system to help 

"marshaln it to the desired hydraulic state. For that matter, if one were to "observe" 

a system with an arsenal O£ pressure- and flow-sensing devices, one would find that 

unsteadiness in flow, pressure and average velocity typifies exen the most ''normal" 

operating state of a modern distribution system. 

The hydraulic changes occurring in a system over a length of time are often ac- 

counted for and reproduced with what is generically called an extended dynamic 

model. This brand of simulator tracks the hydraulic conditions in a system while its 

demand and the hydraulic settings of its devices are varied with time. In many cases, 

our understanding of how a proposed or existing system will behave under different 

loading scenarios hinges on the ability of an  extended dynamic model to  reproduce the 

hydraulic conditions and interactions wit hin it . Understanding the mid- to long-term 

behaviour of a system essentially is the starting point to most undertakings such as 

design and cost estimation, system rehabilitation, system calibration, water qualit- 

analysis, system control and the optirnization of al1 these functions. For this reason, 

it becomes important to have a dynamic rnodel which can reproduce accurately the 

evolution of hydraulic states in a system and inform the decisions mentioned above 

concerning a water distribution system. 



2.3 Quasi Steady State Mode1 

A quasi steady state model actually comprises two basic parts: a solver which cal- 

culates steady state heads and flows in a system at the s t a r t  of a time step, and a 

reservoir routing or mass-accounting scheme which uses the calculated flows to update 

water levels at  the next time step. Both components are described below. 

2.3.1 Calculating a Steady State 

At the start of every t h e  step, a quasi steady state model will rely on its steady state 

solver to compute flows in the pipes of a system and piezometric heads at its nodes- 

This is called "hydraulically balancing" the network. To d o  this, known values of 

water level in the system's resewoirs, external demands a t  t h e  nodes of a system and 

specific relationships which link the flow rate in devices to t h e  head difFerence across 

them must all be specified. Once the boundary conditions have been properly defined, 

the steady state of a system is found by solving the equations of mass conservation 

and uniqueness of head at a network node. These two types of equations are outlined 

in Equations 2.1 and 2.2. 

IQi = 0, and 
junct 

loop 

The terms Qi and H j  denote the flow in pipe i connected t a  a specific node and the 

head difference across pipe j in a loop. Equation 2.1 simply says that, in the absence 

of chernical reactions, the number of molecular species entering the node must equal 

the number leaving it. Equation 2.2 states that in order t a  have a unique value of 

piezometric head at any specified node, the net change in head around a closed loop 

must equal zero. 

In addition to  these fundamental equations, the head difference along a pipe is 



often represented with a nonlinear friction model (Darcy-Weisbach or Hazen-Williams 

model). For that matter, the basic equations of flow constitute a system of nonlinear 

equations which can only be  solved with iterative numerical schemes- Depending 

on how the problem is originally formulated (i.e., pipe flows, nodal heads or loop- 

flow corrections as unhowns) , the Newton-Raphson Method (Epp and Fowler, 1970; 

Shamir and Howard, l968), the Linear Theory Method (Wood and Charles, 1972) or 

more recently the Gradient Method (Todini and Pilati, 1987) among other techniques 

can be used to solve the steady state problem, 

2.3.2 Updat ing Wat er Levels 

Once the steady state conditions in a system have been computed, a routing module 

updates the water levels in the rese~oi r s  or tanks of a system- This routing module 

effectively Links steady state solutions toget her by integrating the differential expres- 

sion of mass conservation in Equation 2.3 to determine the amount of water which 

has flowed into, or out of, a reservoir during a time step (Bhave, 1988; Rao and Bree, 

1977). In this equation, the terms 2, t, A,(Z)  and Q, denote water elevation, time, 

reservoir cross-sectional area (varying with depth) and the steady state flow at the 

idet  of a reservoir, respectively. 

The new water level in a reservoir is calculated by entering the new value of steady 

state Aow Q, into Equation 2.3. After this "updating" procedure, the settings of 

pumps, valves and demands are changed by the model to calculate a new steady 

state and perform the extrapolation anew (Bhave, 1991). By repeating this simple 

list of steps, the quasi steady state model tracks conditions in a system as well as the 

water levels in its reservoirs and tanks. 

What has just been described is a fundamental procedure adhered to by any 

quasi steady state model. However, one should note that this basic procedure is 



often altered to model complex systems with numerous hydraulic devices and sophis- 

ticated operating d e s .  For example, in some prograrns, whenever a set-point or 

time-scheduled control takes effect, the steady state solution is calculated before the 

next extended time step. A premature analysis of the system may also take place 

when the tanks of a system have been emptied or m e d  before the end of the ex- 

tended time step (Rossman, 2000). Many other rules of tbis kind exist and have been 

incorporated into popular quasi steady state models, 

2.3.3 Assumptions of Quasi Steady State Model 

Quasi steady state modelling is predicated on the basic assumption that conditions in 

a system change slowly with time-essentially in the absence of any significant inertial 

and compressibility effects. In a quasi steady state model, this means that the steady, 

uniform, incompressible conditions of flow calculated with the equations of continuity 

and uniqueness of head (Equations 2.1 and 2.2) can justifiably be held constant over 

a penod of time delineateci by an extended step. In a similar vein, the settings of 

devices (e-g., pumps, valves and reservoirs) are assumed to remain h e d  during this 

same period of time. And since flows are assumed to Vary only slightly during a single 

time step, the water fevel in the tanks and reservoirs of a system are updated with 

steady state flows calculated at the beginning of a step. In most practical cases, the 

length of a time step should reflect the size of the tanks and reservoirs, and the rate 

at which demands are changing in a systern (Shamir and Howard, 1977). 

2.3.4 Uses of Quasi Steady State Model 

By virtue of their ability to track hydraulic conditions in a system over a short- to 

long-term period, quasi steady state models are often used in modelling studies of 

water networks. For example, these models are regularly used to assess the adequacy 

of pressures, flows and velocities in a system subjected to different external, hydraulic 

actions, including the rapid withdrawal of water in times of emergencies or fires. The 



chief goal of such investigations is often to know if the normal operating pressures and 

velocities in a system will fall within acceptable bounds (e-g., 30 m < static pressure 

5 70 m; 0.1 m/s 5 pipe velocity 5 2.5 m/s). In many cases, low pressures can be 

attributed to an inferior level of service and high velocities can cause large headlosses 

in a system, d a t e  pumping costs and erode t h e  walls of pipes to shorten their usefd 

Me- However, the marque role of the quasi steady state model is to inform decisions 

surrounding a system's water quality, and which constituent(s) to model and track 

in a system (e.g., chlorine residuals, organic compounds, Trihalomethane precursors 

S U C ~  as humic and Nvic  acids commonly faund in soils). E,utended period analysis is 

also widely used in design studies to time and coordinate the actions of pumps, and 

to detennine the amount of storage needed in a system to supply water to its users 

(present and future), as well as to maintain appropriate operating pressures in the 

system (Bhave, 1991). On rare occasions (mostly in research'or specialized studies), 

extended period simulators are coupled with aptimization applications to optimize 

the design and performance of water distribution systems. 

2.4 Extended Dynamic Mode1 

In the second part of the chapter, the new extended dynamic model is discussed 

briefly. To introduce the model, the discussion focuses on the fundamental equations 

of flow, how they are solved, and the basis for the transient simulator TransAM 

incorporated within it. 

2 -4.1   un da mental Equations of Transient Flow 

The basic differential equations for transient flow accurately describe the gamut of 

macroscale, hydraulic conditions that arise in pipeline systems. In fact, the conditions 

of steady, quasi steady, unsteady incompressible or unsteady compressible flow in a 

pipe can al1 be simulated with the full one-dimensional, hyperbolic, partial dserential 



equations of momentum and continuity in a finite pipe reach. The equations of flon- 

are reproduced here fkom Chaudhry (1987) and Wylie and Streeter (1993). 

In these equations, partial derivatives of the dependent variables (piezometric head 

N and instantaneous average velocity V) with respect to distance x and time t are 

denoted by subscripts, whereas total derivatives are denoted by dotted accents. The 

term W -. H ( x ,  t )  is the piezometric head which varies along the pipe and with 

time; V + V(x, t) is the instantaneous average fluid velocity which varies dong the 

pipe and with tirne; Dp is t he  inside diameter of the pipe; fp is the Darcy-Weisbach 

friction factor at tributed to the pipe or pipe reach (incident ally, any other friction 

mode1 could be used here); A,(x, t )  is the cross sectional area which can Vary along 

the pipe and with time; p(x,  t) is the density of the fluid which varies along the pipe 

and with time; and g is the gravitational acceleration. A wavespeed or wave celerity 

relationship links the expansion or contraction of the fluid and the pipe wall (and 

its supports) to the increase or decrease in piezometric head ih the fluid-pipe system. 

With this relationship, we can write the continuity equation in terms of the dependent 

variables H and V (Wylie and  Streeter, 1993): 

Equations 2.4 and 2.6 proper describe unsteady, nonuniform, slightly-compressible 

Aow conditions in a pipeline. A number of assumptions surround their development 

and need to be mentioned here. First: the equations describe change in the instan- 

taneous velocity and piezometric head in one dimension only; at any pipe section, 

t hese two properties are assumed constant in the transverse directions. The acoustic 

wavespeed, which concisely explains the combined efasticity of the fluid, the pipe wall 



and its supports, is assumed to be constant in individual pipes. And lastly, the friction 

loss inside a pipe is described with the Darcy-Weisbach steady state friction model. 

In this expression, the value of Mction coefficient fp is related to both the Reynolds 

number and the absolute roughness of the pipe wail thmugh the Colebrook-White 

equa t ions. 

2.4.2 Method of Characteristics 

So far, the most accurate, reliable and efficient means of solving the quasi-linear, 

hyperbolic, partial differential equations has been wit h the fixed-grid met hod of char- 

acteristics (Wylie and Streeter, 1984). Before coupling Equations 2.4 and 2.6 along 

characteristic lines, the convective terms VV, and VH, are usually assumed negligi- 

ble. Once these tenns are omitted, Equations 2.4 and 2.6 reduce to 

&tg&+ 
f p  VlVl = 0, and 

2 0 ,  

These two difFerentia1 equations are then combined into a compatibility equation 

written in terms of velocity or flow and piezometric head which uniquely represents 

the rnomentum and continuity equations along characteristic lines C + and C - in 

Figure 2.1. This concept is more clearly communicated in Equations 2.9 and 2.10. 

In this compatibility equation, the term f; represents the friction factor across pipe 

reaches bounded by the positive and negative characteristic lines in Figure 2.1. A 

single friction factor fp is often used for every reach along a single pipeline. The 

compatibility equation is then integrated along the characteristic lines depicted in 



Distance x 

Figure 2.1: Discretized grid with characteristic lines Cf and C-. 

Figure 2.1 in order to yield two linear, algebraic equations which relate the flow and 

piezometric head a t  point P. 

The constants in this equation (for both positive and negative directions) can be 

expanded to 



where H A  and H g  denote the piezometric heads at the base of the characteristic lines 

in Figure 2-1- Similarly, Q A  and Q are the flows at the base of these characteristic 

lines. The factor E is used in the linearized approximation of the integrated friction 

tenn and can take on values ranging from O to I (Karney and McTnnis, 1992). And 

finally, the terms B and R can be expanded to B = a/g A, and R = fp Ax/ 2gD, A:. 

Solving Equations 2.11 and 2.12 simultaneously yields the head and discharge a t  

the intemal point P s h o w  in Figure 2-1. Alternatively, one can equate the right hand 

sides of both these equations and solve for the discharge, as shown in Equation 2.17. 

Finding the corresponding value of head HP is a simple matter of substituting the 

value of discharge Q p into either Equations 2.11 or 2-12. 

The integrated compatibility equations are solved to calculate values of piezomet- 

ric head and flow at interna1 sections along a pipe. The case is dXerent at the ends 

of a pipe where only one co.mpatibility equation is available (either Cf  or C -). To 

calculate the head and flow at the end of a pipe, at least one additional head-discharge 

relationship must be written and solved in conjunction with the appropriate compat- 

ibility equation. A variety of numerical solutions have been devised to calculate the 

head and flow in a diverse number of boundary devices ranging frorn a simple pipe 

junction to a sophisticated pump station. The reader who is interested in the specific 

mathematical relationships used to represent these boundary conditions is encouraged 

to refer to excellent references such as Wylie and Streeter ( 1993), Chaudhry (1987) 

and McInnis (1992) for a comprehensive discussion. 

2.4.3 Transient Analysis Model-TransAM 

The key component in the new extended dynamic mode1 is the transient simulator 

TransAM (McInnis et al. 1998) developed through Hydratek Associates. This tran- 



sient simulator uses the fixed-grid method of characteristics with a flexible friction 

linearization scheme to solve the fidl equations of flow continuity and momentum in a 

complex distribution network. The discretization of the time-space domain is further 

enhanced through wavespeed adjust ment and interpolation schernes. The transient 

model is designed with a high degree of flexibility allowing one to represent a rash 

of different boundary devices including external and booster purnping stations (wit h 

eit her constant- or variable-speed pumps) , nodal or in-line valves wit h eit her cont rol 

or modulating capabilities (e-g., discharge or check valves, pressure reducing or sus- 

taining valves, flow control valves and pressure relief valves), short pipes, air valves 

and storage elements such as constant-head reservoirs or variable-head tanks. More- 

over, the TransAM simulator can sirnulate a variety of hydraulic scenarios ranging 

from power failures and valve closures to normal diurnal or hight-time variations in 

demand. Once simulated, the steady and unsteady conditions along a pipe profile or 

at a single hydraulic device or node can be intuited with the graphical plots incor- 

porated in TransAM (e.g., three dimensional time-space-head graph, animated head 

profiles, fixed head-time plots and head-dist ance profiles). 

Extended Dynamic Model 

As mentioned in Chapter 1, the new method can be thought of as a hybrid approach 

which combines the capabilities of the transient simulator wit h the reservoir routing 

function of a quasi steady state model to advance the hydraulic solution over extended 

time steps- To perform this "jumping" operation, the method simulates conditions 

in a system over a short segment of time at  the start of each extended time step. In 

this first simulation, the conditions in the pipes and hydraulic devices of the system 

are modelled with the fl equations of transient flow and the appropriate equations 

describing the head-discharge conditions at the boundaries of a system. Then, the 

volume of water which has entered (left) a reservoir during the simulated period is 

used to calculate a time-averaged flow which applies over this time segment. This 

average flow is entered into a time-stepping routine which extrapolates the water 



level (linearly) to some time near the end of the next time step. Once found, the 

extrapolated value of water level then "starts" a second transient simulation which is 

run to the end of the time step. The average flow calculated in this second simulation 

is combined with the k s t  in a time-stepping routine which calculates the water level 

at  the end of a time step. T'he specific details of this procedure are elaborated more 

thoroughly in Chapter 5. 

Applications of Extended Dynamic Mode1 

Since the extended dynamic model is able to keep a realistic account of steady and 

unsteady conditions in a system with its transient simulator and routing scheme, 

it presents a real opportunity to "extend" or broaden the hydradic analyses which 

are typically performed with a quasi steady state model. For example, it can help 

the analyst understand more productively the role and effects of unsteadiness in 

various modelling exercises including planning and assessment studies performed to 

investigate the level of service in a system, screening studies to locate zones of low and 

high operating pressures, and studies investigating normal and emergency operational 

policies. Although, in fairness, this approach remains computationally impractical for 

the analysis of large systems, it is quite reasonable for the analysis of small to medium- 

sized distribution systems (one thousand pipes or less). Generally speaking, with a 

clearer idea about the level of unsteadiness in a system, the analyst or engineer is in a 

better position to make sensible decisions about the design, rehabilitation, operation 

and maintenance of a system. 

The dy~lamic model can also be used to design, rehabilitate and operate a water 

distribution system more comprehensively than was possible with a quasi steady state 

rnodel. This sort of comprehensive decision-making can be made through what is 

termed worst-case analysis. 

occurrences under different 

loads and reservoir levels) 

This analysis consists of simulating one or more transient 

system states (combination of pumps operating, demand 

at every time step of an extended period simulation to 



ascertain the critical combination of system state and transient event (e-g-, power 

failure, pipe break, valve closure, etc.) which will produce the most severe tran-sient 

response in a system. The method is more thoroughly explained in Chapter 5 .  W i t h  

the ability to pinpoint the c'worst" hydraulic scenario, the analyst can make more 

rational decisions concerning the size, thickness and topology of pipes so that a syzstern 

properly conveys water under both steady and transient conditions. 

From these two related applications (extended period and worst case anal-ysis) 

stems both the opportunity to establish a Iink between unsteadiness in a system 

and its most important parameters, and to broaden the microeconomic analysis of 

a water distribution system- More to the point, the new extended dynamic mode1 

is a useful tool which can help the engineer and p l a ~ e r  keep a clearer accoumt of 

the cos t s direct ly or indirect ly associated wit h unst eady condit ions (varying le-vels) 

in a system. These important costs have often been ignored where a quasi s teady 

state mode1 was used to provide only a limited hydraulic accounting of conditio a- 

effectively curtailing the scope of many system economic studies in the past. In  this 

sense, the extended dynamic model could help yield more realistic estimates of c-st in 

three important areas of an economic study: (i) capital or design costs; (ii) operation 

and maintenance costs (O & M); and (iii) performance costs of a system. 

The new model makes it possible for engineers and planners to investigate olçten- 

overlooked dimensions of capital or design costs in a system. With a model nrhieh is 

capable of simulating bot h steady and unsteady conditions in a system, the engineer or 

planner is better poised to evaluate the cost ramifications of selecting a pipe diameter, 

pressure rating (thickness) and topology which will meet the demand and withsrtand 

certain transient pressures in a system- Interestingly, the important economic temsion 

between pipe diameter and pipe thickness is often ignored in the first stage of design, 

where transient considerat ions are typically given minimal attention. Recognizing : t his 

tension in the earliest stages of design could produce a much more realistic picturre of 

pipe and excavation costs. 

The analyst can also exploit the model's simulation capabilities to forecast the op- 



eration and maintenance costs of an existing or proposed system. Since the model's 

transient sirnulator can emulate the dynamic behaviour of pumps and the whole 

gamut of energy interactions in a system, it potentially could be used to keep a more 

precise account of electrical costs associated with operating pumps in a system which 

is sub jected to an m a y  of hydraulic conditions. Second, with the model's transient 

simulator, the analyst can begin to predict the likely transient pressures created by 

routine and emergency operations in a system. With knowledge of the severity of 

transients, the analyst can estimate approxïmately the annual costs of maintaining, 

replacing and repairing pipes and other hydraulic devices (e-g., pumps, valves) dam- 

aged by surge pressures in a system-costs which have seldom been incorporated in 

microeconomic studies of systems. 

The third and more subtle area of irnprovement is in predicting the performance 

cost of a system. While this cost has seldom been incorporated directly into microe- 

conomic studies, it recently has been appended to the objective functions of optimiza- 

tion algorithms as a penalty cost for violating operational constraints in a system, 

such as low/high pressures, low chlorine concentrations, etc. (Simpson, Dandy and 

Murphy, 1994; Zhang, 1999) In our case, the performance costs of a system can be 

extended to include high and low pressures brought about 6y transients which can 

cause intermittent service disruptions, draw cont aminants into a system via leaks and 

deteriorate the water quality in the system (Zhang, 1999). By folding the effects of 

unsteadiness into the performance costs of an optirnization application, there is a real 

opportunity to better define the objective function, the region of feasible designs and, 

by extension, the optimal design of a system. 

In addition to refining the rnicroeconomic study of a systern, the new extended 

dynamic model makes it possible to improve or enhance some "secondary" analyses 

traditionally performed with a quasi steady state model. Because these advanced 

analyses require a large arnount of hydraulic information, their usefulness has often 

been limited in the past by the small amount of hydraulic 

a quasi steady state model: With the transient simulator's 
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data extractable from 

detailed and accurate 



reporting scheme, water quality and optimization applications could yield more use- 

hl information on a system-helping the analyst h d  ways to design, operate and 

maint ain a system more effect ively. 

The real-time control and optirnization of operations in water distribution systems 

is a first example of a "secondary" application which could be improved with the new 

model. Here, the mode1 could be coupled with a modern SCADA (Supervisory Con- 

trol and Data Acquisition) system to make "smart" decisions about the short-term 

(say a six- or twelve-hou time period) operation and control of a distribution system 

based on the results of numerous extended penod simulations-each investigat ing a 

particular hydraulic scenario for a set of short-term projected demands- An opti- 

mization procedure of this sort could be used to determine a pumping schedule to: a)  

minimize pumping costs; b) fulfiu the operational constraints of pressure and flow in 

the system; c) minimize the fkequency and magnitude of pressure surges in a system; 

d) minimize the residence time of water in the reservoirs of a system; e) minimize 

the extent of pressure surges in a system, so as to reduce the likelihood of encounter- 

ing water quality problems through the accelerated erosion of tuberculated material 

on pipe walls caused by transient shear stresses, and the intrusion of untreated wa- 

ter through leaks and openings within the system (Karney, 1999). With this kind 

of dynamic control-feedback algorithm, the operation and control of a distribution 

system could be made more efficient-thereby increasing the likelihood of rendering 

an acceptable level of service, while reducing the number of service disruptions, and 

reducing the pumping costs incurred by a municipality or water utility. 

Consider also the classiè problems of optimizing the operations of pumps and 

reservoirs, as well as finding the optimum size of pipes in a'system. In both these 

analyses, hydraulic estimates have typically been taken from a steady state model; 

thus, the costs associated with the occurrence of transients in a system are seldom, 

if ever, considered. In the &st problem, the costs of replacing pipes damaged by 

transients engendered by the switching of pumps in a system is often overlooked or 

ignored. In the second problem, the relationship between pipe diameter and pipe 



thickness alluded to above is usually "glossed" over, which ofien leads to rnisrepre- 

sentations of the "actual" or "real" costs of a candidate design. Both optimization 

applications can be improved by considering the transient effects in a systern during 

the course of an extended period, and by accounting for the costs directly tied to 

these transients, If this were done, the advice dispensed by these optimization al- 

gorithms would be more valuable to the designer or engineer, and ultimately, to the 

body responsible for disbusing the hnds  to pay for the operating policy, design, or 

rehabilitation of a system. 

2.5 Summary 

In this chapter, the salient aspects of both the quasi steady state mode1 and the 

extended dynamic model were reviewed. First , the mechanics and assump tions of 

the quasi steady state model were briefly discussed. This discussion was ended by 

enumerating the possible uses of this model. In the second part of the chapter, 

the focus was placed on the, extended dynamic model developed in this thesis. The 

fundamental equations of transient flow were presented, as w w  the fixed-grid rnethod 

of characteristics used to solve these fundamental equations. As well, the general 

features of the model's transient simulator, Trans AM, were cursorily explained. The 

chapter was concluded with an explanation of the extended dynamic mode1 and its 

many potential applicatio~s. 



Chapter 3 

Hydraulic Modelling: Error and 

Uncert ainty 

3.1 Introduction 

This chapter consists of a paper written by Filion, Karney and Prentice entitled 

"Sources of Error in Network Modelling: A Question of Perspective" which was sub- 

mitted to the Journal of American Water Works Association in January, 2000. The 

discussion in the paper deals with a broad range of issues related to errors in hy- 

draulic mo delling. More specifically, it t argets the cornmon errors routinely incurred 

in the steady state and quasi steady state models when used to reproduce hydraulic 

conditions in a system. In some segments of the paper, the discussion is generalized 

to include the errors and uncertainties inherent in al1 hydraulic rnodels-from steady 

state to waterhammer-as well as in most calibration efforts. The paper is included 

as a thesis chapter for two important reasons: first, to point out the shortcomings 

of conventional quasi steady state models; and second, to outline the usual errors 

which stymie any hydraulic modelling effort-including transient modelling-in or- 

der to temper the discussion about the new transient extended period approach in 

the ensuing chapters of this thesis (5, 6 and 7). 



The paper first discusses the ability of the Darcy-Weisbach and Hazen- Williams 

relationships, two popular fnction models used in most steady state simulators, to 

track the steady state, hydraulic c~nditions in a pipefine. Then, the discussion turns 

t O the often-overlooked errors incurred by time-stepping schemes in quasi steady 

state models. The simplistic representation of hydraulic devices (including demands) 

is also briefly discussed in the paper. Then, the crucial assumption of steadiness is 

reviewed and juxtaposed against the dynamic behaviour of real systems. The rest of 

the paper is devoted to a discussion on the uncertainties found in cornmon calibration 

and measurement practices. 

Abstract: The paper addresses important issues of uncertainty and error in water 

distribution systems modelling, with emphasis on the ability and role of both the 

Hazen-Williams and Darcy-Weisbach friction models to describe hydraulic conditions 

in a pipeline. Notwit hstanding the inaccuracies in these friction models, there exists a 

multitude of other uncertainkies which can affect the accuracy of a hydraulic solution. 

A source of error often overlooked is in the mass accountingscherne of conventional 

solvers. Other uncertainties stem from the way demands are represented (spatial and 

temporal) in a system, how the behaviour of system devices (e-g., valves, pumps, etc.) 

is emulated by solvers, and how this behaviour is assumed to evolve in time. Persistent 

problems with aggregating demands, calibrating and skeletonizing systems, gat hering 

reliable data in the field are also discussed. The problems associated with rnass- 

accounting and system calibration are elucidated through some numerical examples. 

Introduction 

Traditionally, a chief goal of modelhng water distribution systems has been to de- 

termine the proper size of hydraulic components, so that a system will perform well 

under rnost conditions. Indeed, the primary aim in design has been to conceive a ro- 

bust system which will render an  acceptable performance-Eave adequate pressures 



and velocities-most of the t h e ,  even if conceived with little "hard  information 

about pipe friction coefficients, consumption magnitudes and patterns, et cetera. To 

counteract the g e a t  uncertainty associated with these key parameters, the looped- 

system is usually adopted because of its robustness and its insensitivity to the details 

of design. Given the relative simplicity of early systems, the high level of uncertainty 

associated both with field estimates of system parameters and future predictions 

(problerns which have not lost their relevance), and the relative infancy of computing 

science, the steady state solution was the model used most fiequently to analyze hy- 

draulic networks- The sensible aim of designing a system that performs reasonably 

well in the face of great uncertainty has been ample justification for the use of the 

steady state solution in the context of design. 

In recent years, and in light of certain research developments, the original utility of 

the steady state solution as a design tool has been extended to include the functions 

of operational control, feedback, water quality modelling and data base management. 

Disregarding, for the moment, the general validity of some of these extensions, the 

appearance of these "high-end" functions has raised some concerns amongst practi- 

tioners about the sometimes disappointing accuracy of the numerical models. It was, 

of course, easy to dismiss the poor predictive performance of the earliest network 

models. The first solutions of the combined Ioop and node equations were prone to 

numerical error, the power of computer systems was small (hand calculations were, 

and still are, tedious) whïch forced the exclusion of all but the largest pipes, data was 

scarce and carefully documented field experience was rare. 

However, as these obvious short-comings have been progiessively addressed, the 

persistence of mode1 errors has encouraged a deeper look at their source. In particular, 

the friction mode1 (Hazen-Williams vs. Darcy-Weisbach) commonly used in solvers 

to represent the losses in a system is sometimes fingered as a source of significant 

error. Since the friction model constitutes the central element of the steady state 

solution which has important ramifications concerning the hydraulic capacity and 

serviceability of a system, this is not surprising. Indeed, making an informed decision 



about which loss model to use is often a primary concern of analysts. However, the 

modeUer who is ultimately faced with this decision would do well to ponder these 

added considerations: what physical factors are most important in predicting the 

response of the real system? What are the main sources of uncertainty and error 

when modelling a distribution system? 

This paper discusses some of these 

context in which friction losses, and the 

models, are regularly being evaluated- 

model in a steady state solution should 

important questions as well as extends the 

relative accuracy of the two popdar friction 

The paper contends that, while the friction 

be chosen judicially and has some influence 

over the accuracy of the results, the plethora of other factors (e-g., unknown demands, 

unknown friction coefficients, uncert ainty of device behaviour, etc.) which introduce 

errors in the hydraulic solution may be far more important in most hydraulic mod- 

elling exercises. 

The paper first discusses the ability of conventional friction models (Hazen-Williams 

and Darcy-Weisbach) to describe the complex process of turbulence in pipes- Fol- 

lowing this, the inaccuracies of the simple E d e r  method often used in steady state 

solvers to track changes in resemoir levels is elaborated. Then, the ancillary issues 

of uncertainty in the representation of demands in a system, and the modelling va- 

lidity of some rudimentary control structures recently added to steady state solvers 

are also discussed, After this, the discussion is broadened somewhat to include the 

general issues surroundhg the assumption of steady state in hydraulic modelling, and 

the hydraulic behaviour of most modem water distribution systems. The discussion 

then shifts to issues regarding steady state calibration. Here, the problems associ- 

ated with the scarcity of field data, extended period calibration, and distinguis hing 

between roughness and diameter-reduction in calibration studies are each discussed. 

The latter problem is explain in more detail with a few sensitivity expressions. Next, 

the uncertainty and reliability of field data and measured demands in a system are 

elaborated. Other sources of errors such as system skeletonization and record-keeping 

are also given brief mention. 



Steady state model: idealization assumptions 

The titst part of this paper focuses on common sources of errors in hydraulic rnod- 

elling, particularly steady st ate modelling. 

Friction models. In essence, the predictive capabilities of both the Hazen-Williams 

and Darcy-Weisbach Mction models are often presumed to be perfect (or at least very 

good) descriptors of the phenornena which occur in a pipeline. That is, given accu- 

rate demands and friction values, these equations will accurately and independently 

predict headloss- Yet the predictions of the equations are seldom identical. Not 

surprising, then, the decision concerning which to use in a hydraulic modelling ex- 

ercise typicaIly cmies  a lot of importance with the designer. Thus, the question 

usually asked is: how well do the Hazen-Williams and Darcy-Weisbach models rep- 

resent hydraulic conditions in a pipe? In other words, when should each model be 

used? These issues are investigated by comparing both friction models with exper- 

imental/field data reported in Scobey.' The anecdotal evidence gleaned from these 

analyses clearly show that both fkiction models are imperfect descriptors of the com- 

plex phenomenon of turbulence, but that the decision concerning which kiction model 

to use, while perhaps difEicult and even unresolvable, might actually be irrelevant in 

most practical cases- 

In the analyses, experimental data on flow/headloss were taken kom Scobeyl 

who reports experimental values of flow/headloss for new (smooth) pipes available in 

commercial or standard diameter sizes. In total, six individual data sets were taken 

from the prodigious collection of results presented in the p-aper. The sets chosen 

pertain to pipes of varying lengths (from 10.1 m to 3,818.5 m), diameter sizes (from 

143 mm to 487 mm), and lining materials, including asbestos-cernent , welded steel, 

and wrought iron. All measurements in the data sets correspond to turbulent-smooth 

or transitional flow conditions in the pipelines tested. Unless otherwise noted, al1 

tests were assumed to be performed at 15OC. 

Next, the Hazen-Williams and Darcy-Weisbach friction models were compared to 



the experimental data. To determine an appropriate value of Hazen- Williams friction 

coefficient, individual coefficients were first calculat ed directly fiom flow/ headloss 

data, and then surnmed to find the arithmetic mean, This value was deemed to rep- 

resent the friction conditions in the pipe over the range of experimental data values 

found in Scobey.' The same procedure was used to calculate a mean friction factor 

used in the Darcy-Weisbach equation, However, to properly describe the dependency 

between the Reynolds number and friction factor when turbulent-smooth or tran- 

sitional flow conditions prevail in a pipeline, a somewhat different procedure was 

followed. First, a single data point which correlated well with the Hazen-Williams 

prediction was chosen. With this flow/headloss pair, a value of friction factor was 

calculated with the Darcy-Weisbach equation. The friction factor and an appropriate 

value of Reynolds number were then substituted into the Swamee-Jain equation to 

calculate the roughness of the pipeline, The Swamee-Jain equation is accepted to be 

an excellent approximation2 (accuracy is about f 1%) of the implicit Colebrook equa- 

tions over appropriate ranges of Reynolds number (5000 5 Re 5 108) and roughness 

(10-~ 5 e/D 5 10-~). The Galues of Reynolds number and pipe roughness calculated 

from the six data sets conform to these limits. With this fixed 'value of roughness, pre- 

dictions of headloss were f o u d  with the Darcy-Weisbach equation. In Figure 3.l(a), a 

plot of the Darcy-Weisbach mode1 is gïven and compared to both the Hazen-Williams 

model and the experimental data for a pipe lined with asbestos-cernent material, in 

Scobey.' The difference between the model estimates and the experimental data was 

also plotted in part (b) of this figure. Using experimental data, individual coefficient 

values ( Hazen-Williams and Daxy-Weisbach) were calculated wit h bot h models and 

plotted in Figures 3.1 (c) and (d) . Similar comparisons between the two kiction mod- 

els and the experimental data found in scobeyl are also included in Figures 3.2(a) 

to (f).  

Clearly, from these figures, we see that there are some discrepancies between the 

experimental data and the predictions of the two models. While this may in part be 

attribut able to experimental errors and imperfections in laboratory conditions (e-g. 



Figure 3.1: (a) Plot of friction models and experimental data from Scobey (1966); 

(b) difference between friction models and experimental data; (c )  and (d) Hazen- 

\Villiams/Darcy-Weisbach coefficients calculated directly from experimental data. 
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turbulent wakes created at inlet section, buoyancy effects, non-iiniform distribution 

of roughness elements along the pipe, etc.), it does suggest-at least anecdotally- 

that the models cannot perfectly reproduce the hydraulic conditions within the pipes 

tes ted. The discernible merences between mode1 predictions and data should corne 

as no surprise-after all, both the Hazen-Williams and Darcy-Weisbach equations 

are only convenient representations of the O t herwise complex, and largely intract able, 

turbulent phenomena in pipe systems. The complex mass, momentum, and energy 

exchanges, as weU as the Reynolds shear stresses and velocity and pressure fluctu- 

ations in a fluid are actually "smoothed" over by these relatively simple algebraic 

equations.3 The models ignore the factors of background turbulence, recent levels of 

fluid transients in a system and fiow interactions between roughness elements. In- 

stead, t hese algebraic models only track the mean-flow characteristics (time-averaged 

velocity and flow) of a Buid in a pipeline and, at best, provide a rough account of 

the integrated effects of turbulence. While the predictions of both models seem to 

be reasonable good in Figures 3.1 and 3.2, ignoring the details of turbulent flow may 

occasionally introduce significant errors into mean-flow calculations, and the overall 

hydraulic solutions which depend on those estimates3. 

A case of particular importance is when conditions in a system are unsteady, and 

changing quicldy. In fact, when hydraulic transients are introduced into a pipeline 

system, the estimates of the two steady friction rnodels-whether they are used in a 

steady state or transient model-become even more unreliable. Since neither mode1 

explicitly describes the velocity profile across the diameter of a pipe, but instead 

only report the time-averaged, mean velocity at  a pipe section, the shear stresses 

engendered by transient conditions in a system are consequently ignored. Through 

experimental studies of velocity profiles, it has been shown that the behaviour of 

unst eady velocity profiles-and by extension, transient shear stresses in a pipe-can 

diverge quite significantly Born steady state profiles.4 Brunone et aL4 have found 

that large differences in velocity gradients exist at the wall of a pipe when a system is 

under steady and transient conditions; this in fact suggests that the mechanism behind 



unsteady friction ciiffers somewhat from its steady state counterpaxt. Whatever the 

case may be, the modeller should recognize that the two friction models are mere 

simplifications of complex processes inside a pipe system, and should not presume 

that the estimates they produce will always show a high level of accuracy. 

Model selection. While there are some small differences between model predictions 

and the experimental data, for the most part, we see in Figures 3.1 and 3.2 that both 

models describe the experimental data  reasonably weli. Perhaps surprisingly, the 

predictions of the Hazen-Williams model are very similar to the predictions yielded 

by the Darcy-Weisbach model for turbulent-smooth and transitional flow conditions. 

Under this range of conditions, the Darcy-Weisbach model is sometirnes thought to be 

the more accurate model given its more rigorous accounting of flow conditions near the 

wall (viscous sublayer) through the Colebrook-White equations. The Hazen-Williams 

equation on the other hand was fomulated to give good approximations of headloss 

when flow conditions in a pipe can be  classified as turbulent-rough. However, from 

Figures 3.1 and 3.2, we haveda modicum of evidence that suggests that this distinction 

is sometimes k a t e r i a l .  

This, of course, begs the practical question: when is it appropriate to use the 

Darcy-Weisbach model, and when is it appropriate to use the Hazen-Williams model? 

To find the complete answer-or perhaps even to avoid the question completely-one 

would have to solve the full set of differential equations which describe the continuity 

and momentum conditions at a point (Navier-Stokes equations of fluid motion) over 

a finely discretized grid in all three dimensions, as well as provide a detaiied represen- 

tation of each roughness element along a pipe. Even with the fastest supercornputer 

available today, it would take an inordinate amount of time to find a full solution that 

one could compare to the two friction models in order to determine which one is most 

suitable for a specific set of conditions. Luckily, this is an issue we need not concern 

ourselves with, for, in most cases, both models will yield simiiar results which, owing 

to the relative predictability of turbulent flow at  the macroscopic level, are reasonably 

accurate for most purposes. 



Errors in mass accounting. This section deals with the mass accounting scheme 

used in the majority of steady state models equipped with extended-period capa- 

bilities. The source of error in these schemes stems largely from the assumption of 

constancy in hydraulic conditions across a time step. In a conventional extended 

period simulation, water is allowed to  accumulate in, or empty from, the reservoirs of 

a system at  a constant fiow rate, while the remainder of the system rests in a static 

state. This simple Euler approach to solve the reservoir differential equation may 

accrue some significant numerical errors in water level predictions over the course of 

a typical extended simulation. The usual presumption amongst modellers has held 

this contrived representation of system behaviour to be a close match to the slonrness 

of change some times encountered in a system operating under normal conditions. 

However, in a real system, demands are continudy changing (sometimes quickly), 

as are the water levels of resenroirs and the operating points of pumps. For these 

reasons, the numerical errors incurred by a quasi steady state program can often be 

significant and give misleading results. 

Recently, research at the' University of Toronto has been conducted to investigate 

the significance of these accounting e r r ~ r s . ~  In a study conaucted by the authors, 

an extended period simulation was performed on a system with the popular steady 

state mode1 EPANET~ and the transient mode1 ? k a n ~ A M . ~  The simulations were 

performed on the hypothetical network shown in Figure 3.3. 

This simple distribution network consists of a looped configuration of pipes and 

nodes. At node 34 of this system, a pump station with three pumps in a parallel 

arrangement is used to draw water fiom the source node Si (elev. LOO m). The system 

is also equipped with two variable-head resenroirs (RI and Rz) at nodes 33 and 43 to 

help maintain adequate pressures in the system, and to provide an emergency store of 

water to local users. Both reservoirs have a circular area of approximately 50 m' and 

are perched at  an elevation of 130 m. Water is drawn from the system at  11 locations 

(nodes 30, 31, 32, 35, 36, 37, 38, 39, 40, 41, 42). 

The extended period analysis performed on the test system consisted of varying 



Figure 3.3: Topology of the test network. 

the demands and controlling the operations of the three pumps during the course of 

a twelve-hour simulated period. The variation in system demands followed a diurnal 

cycle of highs and lows- During periods of low flows, with a single pump operating, 

the reservoirs in the system were made to fiU up. During times of large demands, 

three pumps were used to supply water to the network, while the reservoirs were used 

to maintain adequate pressures within the system- Figure 3.4 below shows the pump 

schedule and the variation in demand used in the twelve-hour simulation. 

In the first simulation, the steady state model EPANET~ was used to calculate the 

water surface elevation in both reservoirs of the system. This quasi steady state simu- 

lation is denoted by "EPANET" in Figure 3.5- The second simulation was conducted 

with the transient mode1 TransAM,? and was used to determine the full transient 

response of the test system (0.1 second tirne increments used) over the twelve hour 

period. With a Pentium II (233 MHz), the EPANET model generated the solution 
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Figure 3.4: Schedule of pumps and variation in demand over the simulated ta 

hour period. 

almost instantaneously while the TrênsAM model took roughly twelve minutes t O 

generate the full hydraulic solution in Figure 3.5. A plot which depicts the varia- 

tion of water level in the storage reservoir (RI) located at node 33 in the system as 

deterrnined by the two modelling nins is given in Figure 3.5. 

The TransAM curve clearly indicates that conditions within the system are con- 

stantly changing with time. In the plot, the predictions generated by the steady state 

model EPANET6 diverge quite significantly fiom the TransAM7 results, producing 

both a magnitude and a phase error. Both anomalies can be attributed to the fact 

that the Euler method in the EPANET~ model conducts its time "leaps" solely on 

the strength of a single set of conditions, which are taken to rernain steady or con- 

stant during the period defined by a time step. As a result, the details of change in 

a system during a time step are completely ignored by the Euler method, and so the 
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Figure 3.5: Vôriation in water elevation in tank 1: resdts of two rnodelling runs. 

accuracy of its estimates is correspondingly poor. The accuracy of extended period 

analyses performed by steady state models could significantly be improved by either 

replacing the first-order Euler method with a more sophisticated predictor-correct or 

technique or shortening the time step used. Either option wiIl reduce the routing 

errors produced by the quasi steady state mode1 EPANET. However, if conditions 

change very rapidly, as to create significant inertia and compressibility effects in a 

systern, the quasi steady state mode1 will incur errors in its routing solution regardless 

of which routing technique is used or how small the time step is made. 

To be sure, the errors outlined in the above example should be interpreted as 

anecdotal only; the magnitude of these errors may not be representative of the usual 

size of errors incurred in hydraulic modelling exercises. The magnitude of errors in 

mass accounting calculations will certainly depend on specific values of demand, pipe 

and reservoir sizes and on how quickly conditions change in a system. The point 



is, however, that this kind of error can sometimes be significant and yet is almost 

universdl y ignored. 

Other issues. The modelling assumptions concerning system demands is discussed 

next. To design a system which will render an acceptable hydraulic performance 

throughout a period of time marked by steady increases in water consumption, the 

demands in an idealized system are often set at  artscia1 values which refiect the 

anticipated increase in population, but not the actual conditions which will exist in 

the system. This approach is taken simply because the actual values of future flows 

are almost never known with certainty. Thus, the assumed values of demand used in 

the model are seldom flows one could measure in the real system- Moreover, in the 

conventional steady state model, due mainly to the imperfection of these demographic 

estimations and the simplicity of the resulting numerical model, the demands in a 

system are often assumed to remain unchanged over time, and to be independent of 

pressure.8 Of course, the situation is different when one is analyzing a real system, 

since demands are continuously changing with time (both in the short and long viem 

of things), and often depend (sometimes strongly) on the local pressure conditions 

nrithin the system (e.g., sprinklers, domestic water devices, leaks, discharge from a 

hydrant, etc.). Certainly the assumptions made about demands in an idealized system 

often have an influence on the overaU accuracy of the hydraulic solution. 

Another issue of concern is how the conventional solvers represent the behaviour 

of devices in a system. Most popular solvers have control algorithms which Vary the 

settings of pumps and valves during the course of dynamic or extended period simu- 

lation. In these programs, a hydraulic device (e-g., pump, pipe, control or modulating 

valve) is assumed to change its hydraulic settings instantaneously, and in the absence 

of any perturbations to the system. In a real system however, unsteadiness is created 

whenever the hydraulic conditions at  its boundaries are changed. While the results 

£rom such analyses may be perfectly acceptable when assessing the overall emergency 

response of a system, and devising general guidelines to control the system under 

these conditions 9, they may give misleading information when used in more sophisti- 



cated analyses (e-g., opthization, water quality, comprehensive system control, etc.) 

Unfortunately, many steady state solvers with these control structures are being used 

to performed "advanced" analyses in which the actual behaviour of the system may 

be grossly misrepresented. More and more, practitioners are couplïng steady state 

solvers which incorporate some of these logical control structures with SCADA (Su- 

pervisory Control and Data Acquisition) systems to "optimize" the performance of 

systems, as well as to inform the decisions pertaining to their day-to-day operations. 

Because no account of dynakc  conditions is typicdy made in these solvers, the con- 

trol strategies and actions they recomrnend to the system ope;ator(s) may worsen the 

performance of the system, instead of improving ite8 

Assumed steady state or equilibrium conditions 

In steady state modelling, the primary assumptions of equilibrium and steady state in 

a system often distort the original hydraulic problem, and in many cases represent a 

convenient fiction. The principal argument supporting such an idealization has b e n  

that hydraulic conditions at the boundaries of a system often change very slowly with 

tirne. However, if a sensitive pressure probe is connected a t  Wtually any node of a 

system, and readings from that probe are taken at almost any time of day, steady 

pressures will not be recorded. Instead, one will observe a long record of short- 

lived fluctuations in pressures and flows, as the system continually adjusts itself in 

a "herky-jerky" manner to the changing requirements of the users. Therefore, the 

steady state representation of most modem distribution systems is apt to lead to 

errors (sometimes quite large) in the hydraulic solution obtained. 

This raises an  important issue about the behaviour of most modern systems. The 

once-simple distribution systems fed by perched reservoirs and short, large, pipes have 

been replaced with automatized and highly complex systems, whose behaviour often 

exhibit a dynamic characterlO. These complicated networks usually comprise long, 

Iarge pipes which often carry large flows, and significant amounts of momentum- TO 



control the pressures and fiows in d.ifFerent zones of a system, an intricate system of 

pumps and valves (both control and modulating) is fiequently used and operated. In 

fact, in most cases, these devices are continuously changing the hydraulic conditions a t  

the boundaries of a system, even when it is operating under "normal" circumstances. 

Inevitably, with activity constantly afoot in a systern, conditions will seldom be in a 

static state, 

There are many examples of day-to-day sources of unsteadiness in a system. Per- 

haps the most common, significant source of transients in modem distribution systems 

is the routine stopping and starting of pumps. The hequent start-up and shut-down 

of pumps during the course of a typical service day often creates transient effects in 

these systems which can degrade their performance. The regular opening and closing 

of control valves in a system is another good example of a fairly banal exercise which 

routinely introduces unsteadiness in a modern system. When a valve is opened or 

closed (either slowly or quickly), pressure waves travel in upstream and downstream 

directions to "tell" the rest of the  systern of the new hydraulic conditions established 

at the valve. This hydraulic "comm~nication~~ between components of a system is 

commonly the source of unsteady flows and pressures in a system. Notwithstand- 

ing these commonplace transient occurrences, mishaps such as pump failures, sudden 

valve closures, or pipe breaks are added sources of unsteadiness that, in some in- 

stances, can have devastating consequences. While thïs is obviously an abridged list 

of possible sources, it nevertheless shows the important role of unsteady conditions 

in most modern distribution systems. 

Errors in measurernent and calibration 

The deart h of information collected in calibration studies, and the arbitrary practices 

adopted to calibrate steady state models, can introduce significant errors in a model's 

input parameters. In calibration work, the usual approach is to bring the system to 

a steady state, and to take measurements of Aow and pressure at select hydrants in 



the system. Then, these measurements are used to calibrate a steady state model 

by varying the fnction coefficients of pipes-typically for groups of pipes assumed to 

have the same friction factor (only rareIy is demand varied) . The steady state model 

is adjusted until the model inputs correlate weU with the values obtained in the field. 

Mat hematically, the problem is underdetermined; t here are fewer equations t han 

unknowns, and the "answer2' is not unique. Since, in most cases, there exists a large 

number of permutations of kiction factors/demands which can closely reproduce the 

typically small record of steady state flow/headIoss field O bsqvations, there is often 

no way to determine the "correctn or "real" permutation which a c t u d y  describes the 

system. As a result, the calibrated friction factors and demands obtained from most 

calibration studies invariably contain errors and may introduce s i gdcan t  inaccuracies 

in the hydraulic solution. 

To circumvent this problem, field data may be collected over a length of time 

(ranging from a few hours to a few days) and over a range of operating conditions 

in the system- The friction coefficients of pipes-and sometimes demands-are t hen 

varied through a succession of trial-and-error efforts until the results of an extended 

simulation match closely the set of headloss/flow data (or trace of reservoir levels) 

recorded in the field. There are two important problems with this approach- First, 

even if the apportioned demands in the system and the hydraulic conditions of its 

pumps and valves were perfectly known at  each extended step, the errors incurred 

through the mass accounting performed in the simulation would distort the actual 

distribution of flows in the system. By matching the field data (measured headloss, 

pressure and flows) to the "erroneous" headlosses, pressures and flows predicted by 

the model, the calibrated friction coefficients are likely to contain errors. The second 

problem relates to the amount of information needed to conduct such calibration 

experiments. While taking a finite number of measurements of headloss/flow in the 

system at various instances in time rnay help us narrow the possible range of friction 

coefficients in certain groups of pipes in a system, this limited data cannot, and should 

not, be expected to yield a unique solution of pipe friction coefficients. In fact, to 



get a unique solution of friction coefficients, the precise magnitude and distribution 

of demand in a system would have to be known at  each t h e  step of the extended 

solution used in the calibration exercise. In trying to match the measured data to the 

results of an extended period simulation, the analyst may turn an already difEicdt 

problem into an utterly intractable one. 

Another important pro blem is distinguishing between pipe roughness and t uber- 

culation effects when calibrating a system. Simply put: is the recorded friction loss 

due to a change in wall resistance, diameter, or some combination of these effects? 

Uncovering this distinction in a calibration study is complicated by the generic nature 

of steady state conditions in a system, and the scarcity of information extracted from 

these studies. In Zooped systems the challenge is even greater because t heir high level 

of interelatedness makes it diflicult to extract the individual behaviour of components 

from their overall response.~' In most cases, an attempt is made to circumvent this 

problem by holding the diameter of pipes constant at their n~mina l  values and vary- 

ing only their friction factor, until the simulated data corresponds reasonably well to 

the measured data. Lumping the total effects of headloss in the friction coefficient 

distorts the actual problem, and often will accrue errors in the hydraulic solution. 

The nature and magnitude of these errors are elucidated here in analytical expres- 

sions t hat describe the hydraulic conditions in a single pipe connected to an upstream 

and downstream reservoir. 

To determine the friction coefficient of pipes in a system, headloss and flow mea- 

surements are usually taken at  various locations in a distribution system- In the 

small example given here, values of headloss and flow are measured in a pipe that is 

connected to an upstream and downstream resenroir. The calibrated value of resis- 

tance in a pipe Cl is found by entering rneasured values of headloss and flow into the 

Hazen-Williams equation, while 

value Dl. That is, 

where the variables Dl, Q 1 , and 

holding the diameter of the pipe fixed at its nominal 

Hl denote the nominal diameter, measured Aow and 



measured headloss, respectively. The length of the pipe L is assumed to be perfectl y 

known. The coefficients have values a! = 0.54 and P = 2-63, respectively, and the unZt 

coefficient is Cu = 0.314 for English (ES)  units and Cu = 0.278 for metric (SI) units.  

Many old pipes in distribution systems have their diameters reduced as time wears 

on, in large part because sediments and chemicals are deposited along their walls, 

and bacterial growth and tuberculation set in. To investigate the effects of a reduced 

diameter on the flow in o u .  simple system, the Hazen-Williams equation is used t o 

relate a difference of flows to a difference of diameters. 

In this equation, the term s is a sign operator which has a value of 1 for flows with a 

positive direction and a value of -1 for reverse flows. The calibrated value of frictiox 

coefficient Cl is held constant so that the dserence in flow is caused only by varyins 

the diameter fiom its nominal value Dl to its real or field value D2. Absolute values 

are used in these expressions to emphasize the difference between quantities. 

With this 

and C2 which 

result is 

result, we can calculate the difference between friction coefficients Ci 

produces the calculated difference in flow Q - Q 2 in Equation 3.2. The 

The difference between resistance coefficients calculated in Equation 3.3 is the type  

of error that arises in a hydraulic solution when a system is calibrated for changes iri 

roughness C when diameter D varies. More specifically, it is a measure of the erro r 

incurred when lumping the effects of roughness and a reduced diameter into a single 

resistance parameter Cl while holding the pipe diameter at its nominal value Dl-  

Calibration errors are deemed important insofar as they produce errors in hy- 

draulic and water quality parameters that directly depend on them, such as velocity, 

residence time, and bulk reaction coefficient, etc. In our case, if we know the d i 5  

ference that exists between the calibrated and real values of friction coefficients CI 

and C2, ive can determine the difference or uncertainty associated with the hydraulic 



parameters of velocity, residence time, and bullc reaction coefficient. For example, the 

velocity difference associated with the difference Cl - C2 calculated in Equation 3.3 

above, is determined with 

The term Al here denotes the cross-sectional area of a pipe with a nominal diameter 

measuring Dl. Using this velocity difference, we can calculate the sensitivity of a 

bulk reaction coefficient for a single pipe with 

C ( x ,  t + At) IV, - hl 
IKl - K2I = 1 ln 

C ( x  - L, t)  1 
The term C ( x  

stream section 

- L, t) denotes the rneasured concentration of a constituent a t  an up- 

of a pipe a t  time t. The term C ( x ,  t+At) designates the concentration 

of the constituent after some time At, once it has been advected a distance V A t  = L 

hom the upstream section- 'The difference between both terms depends on the rate 

at which the constituent decays-or is produced-and is advected across the pipe. 

We see clearly that errors in calïbrated values of pipe roughness can engender 

other errors (sometimes significant ones) in hydraulic and water quality parameters 

such as velocity, water age, bulk reaction coefficient, concentration, etc. Indeed, the 

arbitrary approach of holding one parameter constant (usually the diameter) while 

varying the ot her (roughness coefficient) will almost certainly distort the original hy- 

draulic problem. More importantly, the errors incurred in the hydraulic solution can 

propagate to ot her cdculations (e-g., water quality solution) which depend directly 

on that hydraulic solution. While hydraulic errors of this sort may be tolerable in a 

"first-cut" hydraulic analysis, they may produce results that are Rrildly misleading in 

more detailed investigations, such as water quality studies. 

A cornmon problem in calibration is the great uncertainty associated with field 

measurements. In most steady state calibration studies, the water distribution system 

is brought to a "steady state" before field measurements are taken (verified either 

manuaily or with a SCADA system). However, since users are continually changing 

their water requirements, pumps are changing their operating points, and reservoirs 



are filling and emptying, the state of the system is seldom truly steady.12 In most 

cases, whatever measurements of pressure and flow are gathered in the field will 

relate to a system that is in a state of change. Even if the settings of pumps, valves' 

and demands are held fixed in the system, the hydrant flow tests are bound to induce 

hydraulic transients and give nse to unsteady conditions in the system. The transients 

created during hydrant testing may even produce errors in the measured values of 

pressure and flow. In additlion to this, field rneasurements presumed to correspond 

to "steady" conditions sometimes produce misleading information. Take for example 

the measurement of headloss across the length of a new pipe connected to a much 

older one having a large friction factor. As the fluid passes from the old pipe to the 

newer one, the turbulence created by the roughness elements in the old pipe will be 

attenuated o d y  at some point located downstrearn of the junction. Unfortunately, 

without any knowledge of the disparity in roughness between the two pipes, the 

analyst or engineer will likely be led to believe that the friction factor in the new 

pipe is large, when r e d y  it could be much smaller. A partially closed valve may 

produce similar errors. Indeed, such valves often produce large losses which may be 

incorrectly attributed to roughness conditions inside the pipe. 

The inability to properly measure and apportion water consumption in a systern is 

also a persistent problem when calibrating systems. In large systems, water consump- 

tion is usually found by taking the difference between the average pumping rate at 

the pump station(s) and the average idow/outflow rate of the reservoirs. Since the 

temporal (short term) and spatial distributions of demand in the system are generally 

not known, the calculated bulk demand is usually apportioned throughout the system 

in accordance wit h available s t  atistical water-consumption data. However, since the 

hydraulic response of a real system (Aow and pressure distributions) directly depends 

on both the absolute magnitude and distribution (both in time and space) of water 

consumption, the statistically-averaged results are apt to diverge from field values. 

As a result, the friction coefficients of pipes are likely to be calibrated incorrectly with 

a mode1 that predicts erroneous distributions of flows and pressures in a system. 



In some cases, calibration problems are attributable to excessive skeletonization of 

a system and poor record-keeping. Sornetimes, the headloss/flow field data will seern 

t O diverge from the corresponding model predictions simply because the comput er 

model (steady state, surge, or transient) has been overly simplified. This situation 

&ses when a significant number of pipes are cut out of the hydraulic analysis, while 

the to td  demand measured in the system-often with a SCADA system-is retained 

and used in the model. The corresponding reduction in hydraulic capacity often 

engenders substantive losses in the idealized system (computer model) , and causes the 

pressures in the modeIled system to dip well below those measured in the field.I3 Using 

this model to find the friction coefficients of pipes in the system is likeIy to produce 

errors in the calibrated values. Another source of error in calibration often stems from 

poor record-keeping. For example, if key elements like pressure-reducing valves (PRV) 

or pipe connections between contiguous pressure zones are, for whatever reasons, 

excluded from the analysis (Le., hydraulic elements not markid on system maps) the 

hydraulic behaviour of the modelled system will likely be radically different from that 

of the real system.13 Again, using such a model to calibrate hiction coefficients is 

Iikely to produce errors in the calibrated solution. 

Conclusion 

This paper seeks to broaden the usual context in which decisions about the Hazen- 

Williams and D arcy- Weisbach steady s tate friction models are regulady being made 

in practice. Despite the obvious importance of choosing an appropriate friction model, 

it is incumbent on the modeller or engineer to consider the great multitude of other 

factors which might corne to bear on the accuracy of the hydraulic solution. In 

this paper, many common sources of errors/uncertainties in hydraulic modelling are 

discussed. More specifically, several important limitations of current modelling and 

calibration practices are discussed. These arguments served to reinforce the con- 

tention that the accuracy of the friction model used in the hydraulic solution is only 

a relative concern when one considers (seriously) the array of other factors which 



introduce significant errors and uncertainty in the hydraulic solution. 

Appendix A 

The 

and 

int O 

The 

uncertainty analysis presented above is repeated here with the Darcy-Weisbach 

S wamee- ~ a i n ~  expressions. B y entering our measurements of headloss and flow 

the Darcy- Weisbach equation, we can easily calculate the fiict ion factor wit h 

values D I ,  QI, Hl, designate nominal diarneter, measured flow and measured 

headloss, respectively- The length of the pipe L and the gravitational acceleration g 

are constants in the equation. Using the Swamee-~ain~ expression, we can determine 

the calibrated value of absolute roughness which corresponds to the value of friction 

factor found with 

The variable el in Equation 3.7 is the calibrated value of absolute roughness which 

corresponds to the calibrated friction factor fi- Also, the terms p and ,u designate 

the density and dynamic viscosity of the fluid in the pipe. 

To determine how a change in diameter effects the flow in the pipe, the diameter 

of the pipe, which figures in both the Darcy-Weisbach and Swamee-Jain equations,? 

is varied from its nominal value Dl to its real or field value D2- This step is presented 

in Equation 3-9 below. 

The value of diameter D2 in this general expression corresponds to the calculated 

flow of Q2. The relationship between pipe diarneter and flow is made clearer by 



subst ituting the Swamee- Jain expression2 into t his general expression to produce 

Once the value of diameter D2 is chosen and entered into this convoluted equation, the 

value of flow Q2 can be found with a suitable iterative scheme (e-g., Newton's Methodl 

Secant Method, Successive Substitution Method, etc.) The calculated dserence in 

flows Q1 - Q2 is then equated to a Darcy-Weisbach difference expression in which the 

value of absolute roughness is varied Tom its calibrated value el to its real or actual 

value es- In this way, an equivalent uncertainty in pipe absolute roughness el - e3 is 

To better appreciate the relationship between flow and absolute roughness, the Swamee- 

Jain2 equation is substituted in this expression to give: 

In this last equation, the variable Q2 figures as a known value. The values D l ,  

Q 1, and NI denote the nominal pipe diameter, the measured flow and the measured 

headloss across the pipe. The value of absolute roughness e2 which corresponds to the 

calculated flow Q2 is determined with one of the iterative schemes mentioned above. 

Once the value of this term is found, the difference between values of pipe roughness 

el - e2 is easily calculated. This difference can be thought of as a measure of the 



error incurred when the pipe diameter is held constant at its nomind value Dl and 

the total loss effects in a pipe are lumped into a single roughness parameter el. 

Following the steps outlined above, the uncertainty in velocity which parallels the 

uncertainty in absolute roughness el - e2 is again calculated with Equation 3.4 in 

which the term Al denotes the cross-sectional area of a pipe with a nominal diameter 

Dl. As before, the error associated with the calibrated bulk reaction coefficient can 

be determined with Equation 3.5- 

References 

1- Scobey, F.C. (1966). "The Flow of Water in Commercially Smooth Pipes: 

htroducing a General Formula", Water Resources Center Archives, University 

of California, California, US. 

2. Swamee, P.K., Jain, A.K. (1976) "Explicit Equations for Pipe-Flow Problems" 

Journal of the Hydradics  Diuision, ASCE, 102(5), 657-664. 

3. Karney, B.W. (1999a) "Hydraulics of Pressurized Flow" In: Hydraulic Design 

Handbook: Ed. Mays, L.W., McGraw-Hill, New York, New York. 

4. Brunone, B., Karney, B.W., Ferrante, M. (1999) "Velacity Profiles, Unsteady 

Friction Losses and Transient Modelling." 2eh annual Water Resources Plan- 

ning and Management Conference, ASCE, Tempe, Arizona. 

5. Filion, Y.R., Karney, B. W. (2000) "Conducting Extended Period Analysis with 

a Transient Model" , 8th International Conference o n  Pressure Surges, The 

Hague, The Netherlands, April, 2000. 

6 -  Rossman, L. A. (1993) "EPANET User's Manual" United States Environmental 

Protection Agency, Ohio, US. 

7. McInnis, D.A.: Karney, B. W., Axworthy, D .H. (1998) "TransAM Reference 

b1 anual" Hydra Tek A ssociates, Ontario, Canada. 



8. Karney, B.W- (1999b) "Water Hammer in Dist~bution Networks." Water 

Industry Systems: modelling and optimization applications, Research Studies 

Press Ltd., Vol. 1, 33-38. 

9- Orr, C., Boulos, P.F., Stern, C.T., Liu, P.E. (1999) "Developing Real-Time 

Models of Water Distribution Systems." Water Industry Systems: modelling 

and op timzzatzon applications, Research S tudies Press Ltd., Vol. 1, 175-185. 

10. Karney, B.W., McInnis, D., Jacobs, P. (1994) "Comprehensive Hydraulic Anal- 

ysis of Water Distribution Systems" , 2nd rnternational Conference on Water 

Pipeline Systems, Edinburgh, Scotland, UK, May 1994- 

11. Tang, K., Karney, B.W., Pendlebury, M., Zhang, F. (1999) "Inverse Transient 

Calibration of Water Distribution Systems Using Genetic Algorithms." Water 

Industry Systems: modelling and optimization applications, Research S tudies 

Press Ltd., Vol- 1, 317-326. 

12. Walski, T.M. (1983) "Technique for Calibrating Network Models" Journal of 

Water Resources Planning and Management, ASCE, 109(4), 360-372. 

13. Walski, T.M. (1990) "Sherlock Holmes Meets Hardy-Cross or Mode1 Calibration 

in Austin, Texas" Journal of Arnerican Water Works Association, A W A ,  

82(3), 34-38. 



Chapter 4 

Extended Period Analysis 

4.1 Overview 

In this chapter, extended period analysis and the errors commonly associated with this 

sort of analysis are investigated- The chapter begins with a cursory literature review 

of the developments in extended period modelling. Then, the fundamental concepts of 

extended period analysis first explained in Chapter 2 are revisited briefly. After this, 

the discussion turns to errors which frequentiy mise in conventional extended period 

analysis. How these errors are produced in a typical simulation is demonstrated in an 

example. The hypothetical scenario explores how shortening (or lengthening) a time 

step, or including a corrector technique, will improve (or degrade) the accuracy of a 

hydraulic solution. The chapter concludes by discussing the relevance of hydraulic 

errors in the wider engineering context, and when and why one should care about the 

accuracy of a hydraulic solution. 



4.2 Research Developments in Extended Period 

Modelling 

Rao and Bree (1977) are widely credited to be the h s t  researchers to suggest a for- 

mal extended penod procedure. In their seminal paper, they linked a series of steady 

state solutions through a predictor-corrector scheme (modsed Euler method) which 

integrates the differentid equation of reservoir accumulation/depletion across each 

extended time step, To calculate the net amount of fluid entering or leaving the reser- 

voirs, Rao and Bree used a correction scheme to apportion evenly between reservoirs 

the residual errors incurred in t heir approximation of fluid accumulation/deplet ion in 

the system. At each time step, these calculations were repeated until the difference 

between the predictor and corrector estimates fell below a specified tolerance limit. 

Bhave (1988) later proposed a similar extended period model. In his paper, he 

outlined a way to incorporate the integrated form of the reservoir continuity equation 

directly into the set of non-linear static equations. Bhave (1988) went on to show how 

these equations could be solved with the linearization techniques available at the time 

(e-g., Newton-Raphson procedure, linear theory method, etc.) to determine the Bows 

and pressures in the system. To calculate the water surface elevation in a reservoir at 

each time step, he simply substituted the value of flow in a reservoir obtained from 

the solution of equations into the integrated continuity expression which describes 

the storage accumulat ion/depletion in a reservoir. 

Interestingly, these two early techniques are relatively cornplex compared to the 

solution procedure described in the previous section and used in most quasi steady 

state models. In currently popular models, the water surface elevations in the reser- 

voirs of a system are typically calculated at each step with a simple first-order Euler 

technique for integrating the differential equation of mass conservation. That is, the 

flows in the reservoirs obtained from the solution of the steady state equations are 

used to extrapolate the water surface elevation to the next extended time step. A 

rendering of the long-term performance of the system is obtained by repeating these 



steps over each extended time step of the simulation- 

4.3 Extended Period Simulat non 

As mentioned in Chapter 2, an extended period simudation wiil ofien be used to track 

the many changes in a system as it moves from o n e  state to the next. This sort of 

analysis follows the evolution of pressure and flow conditions in a system over an 

extended period of time. At each step, the network is "hydraulically balanced by 

solving the fundamental equations of steady state fSow which describe continuity at 

the nodes, and uniqueness of head around the loops;, of a system. With estimates of 

steady flow, the water levels in the reservoirs of a nettwork are updated by means of a 

continuity equation which links the flow a t  the inlet *of a reservoir to the fluid volume 

accumulated in it during the time penod deiineated by a single step. With the help 

of t his hydraulic-stepping routine, the analyst can start  to understand the dynamic 

character of a distribution system as conditions witihin it evoive in time, and as it is 

subjected to different extergal actions (e-g., changes in pump-speed, valve openings 

and closures, variations in demand, changes in waten level, et?.) 

4.4 Mass- Account ing Errors 

Despite their wide use in design, rehabilitation, assessrnent and optimization studies, 

most extended period simulators have dif£iculty tracking accurately the wat er levels 

in reservoirs of a system. This inaccuracy finds itts roots in the hydraulic model 

and the mass-accounting method used in most simdators. In fact, the errors can be 

attributed to three principal causes: 

1. The steady AOWS obtained fÎom the hydraulic st.-eady state model and used in the 

mass-accounting technique-usually an Euler-type method-relate a singular 

set of conditions which seldom characterizes tIhe behaviour of a system across 

the current extended time step. 



2, The value of steady flow to a reservoir used in the mass-accounting method 

pertains to a set of hydraulic conditions taken to occur at a single instant in 

time-as opposed to a time-averaged flow taken to describe conditions over a 

fixed period of time. 

3- The instantaneous value of flow taken Tom a steady state solver quickly becomes 

"outdated" if conditions in a system change quickly, or if the tirne step in a 

simulation is made too long. 

The first item is perhaps the most important. Since there is usually a high level 

of activity in a system, using steady state values of flow in the extrapolation step is 

likely to  misrepresent the unsteady nature of the flow at theainlet of a reservoir and 

introduce inaccuracies in estimates of water level. In fact , hydraulic conditions in 

most distribution systems are continuously being changed to meet the needs of water 

users, and therefore boundary, inertia and even compressibility effects can exert a 

marked influence on the bearing of a system. That is, flows to a reservoir can be 

iduenced by: hydraulic changes a t  the boundaries of a system (e-g., pump-speed 

change, variation in demand, valve opening and closure, etc.); the acceleration or 

deceleration of fluid in the connector pipeline; and the compression or expansion 

of the pipe/fluid system caused by transient pressure waves. Unfortunately, these 

p hysical mechanisms of unsteadiness cannot be modelled properly wit h the steady 

state equations of Aow and pressure, and so the estimates of water level calculated 

with a conventional extended period simulator-which incidentally rnakes use of a 

steady state solver-are prone to have errors in thern. 

The second and third items are somewhat related and can both influence the 

accuracy of an extended hydraulic solution. Indeed, given that instantaneous flows 

are calculated and used to track the water level of a reservoir in a system whose 

conditions are in a continual state of change, it is no wonder that errors often accrue 

in extended hydraulic simulations. For one, these instantaneous flows give no dues 

on the short- to long-term behaviour of a system, and can misguide the extrapolation 



step-causing it to produce errors in its water level estimates. This is why a mass- 

accounting scheme which extrapolates water levels on the strength of instantaneous 

flows nzill often be innacurate. The magnitude of such accounting errors can increase 

if the time step is lengthened or if conditions in a system are made to change quickly. 

This brïngs us to the third point. By accelerating the rate of hydraulic change in a 

system, or by lengthening the time step, the instantaneous values of flow become "old 

or "outdated" more quickly and fail to represent the changing hydraulic conditions 

and interactions in a system during the time defined by a single time step. So the 

"old7' information on flow leads the mas-accounting method to introduce errors in 

its extrapolation of water levels. 

4.5 Mass- Account ing Errors: Example 

The following example elucidates the nature and magnitude of the mas-accounting 

errors just discussed. In this example, extended period 

by coupling the steady state model EPANET (Rossman, 

accounting schemes. AU the simulations are compared 

ated with the transient model TransAM (Mchais et al., 

simulations are performed 

1993) with different mass- 

to the full solution gener- 

1998). Since the transient 

model has both a hydraulic simulator capable of modelling the gamut of hydraulic 

conditions-ranging from steady st ate to waterhammer-and an  accurate reservoir 

routing algorithm, its hydraulic solution is assumed to accurately represent the be- 

haviour of the test system in the example. 

In this example, extended period simulations are performed on a looped network 

(hypothetical) which delivers water to a small community. The pump station in the 

system houses three pumps which are arranged in a parailel configuration, and which 

draw water from an external water supply (elev. 100 m) denoted by S in Figure 4. la. 

Water is drawn from the system at eleven points (nodes 30, 31, 32, 35, 36, 37: 38, 

39, 40, 41, 42) a t  the rate of 350 L/s. The system has two storage reservoirs located 

a t  nodes 33 and 43 which are denoted by R1 and R2 in Figure 4.la. Both reservoirs 



have a circular area of approximately 50 m2 and are perched a t  an  elevation of 130 m. 

In each extended period simulation, the settings of demands and pumps are varied 

during a sirnulated twelve-hour period, More specifically, the demands in the system 

are made to follow a diunial-like cycle of highs and lows, represented by the bars in 

Figure 4.lb. The dotted line in this figure relates the number of pumps operating 

at any given time. From the figure we see that during the low-flow periods, a single 

pump is operated in the system while, during the high-flow periods, all three pumps 

are operated. 

In all, five extended period simulations were performed on the test system. The re- 

sults from these simulations are depicted in Figures 4. l c  and d. The solid line labeled 

"TransAM (a=1000 m/s)" in the figures is the full hydraulic solution generated with 

the transient model TransAM. In this simulation, the full equations of flow are solved 

over a hydraulic time step of 0.1 seconds. Even though estimates of water level were 

calculated at each t h e  step, only the water levels spaced at 20-minute intervals are 

shown in the transient plot. The plot labeled "EPANET/MEM (1-hr)" in Figure 4 . k  

is the hydraulic solution generated with the EPANET model and the modified Eu- 

ler method, using a n  extended time step of one hour. And finally, the dotted lines 

labeled "EPANET/Euler (1-hr)" , "EPANET/Euler (30-min)" and "EPANET/Euler 

(15-min)" in Figure 4.ld are the hydraulic solutions generated with the EPANET 

model-which incidentally uses a simple Euler scheme-and t ime st eps lasting one 

hour, thirty minutes and fifteen minutes, respectively. 

If no t hing else, the  plot of the full hydraulic solution makes it clear t hat conditions- 

flows in particular-in the test system are constantly changing, and changing rela- 

tively quickly, during the course of the twelve-hour simulated period. With pumps 

coming on and off line, reservoirs periodically filling and draining, and demands con- 

tinuously changing, t h e  conditions in the system are almost always unsteady. The 

small differences between the plots labeled "Trans AM (a= 1000 m/s)" and "TransAM 

(a=200 m/s)" (wave celerity reduced to a fifth of original value) indicates that inertia 

and compressibility interactions in the system are negligible. In fact, this raises an 



Figure 4.1: (a) Test system; (b) variation of demands and pump operations; (c) 

tracking variation in water ievels in reservoir RI by collecting additional flow data; 

(d) tracking variation in water levels in reservoir R1 by shortening the time step. 



interest ing point : whenever compressibility effects are known to be small, the wat-e 

celerity can be reduced-sometimes signScantly-to expedite the transient simula- 

tions and accelerate the time-stepping procedure. 

The plot which depicts the rnodified Euler solution makes it  clear that collecting 

information on flows a t  different points during a time step can improve the accuracy 

of a solution. We see in Figure 4. l c  that the EPANET/modified Euler solution follows 

the true solution more closely than does the EPANET/Euler solution; the absolute 

error and the phase shift are smaller in the modified Euler solution than they are 

in the Euler solution. Unlike the Euler method which ignores the changes in flow 

conditions across a time step, the modified Euler method extrapolates water levels 

with steady state flows collected at the start of a time step and corrects these with 

the predicted values observed at  the end of a t h e  step. In effect, with these two 

values of flow, the modified Euler method calculates a time-averaged flow (solution 

to second problem enumerated above) to  gauge how flow conditions change across a 

time step, and thus renders a more accurate routing solution. To further irnprove the 

accuracy of a solution, one can shorten the time step across which steady state flows 

are collected and water levels are extrapolated. 

The plots of the Euler solutions in Figure 4,ld ais0 show how one can improve 

the accuracy of the solution by reducing the time step from one hour to fifteen min- 

u tes. Clearly, the plots labeled "EPANET/Euler (30-min)" and "EPANET/Euler 

(15-min)" follow the transient solution much more closely than does the Euler so- 

lution generated with a l-hour time step; generdy speaking, these two curves have 

smaller errors and tend to be more in phase with the true solution. As the time 

step is shortened, the steady flow used to extrapolate water levels better represents 

the changing flow conditions across that time step. In this sense, the flow informa- 

tion becomes less "dated" and more cccurrent" (solution to third point above). So. 

with a better estimate of changing flow conditions in a reservoir at  each step, one 

can improve the accuracy of the hydraulic solution. Proof positive of this is seen 

in Figure 4.ld, where shrinking the time step effectively forces the Euler solution 



to converge onto the full transient solution. Barring any siopifkant compressibility 

(srnall here) or inertial effects in the system, the simple Euler solution can be made to 

converge onto the transient solution by solving the steady state equations of flow over 

a very s m d  time step. Doing this can sometimes effectively mimic the full transient 

flow equations by piecing together a series of steady state "snapshots" of the system 

over very s m d  intervals of time- 

4.6 Errors: Engineering Context 

It is clear from this last example that mas-accounting errors can sometimes be sig- 

nificant, The real question though is so what? When should we be concerned about 

this sort of error? When can we ignore these errors and continue on with o u  analy- 

sis? The issue essentially distills down to this: mas-accounting errors are important 

insofar as they complicate or convolute the routing accuracy of quasi steady state 

models, and, in doing so, engender other errors in the hydraulic estimates generated 

by these models (e-g., estimates of pressure and flow). One perhaps can start to 

answer some of these questions by transposing the difficulties mentioned above to the 

broad applications of hydraulic modelling. The goal here is not to give an exhaustive 

list of guidelines to follow but rather to offer an apercu of things to consider when 

faced with a modelling problem. 

As a first point, mass-accounting errors can influence the design and rehabilitation 

of a system to varying degrees. Obviously, this type of error finds little relevance in 

a first-cut anaiysis designed to flush out major problems (e-g., high/low pressures 

and velocities, cavitation, etc.) in a system. However, in the later stages of a study. 

mass-accounting errors can lead to inefficiencies in the design of storage, the sizing of 

pipes and the timing of pumps. With inaccurate information on the hydraulic state 

of a system (i-e., reservoir levels, pressure and flow distribution in the system), it 

may be difficult to use a hydraulic mode1 effectively in the ~ed- t ime  feedback and 

control of systems. The problems in optimization and calibration studies are similar. 



In optimlzation work, the inaccuracies of a hydraulic solution may muddle the costs 

associated with the short- to long-term performance of a s y s t e m p o  tentially leading 

to a sub-optimal design. With calibration, errors in a solution effectively complicate 

the task of computing relatively accurate values of friction coefficient. 

As a counterpoint to the above points, one could argue that uncertainties in 

system data and the steady state representation of hydraufic conditions in the quasi 

steady model can have a much more important influence on the results of a hydraulic 

modelling exercise- Take for exarnple the friction coefficients of pipes and water 

demands in a 

influence over 

system. In a modelling exercise, these parameters 

the simulated behaviour of a systern, but in practice 

bear a significant 

are seldom known 

exactly for reasons which were explained in Chapter 3. As a result of this uncertainty, 

the hydraulic estimates of a quasi steady state model. can misinforrn the predictions 

yielded by feedback/control, calibration and op timization models-leading to poor 

advice on the proper control of a system, erroneous friction coefficients and a sub- 

optimum design, to give specific examples. The assumption of steady state presents 

another problem. The fact that a quasi steady state model ignores the dynamic 

interactions in a system places limits on the applicability of the models mentioned 

above. When designing or optimizing a system, making a rational decision concerning 

the thickness of pipes in a system is impossible without proper information on the 

pressure surges which can arise in a system. 

4.7 Summary 

This chapter explored the mas-accounting errors associated with conventional ex- 

tended period analysis. Discussed first were the broad modeIling issues tied to ex- 

tended period analysis. After this, the root causes of mass-accounting errors were in- 

vestigated. A hypothesis concerning the causes of mas-accounting errors was posited 

and supported by rneans of a concrete exarnple. In the example, extended solutions 

generated with a steady state model and various Euler- type schemes were compared t O 



a full transient solution. The results strongly suggest that the accuracy of the Euler- 

type solution improves when the time step is shortened and additional information 

on flow is collected during a time step. To highlight their practical significance, mass- 

accounting errors were then discussed in the broad context of engineering design and 

analysis. 



Chapter 5 

Extended Dynamic Mode1 

5.1 Overview 

This chapter outlines the theoretical basis of the new extended dynarnic model. The 

method's two components, a component-control algorithm and a time-stepping tech- 

nique are presented in detail. The chapter ends with a physical interpretation of the 

the-stepping procedures. The results frorn the test examples performed with the 

t ime-st epping techniques are presented in Chapter 6. 

5.2 Introduction 

It was contended in Chapter 2 that a typical water distribution system e l 1  see innu- 

merable hydraulic changes during a normal day of operation. The dynarnic character 

of most systems is attributed to the external hydraulic actions which create unsteady 

conditions within them. In this chapter, a hydraulic transient modei is coupled with a 

mass-accounting routine to track the steady and unsteady conditions which regularly 

arise in a system, over an extended time period. The new approach consists of analyz- 

ing the system with a transient model over short time segments a t  the start and end of 

an extended time step, and then advancing the hydraulic solution by calculating the 



amount of water which has flowed h t o  or out of a reservoir during a single extended 

time step. With an efficient tirne-suepping routine, one cane quickly run through a 

long period of simulated time and gaither a substantive amount of information on the 

steady and unsteady behaviour of a ; system. 

5.3 Extended Dynarnic Mode1 

The transient extended period method is explained in two stages: first, the overall 

procedure behind the transient method is described; then, the mass-accounting rou- 

tines used in the method are presemted. The component-control algorithm used in 

the method is described in Appendix A. 

5.3.1 General Procedure. 

The procedure which underlies the new transient approach is butlined here. The sim- 

ple Iist of steps depicted in Figure 5. 1 are explained in greater detail in the following 

discussion. 

The procedure followed to conduoct an extended period simulation on a system is 

described fist .  With a new reservoin level calculated in the previous time step, the 

first order of business is to update t h e  "state" of the system at the start of the curent  

time step. This updating function is performed by the component-control algont hm 

(presented in Appendix A) which f ixes  the speed of pumps, the aperture of valves 

and the rate of water demand, accoording to either a pre-determined schedule or a 

set-point scheme. The extended perLod mode1 uses these new system settings, along 

with a set of default, initial conditions (starting heads and flows), to start a short 

transient simulation of the system. muring this simulation, the net change of water 

level in a reservoir is used to calculate an average rate of f i lhg  or emptying which 

corresponds to the simulated perioci. This time-averaged flow to the reservoir is then 

entered into a time-stepping predictmr technique t hat extrapolates the water leve1 to 
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Figure 5.1: Transient extended period method. 

a point in time prior to the start of the next step. 

With this last step completed, the "predictor" value of water level constitutes 

the starting point of the second transient analysis. However, before starting this 

new analysis, the componerrt-control algorithm sets the device settings to t heir pre- 

determined or set-point values (if need be) and resets the hydraulic conditions to their 

default or initial values. Once this is done, the extended period mode1 orders a second 

transient analysis which is performed in exactly the same way as the first, and which 

is carried through to the end of the current time step. As before, the net change in 

water level is used to calculate a n  average rate of reservoir filling or emptying, which 

is then entered into a time-stepping corrector scherne to compute the water level at 

the start of the next step. Repeating this procedure at  each step, one can determine 

the extended hydraulic perforrnancesteady and unsteady-of a system quickly and 

accurately. 



By following a similar series of steps, the new approach can be used to perforrn a 

worst-case analysis on a system. First off, the component-control algorithm resets the 

device settings and the hydraulïc conditions in the system to their default or initial 

values. The transient model is then run untiI the artificial transients (unsteady con- 

ditions created when a new water level is calculated without updating the hydraulic 

conditions in the rest of the system) are attenuated in the system. When the sys- 

tem regains a quasi steady composure, or once a fixed period of time has elapsed, a 

transient event (e-g., pump failure, valve closure, etc.) is triggered and the transient 

model anaiyzes the pressure surges created in the system over a specified period of 

time. Beyond this point, everything happens as it did before. The extended period 

model calculates a time-averaged flow and with it extrapolates the water level in a 

reservoir to some point before the end of the time step. With this "predictor" value 

of water level, the extended period model starts a second transient analysis. The 

component-control algorithm again resets the device settings (if there is a need to) 

and the hydraulic conditions before starting the transient simulator. Once the second 

transient simulation has reached its end, the net changes in water levels calculated 

in the transient analyses are then used to find a "corrector" value of water level at 

the end of the tirne step. By repeating this simple. procedure a t  every time step 

of a worst-case simulation, one can ascertain, in a systematic manner, the critical 

combination of demands, pumping conditions and reservoir levels which produce the 

"worst" transient response in a system. 

5.3.2 Predictor-Corrector Scheme 

The Predictor-Corrector scheme advances the hydraulic solution from one time step to  

next, by extrapolating the water level in a reservoir (with constant, or near-constant 

cross-sectional area) with tirne-averaged flows collected from two short transient anal- 

yses performed a t  the start and end of a time step. The steps involved in the extrapo- 

lation are outlined clearly in Figure 5.2. A more general scheme for routing reservoirs 

with variable geometries is presented in Appendix B. 
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Figure 5 -2: Predictor-Corrector procedure. 

In the first stage of the procedure, transients in a system are simulated over a short 

time period to find the net change in water elevation in a reservoir (time-averaged flow 

to the reservoir) . The centred-difkrence expression whicb describes t his net change 

is found in Equation 5-1- 

The term Zn in this equation designates the water level a t  the start of the extended 

step, while the term Z: represents the water level found at  the end of the transient 

simulation period which spans A t r .  

In the next step, the extended period mode1 uses the time-averaged flow calculated 

in Equation 5.1 to extrapolate the water level in a reservoir to a point prior to the 



end of the current step. ~ h i s  extrapolation is carried out with the first-order linear 

approximation in Equation 5.2. 

The term 2;l2 is the midpoint value of water level calculated in the hont-eud simu- 

lation. The extrapolation is carried forth over the time period delineated by At1/2 + 
At, to find the new value of water level 2:. 

Once this step has been taken, the extended period mode1 makes the "predictor" 

value of water level the starting point in the second transient simulation. From this 

second analysis, another time-averaged flow is calculated. This backward-difference 

approximation is presented in Equation 5.3. 

The terms 22, 2: and At2 denote the water levels calcuiated at the start and end of 

the second transient analysis and the total duration of this second analysis. 

Following this 1 s t  operation, the two time-averaged Aows fl and f 2  are entered 

into a corrector formula to calculate a "corrected" value of water level at the end of 

the step. The corrector formula is presented in Equation 5-4. 

The multiplication a t  the right of Equation 5.4 in fact cornputes the trapezoidal area 

underneath the straight-line segment with end points fi and f2. In this way, the 

time-averaged flow is integrated to update the water level in a reservoir. 

5.3.3 Predictor- Adams Scherne 

The Predictor-Adams method resembles the Predictor-Corrector scheme, and can be 

used to perform essentially the same hnction. In this approach, time-averaged values 



of flow are entered into a second-order interpolating polynomial which describes the 

average rate of fluid accumulation or depletion in a reservoir across two extended time 

steps. This polynomial is integrated over a discrete intemal of time to calculate a new 

water !evel a t  the each time step- The salient steps of this procedure are outlined in 

Figure 5.3. In this derivation, the cross-sectional area is assumed to be constant, or 

change only shghtly across the depth of a reservoir or tank. 

Figure 5.3: Predictor-Adams procedure. 
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Like before, a short transient analysis is performed at the start of the extended 

time step. The net change in reservoir level computed in this analj*sis is used to de- 

termine the time-averaged flow to the reservoir wit h the centred-difference expression 

in Equation 5.5. 
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Again, the terms Zn and ZR represent the water levels at the start and end of the 

first transient simulation of the current step. The term Atl is the duration of the 

front-end simulation, 

One should note that the extended period mode1 will retrieve the tirne-averaged 

flow fL- from the previous t h e  step-and include it into the second-order polyno- 

mial. At this point in the routine, this flow has already been calculated and is stored 

in rnemory. However, to be consistent, the appropriate centred-difference approxima- 

tion is shown in Equation 5.6. 

Here, the terms Zn-1 and Zn-, are the values of water level found a t  the start and 

end of the transient simulation performed a t  the start of the previous extended step. 

The variable Atl denotes the duration of the front-end simulation run in the previous 

step. 

Very much like what is done in the Predictor-Corrector method, the time-averaged 

flows collected in the current and previous time steps are used to calculate a water 

level at a point in time just before the end of the current step. The linear extrapolation 

is performed with a formula obtained fkom a Taylor expansion (Burden and Faires, 

1985)- 

This last expression makes use of flows fi and f2 collected in the previous and current 

extended time step to calculate 2:. The factors 1/4 and 3/4  h hi ch weight the two 

flows were found to yield good results through experimentation. Conceivably, one 

could use other explicit techniques such as the rnidpoint or modified Euler methods 

to calculate the value of 2;. 



The "predictor" value of water level calculated in Equation 5.7 is used to start the 

second transient analysis near the end of the current step. The the-averaged flow is 

calculated with Equation 5-8. 

As before, the terms 2: and 2: denote the water levels a$ the start and end of 

the back-end transient simulation- The term At2 is the duration of the back-end 

simulation in the current step. 

With the three tirne-averaged flows calculated and entered into the second-order 

polynomial, the polynomial is integrated across the interval of time bounded by the 

limits tz = al = At and tq = CL:! = 2At - At1/2. This operation is shown in 

Equation 5.9. 

The term Zn+I represents the water level in a reservoir at the end of the current 

extended step. The function F(fi, f2, f3, t )  is the interpolating polynomid with time- 

averaged flows calculated over two extended steps. The integrated polynomial can 

easily be distilled down to a simple linear, algebraic expression of the form 

where coefficients A, B and C can be e-xpanded to 

f3 - f 2  - 1 

= (A t  -At& sat - at1/2 

L he time coefficients cl, ~3 and c3 can be written as 



3 1 
~3 = AP (i ~t - at,) + at: ( 8  at - - 24 at,) 

5 -3.4 Quadratic Spline Interpolation 

The idea of interpolation in the Predictor-Adams method is extended in this third 

method where smooth splines are used to represent the change in flow conditions a t  

the inlet of a tank or reservoir. In this method, three average flows are Iinked together 

by means of two quadratic splines, which are then integrated to calculate the value 

of water elevation at the end of an extended step. As before, the cross-sectional area 

is assumed to be constant, or change only slightly across the depth of a reservoir or 

tank 

At the begiming of the time step, a known value of water elevation Zn is used 

to "start" the fiont-end transient simulation. This simulation is run for a set du- 

ration Ati to find the water elevations (mid-point of simulation) and 2: (end 

of simulation), and to calculate the first time-averaged flow fi (centred-difference 

approximation) in Equation 5.17. 

After running the first simulation, the water elevation in a reservoir is advanced 

to some point near the middle of the extended step. To do this, the time-averaged 

flow fi is used to extrapolate, Linearly, the water elevation found in the first 

transient simulation. A preàïctor technique is used to extrapolate the water elevation 

2; = + fl ( ~ t 1 / 2  + At int ) 

The new value of water elevation 2,' then "starts" a second transient simulation 

in the middle of the extended step. This midde-end transient analysis is run for the 

duration of time At2. The water elevation 2: found at the end of the simulation is 
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Figure 5 -4: Quadratic Splines Interpolation method. 

. 
used to calculate a second time-averaged flow f2 or centred-clifference expression 

Once the second transient simulation has been completed, the water elevation in 

a reservoir are extrapolated again to some value 2: near the end of the extended 

time step. This is done with either the modified Euler method (Equation 5.20) or 

midpoint (Equation 5.21) method. A variety of other explicit methods could be used 

so long as they meet appropriate Taylor considerations. 



After this second "jump", a third transient simulation is run over a time period 

At2 to calculate the last value of water elevation 2:. W i t h  this value, a third time- 

averaged flow f3 (backward-ciifference) is calculat ed wit 

With the three discrete points (to, fi), (ti, f2)  and (tz, f3) in Figure 5.4, two 

quadratic s p h e s  are written to "connect the dots" and describe the changing flow 

conditions at the inlet of a reservoir, within a single extended time step At- A 

quadratic polynornial or  splixie is generically writ ten as 

S( t )  = Ai t2 + Bi t + Ci = const  (5.23) 

In mathematical terms, this means finding the valce  of the six coefficients (Ai 

B I ,  Cl, A2, B2 and C2) by solving six Iinear equations which relate "truths" about 

the properties of the two quadratic splines (Si and S2) art the discrete points (to, f i ) ,  

(tl , fi) and (t2, f3). Breaking down these "truths" into categories, we get: 

Splines Pass Through End Points 

There are two mathematical "truths" here: one, that spline S1 passes through the 

point ( to,  fi) ,  and, two, that spline S2 passes through t h e  point (t2, f3) .  Mathemati- 

cally, t hese two statements resemble 



Splines Pass Through Interior Point 

Here, we can Say that both splines Sl and S2 pass through the interior point. This is 

one of two statements that ensures the piecemeal spline curve will be continuous at  

the point (t : f2) - The resulting two mathematical statements are writ ten as 

First Derivatives of Splines Equal at  Interior Point 

In order for the splines to be continuous at  the point ( t l ,  fi), their first derivatives 

must be equal a t  this point- Mathematically, this translates to 

First Derivative of Spline SI has Unique Value 

The last statement simply says that the hrst derivative of spline SI must have a 

unique value. This translates to 

The first derivative f,(') is approxïmated with a central finite-divided-difference 

formula which uses the estirnates of water elevation Zn, and 2,: calculated in 

the front-end simulation. 

The system of linear equations can be cobbled conveniently into the compact 

matrix found in Equation 5'.31. The time terms are sirnplified so that t o  = O; t l  = 



= (At1 + At2) / 2 + At,; t2 = A2 = Atl/ 2 + ( 2 h t i n ,  + 2 a t 2 ) .  

Once the matrix in Equation 5.31 is solved and the coefficients have been found, 

the spline equations are integrated to yield the "corrected" value of water elevation 

at the end of the extended step. This last step is outlined generally in Equation 5.32- 

Integrating the &st and second terms on the right hand side of Equation 5.32 is 

straightforward and yields 

Solving the system of linear equations in Equation 5 -3 1 yields analytical solutions 

for each coefficient in Equations 5.33 and 5.34. The closed-form solutions distill down 



5.3.5 Physical Interpretation of Models 

As with any engineering calçulation, the  numerical operations performed by the three 

mass-accounting techniques essentially emulate the p hysical phenornena behind t be 

routing functions of reservoirs in a distribution system. The physical underpinnings of 

these new approaches are discussed here in two parts: f i s t  the physical rneaning of the 

tirne-averaged flows used in bot h met hods is explained; t hen, a physical interpretation 

of the extrapolation procedures is given. 

Time-Averaged Flow 

The time-averaged flow terms fi, f2 and f3 defined above lie at  the heart of the 

time-stepping problem. In essence: these terms provide some information about the 

dynamic changes which transpire in a system during specXc segments of time, within 

one or two time steps. Indeed, these simple factors can be thought of as compressed 

summaries of the changes in.continuity and energy conditions in the system, as well as 

the set of boundary and inertia interactions (and compressibî.lity effects if conditions 



in the system change quickly) which "marshal" the system through these changes. 

By calculating simple differences in water surface elevation over specific time penods 

(can also be interpreted as calculating an average flow into or out of a reservoir), the 

time-averaged flows summarize the net effect of the hydraulic interactions in a system 

which ultimately cause the reservoirs to fiU and empty. These interactions include 

the switching of pump speeds, the filling/emptying of reservoirs, the variation of 

consurnption demands, the acceleration/deceleration of fluid in pipes and reservoirs 

of a system, etc. Since the the-averaged flows are naturally reliable indicators of 

how hydraulic conditions in a system change and evolve with time, their use in the 

mas-accounting met hods can produce accurate water level estimates (a solut ion t O 

the first cause of error outlined in Chapter 4). And since these time-averaged flows 

anse from integration processes, the predictions generated with them are likely to be 

stable and accurate. 

Extrapolation Procedure 

In ail three time-stepping methods, the water level in a reservoir is calculated by 

formulating one or two interpolating polynomial(s) and then integrating them over 

a h e d  period of time to find a new water level at the end of a time step. The 

extended period mode1 resorts to polynomials essentially to describe the average rate 

of change of water elevation in a reservoir (or rate of fluid accumulation or depletion 

in a reservoir) during a fixed period of time-in our case, over one or two time steps. 

The nature of the polynomial(s) depends on the method used. Take the Predictor- 

Corrector technique: it uses the time-averaged flows fi, f2, to define a first-order 

polynornial (s traight line) which describes how the time-averaged flow to a reservoir 

will change in time. For its part, the Predictor-Adams method uses three time- 

averaged flows (fi, f2 and f3) and a second-order polynomial (quadratic) to describe 

this change in average flow conditions. The Quadratic Spline Interpolation method 

makes use of two quadratic polynomials within a single extended step to emulate 

changes in flow in a tank or reservoir. Regardless of which time-stepping method is 



used, the extended period model integrates the appropriate polynomial over a L~ed 

time period to taUy the s m d  parcels of Buid which have entered and left the reservoir 

during the period of time deheated by a n  extended step. 

5.4 Summary 

In this chapter, an extended dynamic model used to conduct extended period anal- 

ysis was presented. To underline the practical significance of the new approach, its 

advantages and potential applications were explained. The approach's t hree mass- 

accounting schemes (Predictor-Corrector, Predictor-Adams and Quadratic Spline In- 

terpolation methods) were also described a t  length. To end the chapter, a physical 

interpretation of the mathematical operations of each rnethod was also given. The 

task that remains is to test the behaviour of the three proposed rnethods; this is the 

subject of the follow-ing chapter. 



Chapter 6 

Case Studies 

6.1 Overview 

In this chapter, the applications of the transient approach are demonstrated by work- 

ing through two numerical examples. Ln each example, the extended dynamic model 

is used to perform extended period and worst-case simulations on a test network, 

The results from both examples are used to discuss the merits and applications of the 

transient approach. 

6.2 Case Study 1 

The focus of the first case study is a network which supplies water to a srnall com- 

munity. The system is depicted in Figure 6.1, and is similar, to the one used in the 

example of Chapter 4. At node 34, a pump station with three pumps configured 

in a parallel arrangement draws water from the source node (elev. 100 m) SI. Two 

reservoirs (RI and R2) at  nodes 33 and 43 help maintain adequate pressures in the 

system and provide an emergency store of water. Both reservoirs have a circula area 

of approximately 50 m2 and are perched a t  an elevation of 130 m. As before, water 

is drawn from the system at eleven locations (nodes 30, 31, 32, 35; 36, 37, 38, 39, 40. 



41, 42) a t  a total rate of 350 L/s. Moreover, a discharge valve VI is connected to the 

sgstem at  node 35- Table 6.1 o u t h e s  the system's attributes in detail. 

Figure 6.1: Topology of test newtork no, 1. 

Like in the example of Chapter 4, the simulations in this case study are per- 

formed by varying the demands in the system and controllhg the operations of the 

three pumps during the five-hour sunulated period. More specifkally, the demands 

are patterned after a diurnal-like cycle of highs and lows, depicted by the bars in 

Figure 6.2. During the periods of low flow, a single pump is operated while the reser- 

voirs in the system fil1 up. On the other hand, when large demands are placed on the 

system, al1 three pumps operate while the reservoirs drain their contents to satisQ 

whatever shortfalls arise. In F igue  6.2 the dotted line denotes the number of pumps 

operating in the system at  any time during the five-hour simulated period. The valve 

VI at node 35 remains closed throughout the entire five-hour simulated period. 

In this study, six extended period simulations are performed on the test system. 
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Table 6.1: Physical attributes of test systern no. 1. 
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Figure 6.2: Variation in demand and number of pumps operating during the simulated 

five- hour period. 

The results from these simulations are reported in Figure 6.3. In the simulation 

labeled "EPANET, the steady state model EPANET tracks the water surface el- 

evation in reservoir 1 (RI) during the five-hour period with a one-hour time step. 

Four similar simulations are performed by coupling the transient model TransAM 

(McInnis et al., 1998) and the mas-accounting techniques From Chapter 5 .  The first 

two of these four simulations are performed with the Predictor-Corrector accounting 

method by setting the front- and back-end time steps to 400 and 200 seconds (Pre- 

dictor/Corrector l), and then to 800 and 400 seconds (Predictor/Corrector 2) .  The 

Predictor-Adams method is employed to perform the third simulation with front- 

and back-end time steps set at  400 and 200 seconds. The fourth simulation is per- 

formed with the Quadratic Spline Interpolation method and with front-, middle- and 

back-end steps measuring 400, 100 and 100 seconds: respectivély. The last simulation 

labeled "TransAM" is conducted with the transient model TransAM, and is used to 



determine the full transient response of the test system wit h a time s t  ep of 0.1 second 

over a five-hour duration. Even though the solution is generated with a srnall time 

step, the plot only reports water levels which are spaced at twenty-minute intemals. 

This coarse spacing effectively effaces whatever transient water level fluctuations arise 

in the system. It should also be noted that this full simulation stands as the standard 

of accuracy against which aU O t her simulations are compared. 

Figure 6.3: Variation in water elevation in tank 1: results of six modelling runs. 

The results in Figure 6.3 suggest that the extended dynamic mode1 can route 

accurately the water level in reservoir R1 of the system. The four runs labeled ''Pre- 

dictor/Correct or l n ,  "Predictor/Corrector 2", "Predictor/Adams" and "Quadratic 

Spline Interpolation" aU follow the ccTransAM" curve closely. This is in large part 

attributable to the time-averaged flows which, in calculating a net difference in water 

level, neatly summarize the history of interactions (Le., friction, inertia, compressibil- 

ity and boundary) that take place in a system over the course of one or  two extended 

time steps. When entered into a time-stepping scherne, these tirne-averaged flows 



produce accurate estimates of water level, as is demonstrated in Figure 6.3. To get 

comparable results with the EPANET model, the extended time step would have to 

be made relatively short-much shorter than a practical length-in this particular 

example. From a physical viewpoint, this holds no surprise since the quasi steady 

state model EPANET updates water levels in a reservoir by extrapolating steady, 

instantaneous values of flow, calculated a t  the beginning of an extended time step 

with the nonlinear ecpation; of steady state flow. It stands that the faster conditions 

change in a system, the shorter the extended time step must be in order to rninimize 

routing errors and maintain an acceptable level of accuracy in the solution. How-ever, 

if conditions change very rapidly, as to create significant inertia and cornpressibil- 

ity effects in a system, the quasi steady state model will incur errors in its routing 

solution regardless of how s m d  the time step is made. 

This last point perhaps reveals the models main advantage: its ability to represent 

the whole gamut of flow conditions in a pipeline system with the general equations 

of transient closed-conduit flow while, at  the same t h e ,  keeping an accurate account 

of water levels in the tanks and reservoir of a system. In this sense, the hybrid 

model constitutes an extension to the conventional quasi steady state model, whose 

hydraulic solver is only able to simulate the restrictive steady state condition, To be 

fair, the increased capabilities of the hybrid model corne at a sizable computational 

expense. The full transient solutions at  the front- and back-ends of a tirne step can 

be expensive for large systems, and so the extended dynamic model is only presently 

suitable for analyzing s m d -  to mid-sized systems (maximum of one thousand pipes). 

6.2.1 Accuracy vs. Efficiency 

What also adds to the model's appeal is how easily it allows one to control the balance 

between the accuracy of a solution and how efficiently it is generated. Indeed, by 

setting the lengths of the front- and back-end simulations: the model can be either 

"tuned" for accuracy or efficiency, or a strategic combination of both. Intuitively, the 



longer the transient simulations are made, the more accurate the extended hydraulic 

solution will be and the more computer time wiU be needed to generate a hydraulic 

solution. This raises an interesting point: estimating how much computer time has 

been saved in using the extended dynamic mode1 to "jump" over segments of time 

as compared to strictly using the transient simulator to generate a full solution is a 

relatively easy proposition. To determine this time saving, an acceleration factor can 

be calculated with 

At 
Eff = 

At, + At2 

where At is the length of an extended time step, Atl is the length of the front-end 

transient simulation and Atz is the length of the back-end transient simulation. So, 

according to Equation 6.1, we can Say that the solutions labeled "Predictor/Corrector 

1" and "Predictor/Adams" have been "accelerated" by a factor of 6, since the tran- 

sient simulation time has been reduced to a maximum length of 3600 seconds to only 

600 seconds (400 seconds at the front and 200 seconds at the back). In practical 

terms, a direct way of controlling time-stepping errors can prove useN when model- 

ing a system a t  different stages of a pro ject, where the accuracy of a solution must 

necessarily be increased as time wears on. 

6.2.2 Worst Case Analysis 

The modelling example is now extended to include a "worst-case" transient analysis 

of the test system. To identiS the system state which produces the most severe 

transient response, the test system is subjected to an arbitrary transient event-in 

this case a valve is quickly opened and then closed slowly-at each time step of an 

extended simulation. In practice, we might simulate a power failure condition at 

the pump station. To perform the simulation, the discharge valve VI at node 35 

in Figure 6.1 is opened in thee  seconds, and then closed in the sixty seconds that 

follow. Both the opening and closing sequences are linear. As in the previous analysis, 



a single pump is operated during the Erst three hours of the simulation, a n d  then 

the two other pumps are brought on line for the remaining two hours. The plots in 

Figure 6.4 depict the maximum and minimum pressure envelopes which correspond 

to the maximum- and minimum-hour flow conditions, as well as the critical flow 

conditions at time 3:00 hours, in pipes 10, 11, 12, 16, and 23 of the system. Note that 

the negative pressures, whik unrealistically large, are shown here only to highlight 

the severity of transients in a system. 

Profile Chainqe (m) 

Figure 6.4: Maximum and minimum transient pressure envelopes which correspond 

to minimum-hour, maximum-hour and worst-case conditions. 

It is evident fiom the figure that, under minimum-hour flows, the transient re- 

sponse of the system is worse than that of maximum-hour transient response. The 

difference between the pressure envelopes is in Iarge part attributable to the s ystem's 

ability to meet the new hydraulic conditions created when the valve is opened, and 

subsequently closed. When the system is 

the operating pump introduces a surplus 

subjected to minimum-hour flow con&itions, 

of water in the system which is stored in the 



two resenroirs. Since, at this point, fluid is entering the system via the pump station 

only? the system is ill-suited to meet the new hydraulic conditions created when the 

valve opens and closes- During times of maximum-hour flow, the system is a c t u d y  in 

a better position to regulate the imbalances created by the valve opening/closing since 

the three pumps, as well as  the two reservoirs, are alI discharging fluid to the system- 

This hydraulic "flexibility" actually helps alleviate the transient pressures (both high 

and low) when the system is perturbed. In Figure 6.4, we see that the worst transient 

effects in fact occur at time 3:00 hours, when the system has reached the transitional 

point between the period of low flow, and the subsequent period of high flow. At this 

time, the three pumps are operating in the pump station and the two reservoirs in 

the system are temporarily being filled when the valve is opened and then closed. In 

rnost cases, determining the critical combination of system demands, reservoir levels 

and pump conditions which will produce the "worst" transients is complicated by the 

nonlïnear nature of unsteady flows in a pipeline system, Usuaily, to circumnavigate 

this dïfEculty, transient analyses are performed on a system only for minimum- and 

maximum-hour loading conditions. In some cases, rules of thumb (with unproven 

reliability ) are used to characterize the worst-case transient conditions in a system. 

What rnakes this approach desirable is that one can identify, in a systematic manner, 

the critical loading pattern which will produce the "worst" transients in a system. 

6.3 Case Study 2 

In this case study, the various aspects of the transient approach are further investi- 

gated t hrough additional simulations. In particular, extended period and worst-case 

simulations are performed on a system to illustrate and test the routing accuracy 

of the new method and to further explore its usefulness as a tool for performing 

wors t-case analysis- 

The focal point of this case study is the small water transmission network in 

Figure 6.5 which delivers water to a sparsely populated community, or to a cluster 



of such small communities. The distribution system services the community with 

a supply source which is perched at an elevation of 130 m and which is located at 

node 10. A pumping station helps transport the water from this source to the four 

major users (at nodes 11, 14, 15 and 17) who draw water from the system at a 

rate of 300 L/s. A discharge valve located at node 13 releases water sporadically 

from the system (to the atmosphere, or to some unknown user) a t  specific instants 

in the simulation. To maintain adequate pressures in the system and to provide an 

emergency store of water: two reservoirs (RI and R2) are included in the system. 

The specific characteristics of the system are outlined in Table 6.2- 

Water 
S ~ P P ~  

Pump station 

Figure 6.5: Topology of test network no. 2. 

As in the first study, a group of extended period simulations are performed on the 

test system to evaluate the changing conditions within it during a specified period 
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10 

11 

12 

13 

14 

15 

16 

17 

Node Data 

Elev. (m) 

130 

100 

135 

100 

100 

100 

135 

100 

Demand (L/s) 

j.2: Physical attributes of test system no. 2. 

of time. In each simulation, changes in the system are brought about  by turning 

pumps on and off line, varying demands in the system and opening the discharge 

valve at node 13 in five seconds, and then closing it in twenty-five seconds. To supply 

an adequate amount of water to the users of the system, a single p m p  is operated 

during the periods of high fiow, while two pumps are operated in tandem during the 

intervening period of low Aow. The dotted line in Figure 6.6 represents the number 

of pumps operating in the system, and the bars represent the total  rate of water 

withdrawal (not including the water discharged from the control valve a t  the start of 

each time step) from the system during the six-hour sirnulated period. 

Figure 6.7 outlines the variation in water level in reservoir 2 of the system. The 

general shape of the curve suggests that the reservoir drains during the initial stage of 

the simulation, that it recovers somewhat during the interver;ing period of low flows, 

and that it starts to drain again when the demands increase near the end  of the sim- 

ulation. The solid line in the figure labeled "TransAM" is the full hydraulic solution 
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Figure 6.6: Variation in demand and number of pumps operating during the simulated 

six-hour period. 

calculated with the transient mode1 TransAM and a time step of 0.05 seconds- As be- 

fore, the plot is generated with values of water level spaced at twenty-minute intervals 

(transient fluctuations are blotted out). It is again assumed that the transient model's 

solution emulates accurately the behaviour of the real system, if it a c t u d y  existed. 

The plots labeled "Predictor/Corrector 1" and "Predictor/Carrector 2" in Figure 6.7 

are modified Euler-like solutions. In the first solution (Predictor/Corrector 1) , the 

front- and back-end time steps are set to 400 seconds and 200 seconds, while in the 

second solution (Predictor/Corrector 2),  the front- and back-end time steps are dou- 

bled and fixed at 800 seconds and 400 seconds. The fourth and fifth plots in Figure 6.7 

are the solutions generated with the Predictor-Adams and Quadratic Spline Interpo- 

lation mas-accounting methods. In the simulation labeled (Predictor/Adams), the 

front- and back-end steps were set at 400 and 200 seconds. Finally, in the simulation 

generated with the Quadratic Spline Interpolation, the front-, middle- and back-end 

steps were set at 400, 100 and 100 seconds, respectively. 

The results in this last figure seem to corroborate the evidence found in the 
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Figure 6-7: Variation in water elevation in tank 2: results of five modeiling runs. 

first case study. We again see that the solutions "Predictor/Corrector 1'' , "Pre- 

dictor/Corrector 2", "Predictor/Adams" and "Quadratic Spline Interpolation" gen- 

erated with the new approach each give accurate accounts of the changing condi- 

tions in the system. hdeed, the relative error of each solution is, on average, srnaIl 

(- 0.3%), and au the solutions follow the general shape of the full solution quite 

well. Interestingly, we can see t hat the solution "Predictor-correct or 2" is slightly 

more accurat e than its counterpart 'LPredictor-Correct or 1" . No t surprising, the for- 

mer solution was generated with front- and back-end time steps measuring 800 and 

400 seconds, while the latter soIution was generated with 400 and 200 second time 

steps. Generally speaking, the longer one makes the transient simulations at the front 

and end of a single time step, the better one can track the hydraulic changes taking 

place over a single time step-and by extension, the changes in water level over that 

same time period. One can also see in Figure 6.7 that the "Predictor/Adams" and 

"Quadratic Spline Interpolation" solutions show the sarne degree of accuracy as does 



the "Predictor/Corrector 2", but with tirne steps which are half as long. In light of 

the results obtained in the first case study, this gain in accuracy seems to be largely 

incidental and may only be attributable to the fact that the history of flows at the 

inlet of the reservoir closely follows the quadratic polynomial of the Predictor-Adams 

method or the two quadratic splines of the Quadratic Spline Interpolation method. 

6.3.1 Worst Case Analysis 

The worst-case simulation presented here largely parallels the first described earlier. 

A transient mode1 simulates a valve opening and cIosing at the start of each time 

step and computes the unsteady conditions created in the system. Like before, both 

the opening and closing sequences are effected in a linear manner. During the simu- 

lated periods of high flows, a single pump is operated while the reservoirs discharge 

their contents to sustain pressures and sat isS the demands in the system. In the 

intervening period marked by low dernand, two pumps supply water to the system 

while the reservoirs fX slowly. The plots in Figure 6.8 depict the maximum and 

minimum pressure envelopes which correspond to the maximum- and minimum-hour 

flow conditions, as well as the critical flow conditions, in pipes 3, 4, 6 and 11 of the 

system. 

We can see in this last figure that how the system responds to the transient 

event (valve opening/closure) intirnately depends on the system's hydraulic state and 

what loads are placed on it. Proof positive of this lies in the difference between the 

surge pressure envelopes which correspond to minimum- and maximum-hour demand 

flows. Indeed, the minimum-hour pressures (bot h positive and negative) are visibly 

larger than those which arise during maximum-hour conditions. The reason for this 

substantive difference evidently lies in how drasticaily the hydraulic conditions at 

the boundaries of the system must be changed in order to meet the sudden, albeit 

temporary, flow of water at node 13. Under maximum-hour conditions, when both 

reservoirs are being emptied and a single pump is operating, the system is able to 



Figure 6.8: Maximum and minimum transient pressure envelopes which correspond 

to maximum-hour, minimum-hour and worst-case conditions. 

meet the short-lived increase in demand since al1 it is required to do is to increase 

the flow fÏom its reservoirs (and pumping station) to deliver water to the required 

node at the required rate. However, the situation is quite different under mimimum- 

hour conditions. At this point, the two reservoirs are being filled and both pumps 

deliver water to the system. When the valve suddenly opens, the system must quicldÿ 

reverse the flow to its reservoirs in order to meet the sudden jump in demand at node 

13. When the valve is closed shortly thereafter, the flows must again be reversed so 

that the reservoirs can resume their filling operations. So, a i  l e s t  in this particular 

example, it is the hydraulic state of the system and the changes which take pIace at 

its boundaries which determine the severity of the transients produced in the system. 

As in the first example, the negative pressures are unrealistically large and are shown 

here only to highlight the severity of transients in a system. 



What is perhaps most interesting about Figure 6.8 is the "worst" transient pres- 

sure envelope- This figure tells us that the "worst" transients are created in the system 

at  hour 4:00, when the system has been subjected to minimum-hour flow demands 

for roughly a n  hour (refer to Figure 6.6). At this point, two pumps are delivering 

water to the system while bÔth resenroirs are filling slowly. In fact these conditions 

are identical to  those found at t h e  3:00 hours (labeled "minimum-hou" flow in Fig- 

ure 6.8)-save for the increase in water elevation in both reservoirs. The difference 

in water levels essentially accounts for the small difference between the transient re- 

sponses calculated at times 3:00 and 4:00 hours. If nothing else, this highlights the 

difficulty in the problem of discerning the critical state of a system which leads to the 

"worst" transients. Even in the simplest systems, determining the critical hydraulic 

state (combination of pump speeds, demands, reservoir levels, etc. ) which ultirnately 

produces the most severe transients is a difficult thing. In large systems, the problem 

of deciphering this critical hydrauLic state is further convoluted by the bewildering 

number of devices acting in concert to regulate the conditions in a system, the un- 

predictable reflection and superposition of pressure waves in a system and the spatial 

and temporal variation in demands in a system. The great advantage of the transient 

approach is that it can identi& the critical hydraulic state 0f.a system (regardless of 

size) in a rigorous and systematic marner. 

6.4 Change of Finite Differences 

The simulation results presented in Figures 6.3 and 6.7 were generated with the three 

time-stepping rnethods and time-averaged flows f;, f2 and f3 which were originally 

formulated as first-order backward-clifferences. During the writing of t his t hesis, and 

after the simulations had been performed, second-order centred-differences were sub- 

stituted in place of first-order backward-dserences in the front- and middle-end seg- 

ments of the three methods in order to increase their accuracy. PracticalIy speaking, 

there should only be a small discrepancy between the newer centred-difference-based 



met hods and the original backward-difference-based met hods. To verifjr t his, the 

extended simulations in the second case study were run again with the revised time- 

stepping schemes. The simulations pointed to a small difference between the results 

generated with the backward-Merence schemes in Figure 6.7 and those generated 

with the centred-difference schemes. 

6.5 Simulation Procedure 

The reader should know that the extended period simulations presented in case studies 

1 and 2, as well as in the next chapter (7), were not performed with the prescribed 

steps outlined in Chapter 5. The reason why a slightly difFerent approach was used, 

its numerical influence on the veracity of the results, and a description of the approach 

are outlined in the following discussion. 

The series of simulations in this chapter (and Chapter 7) were generated with the 

transient analysis mode1 TransAM, and the spreadsheet program Microsoft Excel (v. 

5.Oa). Short simulations (both front- and back-end) were run with the transient sim- 

ulator, while the routing calculations were performed with the spreadsheet program. 

The values of reservoir levels calculated with the spreadsheet program were used to 

"start" the front- and back-end simulations in each extended step. Originally, the 

author's intentions were to "recycle" and ''reuse" a single set of default conditions 

(i.e., values of flow and piezometric head) in the front- and back-end r u s  of every ex- 

tended step. These runs were then going to be made sufficiently long to attenuate any 

"artificial" transients caused by combining reservoir levels calculated independently 

(Le., with the spreadsheet program) with the default system 'conditions. 

Unfo-rtunately, it was found early on that a hydraulic "incompatibility" at the 

reservoir/systern boundary causes the transient simulator TransAM to choose its own 

value of water level which is consistent with the hydraulic conditions found in the rest 

of the system. More to the point, an algorithm in the program uses the upstream 

water level in the tank to calculate the headloss along a pipe connected to the reser- 



voir. If the head at the downstream section of the pipe does not match the consistent 

"internai') value (part of "default" conditions), TransAM senses a hydraulic "incon- 

sistency" and adjusts the reservoir level. In some cases, when the calculated tank 

level is "out of tune" with the hydraulic conditions in the rest of the system, the 

numerical adjustment made'by TransAM can be significant, and can introduce sub- 

stantive errors in an extended simulation. To circumvent t his potential problem, the 

general procedure of Chapter 5 was altered slightly. 

To guarantee that the reservoir Ievels would not automatically be adjusted, the 

author ran the TransAM mode1 to calculate steady state solutions prior to conduct- 

ing front- and back-end transient simulations. In these steady state simulations, the 

water level in variable-head reservoirs were held fked at their most recent extrapo- 

lated value. Once computed, the steady state solutions were used to start the front- 

and back-end simulations where reservoirs could Vary their water levels. Since the 

steady solutions were calculated with fixed values of extrapolated water levels (from 

spreadsheet calculations), the hydraulic "incompatibility" that previously existed a t  

the reservoir/system boundary effectively disappeared, and as a result. the TransAM 

simulator was no longer prohpted to adjust the water levels. 

The author realizes that using steady, initial conditions 'in both the front- and 

back-end simulations wiil produce difFerent results than if a "recycled" set of condi- 

tions is used in these same transient simulations. The point, however, is that this 

difference is relatively small. After some investigating, the author Found that the "ar- 

tificial" transient s created by the hydraulic "incompat ibility7' mentioned previously 

were short-lived-lasting between thirty and forty seconds (on average), at the start 

of both the front- and back-end simulations conducted in al1 the extended simulations- 

Since the transient simulations were made comparatively long (no shorter than four 

hundred seconds at the front, and two hundred seconds at the back), the incremen- 

ta1 accumulation/depletion of fluid volume calculated in the transient simulations is 

likely similar in both procedures (with and without steady state solutions). With 

similar values of time-averaged flows fi,  f2 and f3, the extrapolation step in both 



procedures WU, more or less, yield the same solution. To ver% this hypothesis, the 

author compared the solution "Predictor/Corrector 1" in Figure 6.3 of case study 1 

(generated with the procedure in which steady states are calculated) with a solution 

computed with a procedure which uses default conditions to start the transient sim- 

ulations. The minUnun and maximum differences between the two solutions ranged 

from 0.00 m and 0.17 rn in water depth. Given that the water level fluctuation in 

reservoir 1 (RI) can be as high as 5 m, this difference is considered small (3 %)- 

In place of the steady state procedure, a more rigorous procedure can be employed 

to "trick" the transient simulator TransAM into retaining the extrapolated value of 

water level. In fact, this new procedure was used to check the veracity of the assumed 

steady state procedure. Essentially, it uses the orifice relationship to establish an 
, 

artificial, hydraulic "compatibifity" between the new water level in a resen-oir and 

the default conditions in the rest of the system, a t  the start of a transient simulation 

(front- and back-end). The generic orifice equation is written as 

where Q is the defadt value of flow into (out) of the reservoir and H is the head 

difference across the inlet valve, This difference is defined by the vaIue of water level 

in the reservoir and the hydraulic or piezometric head at the system node, adjacent to 

the reservoir. The term Es establishes the physical characteristics of an orifice/valve 

(e-g., geometry, size, materials) while the dirnensionless parameter r relates the size 

of its aperture opening. The term s is a sign operator which takes on a value of 1 for 

positive flows and -1 when the flow reverses. 

For a specSc combination of flow and piezometric head at the inlet node of the 

reservoir, the orifice equation can be rewritten in terms of the parameter r 

Before performing either a front- or back-end simulation, the value of T ~ , ~  in Equa- 



tion 6.3 is calculated with the "recycled" value of flow and piezometric head at the 

node, as well as with the extrapolated water level in the reservoir. This value of 

T is read by TransAM at  the start of a transient simulation (fiont- and back-end) 

to properly establish the hydradic "compatibility" between the water level in the 

reservoir and the hydraulic conditions at  its downstream node-thereby preventing 

the water level to be automatically changed by TkansAM. It is important to note 

that the term rSet can take on artificial values greater than one; while such values are 

unconventional, they are mathematically consistent in Equation 6.3. Immediately 

after the transient simulation is started, the value of Tset is reset to its real or original 

value (1.0 if fully opened) and the simulation proceeds as usual. 

6.6 Summary 

Two case studies were presented in this chapter to demonstrate the applications of 

the extended dynamic model. In each study, the model was used to perform extended 

period and worst-case simulations on test systems. The extended period simulations 

showed that the dynamic model can accurately route reservoirs and yield a substantive 

amount of information on steady and unsteady hydraulic conditions in a system. 

Moreover, the worst-case simulations demonstrated how- the model can rigorously 

identify the critical hydraulic state which wrll produce the "worst" transients in a 

system. 



Chapter 7 

Mass- Account ing: Numerical 

Experiment's 

7.1 Overview 

Ln tbis chapter, the numerical characteristics of the  Predictor Correct or and Predic- 

tor Adams mass-accounting met hods presented in Chap ter 5 are investigated. The 

characteristics are partly explained through a Lipschitz argument and partly through 

simulation experiments- The contention here is tha t  the time-stepping methods of 

Chap ter 5 largely "inherit" the numerical properties (order, consistency, stability and 

convergence) of the basic finite difference methods (e-g., general Euler and Adams 

schemes) commonly used to solve ordinary differential equations. After this discus- 

sion, the results from the consistency and sensitivity tests performed on an experimen- 

ta1 reservoir are presented. Wit h the data generated in the &mulation experiments, 

the order of the two methods is found by plotting t he  global truncation error against 

the length of the extended time step on logarithmic paper. A linear regression anal- 

ysis is used to determine the dope of the fitted lined which corresponds to the order 

of the method. 



7.2 Introduction 

The time-stepping methods first presented in Chapter 5 are finite difference solutions 

to the differential equation-describing the filIing and emptying of a reservoir with 

time. As H o h a n  (1992) states, (p. 239) "finite difference solutions of ordinary 

differential equations are obtained by discretizing the continuous solution domain 

and replacing the exact derivatives in the ordinary differential equations by h i t e  

difference approximations - . ." This is precisely what the three methods of Chapter 5 

do. In al1 cases, a single time step is split into two different parts: (i) transient 

simuIations, where the system is analyzed with the full equations of transient flow; 

and (ii) extrapolation steps, where the volume of fluid is accumulated in a reservoir 

through an integration operation based on appropriate merence expressions which 

replace exact derivatives and relate time-averaged flows to a reservoir. 

Finite difference approximations are often used to solve differential equations 

which cannot otherwise be solved by analytical means- Since we are in this predica- 

ment here-the history of fiow to a resemoir does not distill down to a closed-form 

relationship but instead must be computed by solving the fulleset of differential equa- 

tions which describe flow conditions a t  the inlet of a reservoir-we are forced to revert 

to a finite difference approximation to compute the extended hydraulic solution of a 

system. Since the finite difference equations developed in Chapter 5 essentially consti- 

tute the mainstay of the transient extended approach, it is worthwhile to investigate 

t heir various numerical properties. This chap ter discusses the general numerical be- 

haviou of the Predictor-Corrector and Predictor-Adams methods. 

7.3 Numerical Properties 

Before presenting the results generated in the numerical experiments, the general 

behaviour of the methods of Chapter 5 is partly explained by means of a Lipschitz 

argument. To introduce this argument, the reservoir routing problem must first be 



divided into well-defined sub-problems. The first part is the transient simulation com- 

ponent where the water level in a reservoir is tracked with mathematical expressions 

which explicitly account for the compressibility, inertial and fiction interactions in a 

pipe/reservoir system. The second part of the problem is a time-stepping component 

which tracks the water level in a reservoir across an extended step through a set of 

finite clifference expressions (tirne-averaged flows) which neatly summarize the net 

effect of the system interactions mentioned above. In this sense, the tirne-stepping 

component is "detached" from the rest of the system, and gathers information on the 

system solely through the h i t e  clifference expressions (time-averaged flows) cah l a t ed  

with the hydraulic information extracted fiom the transient simulation component. 

The first part of the Lipschitz argument deds with th6 first of the two com- 

ponents. The transient simulator updates water levels by solving sirnult aneously a 

set of algebraic equations which describe the continuity, inertial, cornpressibility and 

friction conditions in the pipe/reservoir system a t  each time step of a transient simu- 

lation. This system of equations is generally represented by the quasi-linear ordinarj- 

dserential expression in Equation 7.1. 

dZ - = f (t: 2)  
d t 

where the function f () describes the instantaneous flow into, or out 06 a reservoir. 

Now, solving these equations will yield accurate results insofar as the dXerentia1 ex- 

pression in Equation 7.1 which mimics their integrated behaviour satisfies a Lipschitz 

condition. For functions which have a f k t  derivative, Burden and Faires (1985) define 

the Lipschitz condition 

Here, L is some nurnber 

as being 

which is larger than zero, and D is a subset of the real domain 

R*. In most formal analyses, the Lipschitz condition is used in theorems of existence 

and uniqueness for dserential equations. These theorems can help determine if the 



initial-value problem in Equation 7.1 is well-posed. In our case, if the Lipschitz 

condition is satisfied, we can rest assured that most discretization or tirne-stepping 

errors in the water level estimate Z will produce only s m d  errors in the flow function 

f (t, 2)-in other words, the differential tenn la f /a21 will be bounded. If we think 

about the physical parameters of a normal system, we can argue this point quite 

strongly. Now, since in most systems, the parameters of roughness or friction, pipe 

diameter, reservoir area will have finite values, the flow to a reservoir f (t:  2 )  will 

also take on 6nite values a t  each step of a simulation. This essentially precludes 

the calculation of spurious water levels in a reservoir and almost ensures that the 

reservoir flow calculated a t  each transient time step (wit h Euler-type met hod) will 

be relatively close to  its 'keal" value, or that f (t, 2, + At - f (t,, 2,)) N f (t: Z ( t ) ) .  

Also, since there exists only a weak dependence between the flow to a reservoir and 

its water level, we can assume that water level errors will not propagate significantly 

to the flow function f (t, 2). In this sense, the solution of the differential expression 

in Equation 7.1 will often be very stable, even with errors in the initial water level 

incurred in the extended e&apolation step. 

To continue the Lipschitz argument, let us shift our focus to the time-stepping 

component of the extended reservoir routing problem. In this part of the solution, 

the reservoir routing is conceptually ''disconnected" from the rest of the system so 

that the differential expression in Equation 7.1 is simplified to 

The term f (t) represents the instantaneous net flow to the reservoir produced by the 

sum of interactions in the pipe/reservoir system. The absence of the terrn Z in the 

Aow function f () means that the reservoir routing scheme is physically "detachedl 

fkom the rest of the system. To update the water level in a reservoir, the net flow 

expression f ( t )  is integrated across an extended time step. More specifically, the 

transient simulator is used to calculate time-averaged flows to a reservoir at the 

front, middle and back segments of an extended time step. These time-averaged 



flows, which summarize the net interactions in the system, are then connected by 

means of a polynomial which emulates the flow function f (t) and which is integrated 

across an extended time step. 

Now, since the flows to a reservoir calculated in the course of a transient simulation 

are likely to be bounded, the solution of Equation 7.3 which intimately depends on 

these flow values is also likely to be bounded. So, for that matter, the Predictor- 

Corrector and Predictor-Adams methods wilI "inherit" most of the behaviour of the 

basic modified Euler and Adams techniques commonly used to solve the differential 

expression in Equation 7.3. This means that, in most practical cases, the methods of 

Chap ter 5 are likely to be well-behaved with numerical characterist ics (consistency, 

stability and convergence) similar to  those of the standard Euler and Adams methods- 

7.3.1 Test System and Experiment 

The numerical experirnent was designed t O examine furt her the numerical properties 

of the Predictor-Corrector and Predictor-Adams methods. In the tests of consistency 

and sensitivity, the routing results of the Predictor-Corrector and Predictor-Adams 

techniques (transient approach) are compared to the analytic solution of reservoir 

Wing and emptying. The experiments were conducted with a simple reservoir which 

fills and empties by discharging, or drawing in, fluid through a short pipe connected 

a t  its bottom- This experimental reservoir is depicted in Figure 7.1. 

The pressure-independent flow Q (t) into or out of the reservoir was made to follow 

the simple trigonometric relationship in Equation 7.4. 

Q(t )  = Qo sinwt 

The terms Q, and w represent a base flow and a unit coefficient which maps time f 

onto the polar plane. This analytic relationship is plotted over a simulated period of 

four hours in Figure 7.2 

To compute a closed-form solution of water level, this simple, trigonometric re- 



Figure 7.1: Simple reservoir used in numerical experiments. 

lationship of flow is substituted into the ordinaxy difFerential equation which d a t e s  

the conservation of 

time. The equation 

mass in a reservoir and which is then integrated with respect to 

which r&ults is 

This last equation computes the water level Z(t) in the test reservoir at any time t. 

The terms 2, and A, denote the initial water elevation at the start of a simulation 

and the cross-sectional area of the reservoir (taken to be constant in the numerical 

experiments) . 

7.3.2 Test for Consistency 

The f is t  experiment was designed to test the consistency of the Predictor-Corrector 

and Predictor-Adams methods. H o h a n  (1992) defines numerical consistency as: (p. 

266) "A Finite Difference Equation (FDE) is consistent with an ordinary differential 

equation (ODE) if the difference between the FDE and the ODE (Le., the truncation 



Figure 7.2: Trigonometric flow variation used in numerical experiments. 

error) vanishes as the size of the grid spacing At goes to zero." 

The test for consistency is usually undertaken by analytical means. In such a 

test, each term in the original finite difference expression is replaced with its Taylor 

series expanded about a grid point. What results is called the rnodzfied differential 

equation ( M D E )  which explicitly accounts for the truncation errors in the original 

finite difference equation. Investigating the property of consistency is a simple matter 

of shrinking the time step At to zero in the MDE and seeing.if the original ordinary 

differential equation is recovered from the expression (HofFman, 1992). 

Unfortunately, the procedure mentioned above cannot be used to test the finite 

difference methods developed in this thesis ecause the finite difference terms, which 

arise from integration processes inherent in the transient solution, are not easily 

replaced by Taylor series. Instead, to demonstrate consistency in this thesis, a series 

of extended period simulations are performed by progressively decreasing the size of 



the extended time step until the estimates of the the-stepping metho* ds converge (if 

it is in fact consistent) onto the analytic solution in Equation 7.5- 

In total, seven extended simulations are performed on the expenimental reser- 

voir: t hree solutions with the Predict or-Corrector met hod, three solu~tions wit h the 

Predictor-Adams met hod and a full hydraulic solution wit h the transient simulator 

TransAM. From simulation to simulation, the extended time step is SM from one 

hour to thirty minutes- On a percent basis, the lengths of the front- and back-end 

simulations are varied in proportion to the extended step. The list of rmns (Predictor- 

Corrector and Predictor-Adams) performed on the test reservoir is showvn in Table 7.1. 

Table 7.1: Numerical experiments performed in consistency anaalysis. 

The results from these test runs are shown in Figures 7.3 and 7.4 a n d  they seem 

Back S t e p  (sec) 

200 

150 . 

100 

Trial No. 

1 

2 

3 

to suggest that the two mass-accounting methods are consistént. We s e e  that, as the 

time step is shnink from one hour to thirty minutes, the estimates yiielded by both 

Extended Step (sec) 

3600 

2700 

1800 

methods converge onto the analytic solution. We can also see that t h e  full transient 

Front Step (sec) 

400 

300 

200 

solution almost ovedaps the analytic solution. This holds no surprise since in the 

transient solution, the time domain is discretized into very fine segrnemts. 

7.3.3 Test for Sensitivity 

The goal of the sensitivity test is to determine how adjusting (shridxing or extending) 

either the front- or back-end time step will effect the accuracy of an extended solution. 

This is done by increâsing the length of the front or back transient run fkom one 

simulation to the next, and observing the gains in accuracy in each sol[lution. 

The tests performed on the Predictor-correct or and Predictor-Adams methods 

can each be split into two parts. In the first part, the front-end simulatr-ion is progres- 



Figure 7.3: Consistency analysis of Predictor-Corrector method 

sively lengthened kom ten minutes to forty minutes, while the back-end simulation 

is held h e d  at ten minutes. In the second part, the back-end simulation is length- 

ened hom ten minutes to forty minutes, while the front-end simulation remains fixed 

a t  ten minutes. In each case, the length of the extended step is held fixed at one 

hour. Like in the consistency test, the full hydraulic solution (generated with the 

transient mode1 TransAbf) is compared to the analytic solution in Equation 7.5. The 

list of simulations performed on the experirnental reservoir (for Predict or-correct or 

and Predictor-Adams tests) is outlined in Table 7.2. 

The sensitivity results fiom the tests performed with both the Predictor-Corrector 

and Predictor-Adams method are presented in Figures 7.5, 7.6, 7.7 and 7.8. In both 

tests, we see that decreasing the front-end step will reduce the error of the solution 



Figue  7.4: Consistency analysis of Predictor-Adams method. 

significantly. We also see that, as the back-end time step is progressively extended, 

the gains in accuracy tend to exhibit diminishing returns, until some sort of limit 

is reached. In al1 plots, we see that the full hydraulic solution (generated with the 

transient simulator TransAM and with a t ime step of 0 .O5 seconds) follows the analytic 

solution very closely. 

It should be noted here that in order to start the Predictor-Adams method, the 

first hour of each extended simulation was modelled entirely with the transient simu- 

lator TransAM. It  is for this reason that no errors exist between the analytic solution 

and the solutions generated with the Predictor-Adams method in the first hour of 

each simulation. 

A natural question to ask after having seen these results is: why is the solution 



1 Trial No. 1 Front Step (sec) 1 Back Step (sec) 1 Extrapolation Step (sec) 

r Variation of Front Step 

3 1800 600 1200 

4 2400 600 600 

Variation of Back Step 

5 600 1200 1800 

6 600 1800 1200 

7 600 2400 600 
A 

Table 7.2: Numerical experiments performed in sensitivity analysis (extended t ime 

step hxed at one hou) .  

made more accurate when we increase the length of the front-end time step than when 

we increase the Iength of the back-end thne step? The  reason for this rests with the 

tirne-averaged flow cakulated i n  the front-end simulation. Since this estimate of flow 

is used to extrapolate the water level which initializes the second-transient analysis (at 

end of time step), it influences the accuracy of the second estimate of time-averaged 

flow calculated in this second simulation. In a sense, an accurate time-averaged flow 

at the start of the time step ofien translates into an accurate time-averaged flow at  the 

end of the time step, and an accurate extrapolation across the time step. However, the 

reverse is not true. A fuzzy .tirne-averaged flow calculated at  the start of a time step 

will almost guarantee errors in the solution, no matter how long the back-end time 

step is made. This is because significant inaccuracies in the extrapolation step will 

propagate to the time-averaged flow calculated in the back-end transient simulation. 

7.3.4 Order 

In his book, H o h a n  (1992) defines the order of a finite Merence solution of an 

ODE to be (p. 267) ". . . the rate  at which the global error approaches zero as the 



Figure 7.5: Sensitivity of Predictor-Corrector method to a change to the front-end 

step. 

size of the grid spacing At goes to zero. The order of a finite difference equation 

is the same as the order of the finite clifference approximations of the exact deriva- 

tives (Le., the truncation error) ." Since we cannot easily replace the tirne-averaged 

flows-considered to be exact derivatives in this case-with their finite difference ap- 

proximations (expanded Taylor series), we have to resort to graphical means to assess 

the order of the finite difference methods. For a finite difference method of specified 

order, we know that the global truncation error will be proportional to the time step 

(or its inverse) raised to the power equal to the order of the method. This idea is 

more concisely e,uplained in Equation 7.6. 



Figure 7.6: Sensitivity of Predictor-Corrector method to a change to the back-end 

step. 

Here, the terms E, At  and n denote the global tmca t ion  error, the extended tirne 

step used in the finite difference method and the order of the finite difference method. 

The term K is a constant of proprotionality. NOW, if the global truncation error and 

the size of the time step are plotted on logarithmic paper, we can determine the 

order of the finite difYerence method by simply finding the slope of the line in the 

plot. Mathematically, our simple error expression in Equation 7.6 is transformed to 

a straight line with slope n 



Figure 7.7: Sensitivity of Predictor-Adams method to a change to the front-end step. 

log E = log K + n log I /At  (7-7) 

In this expression, the absolute value of the dope n directly corresponds to the order 

of the finite difference method. 

The information on truncation errors generated in the consistency tests is used to 

determine the order of the Predictor Corrector and Predictor Adams methods. To 

determine the order of the Predictor Corrector method, the global truncation error 

found at time 3 tiours in Figure 7.3 was plo tted against the reciprocal value of the 

time step (decreased from 1 hour to 0.5 hours) on logarithmic paper. Similarly, to 

determine the order of the Predictor-Adams method, the global truncation error found 

at time 2 hours in Figure 7.4 was plotted against the reciprocal value of the time step 



And ytic +TransAM (O-05sec)  
- -O- - PA (F=lO-nin E m n )  - -A- - PA (F=l(krin B=1 M n )  

- -x- - PA (F=l(kn'n E M n )  - + - PA (F=l(knn B=4(knin) 

Figure 7.8: Sensitivity of Predictor-Adams method to a change to the back-end step. 

(decreased hom 1 hour to 0.25 hours). It should be noted here that an estimate of 

global truncation error was not available at time 2 hours for the Predictor-Adams 

simulation nui with a 45 minute time step, and so the glubal truncation error at time 

2: 15 hours was used instead. Both error plots are shown in Figure 7.9. 

The slopes of the regression lines in Figure 7.9 were found to be --2.16 (Predictor- 

Correct or data) and -- 1-85 (Predict or-Adams data). These preliminary results sug- 

gest t hat both the PredXctor-correct or and Predictor-Adams techniques are second- 

order methods. The coefficients of determination associated Fvith the regression lines 

t hrough the Predictor-Corrector data and the Predictor-Adams data sit at -0.999 

and -0.916, respectively. Owing to slight nonlinearities in the data set, it is clear 

from Figure 7.9 that the linear rnodel does not fit the Predictor-Adams data well. 



1 .O 

log (1 1 A t) 

Figure 7.9: Global truncation error vs- extended time step duration- 

7.4 Surnmary 

In this chapter, the numerical characteristics of the time-stepping met hods presented 

in Chapter 5 are discussed. First, the general behaviour of the methods is explained 

partly through a Lipschitz argument. Then a series of numerical experiments are 

performed to corroborate the Lipschitz argument and to demonstrate that the time- 

stepping methods are consistent. Sensitivity experiments show that the accuracy of 

the methods can be significantly improved by increasing the length of the front-end 

simulation and, to a lesser extent: the length of the back-end simulation. The results 

from some of these experiments were used to determine that both time-stepping 

schemes are third-order methods. 



Chapter 8 

Conclusions 

The chief goal of extended period modelling was originally to understand the overall 

hydraulic behaviour of a system over an extended p e ~ o d  of t h e .  With such a model, 

an analyst could assess the level of service and the adequacy of a system's capacity 

under normal and emergency conditions as well as identify major problems (e.g., 

low/high pressures, low/high velocities) in a system. The model has also been used 

extensively to tirne the operation of pumps and reservoirs so as to balance the supply 

and the distribution of water to users in a system. In the recent past, the quasi 

steady state model has also been used to track the water quality in a system. A11 

these applications were justified given the relative simplicity of these systems. For 

example, a typical system was fed by reservoirs perched at a high elevation to supply 

the requisite amount of flow to its users. Now, the modern distribution system is 

nothing if not complex with a typically large number of devices operating in concert 

to continually change its flow conditions. Most systems will have an automatized 

system of pumps and valves which change the pressure and flow in order to meet 

the changing needs of its domestic, commercial and industrial users. With al1 this 

activity continuously being directed and conducted, the fiow conditions in a system 

will often be unsteady (varying levels). If the basic goals of extended period modelling 

are to be satisfied, a more sophisticated model must be used to analyze the long-term 

interactions in a distribution system. 



This t hesis presents an extended dynamic model capable of simulating bo th static 

and dynamic interactions in a system over an extended penod. The model exploits 

the flexibility and generality of a transient simulator and retains the time-stepping 

efficiency of the traditional quasi steady state model. The t hree principal character- 

istics which make this model particularly appealing are: 

System Representation: the extended dynamic model is able to simdate the full 

range of flow conditions in a system-ranging fiom steady state to waterharnmer. The 

model's transient simulator reproduces, accurately, the flow conditions in the pipes 

and devices of a distribution system through a set of mat hematical relationships w hich 

represent the salient, physical characteristics of fully unsteady flow. 

Routing Accuracy: by coupling a transient simulator with an efficient routing 

scheme, the extended dynamic model is able to accurately track the water level in 

the reservoirs of a system over an extended time period. The routing accuracy of the 

model has been demonstrated through a preliminary set of numerical experiments. 

Worst-Case Analysis: the model can be used to identi@, systematically, a t  what 

time, or under which pattern of demands, the most severe transients will arise in a 

system, if it is subjected to a single, or set of, transient event(s) (e-g., power failure, 

pump trip, sudden valve closure, pipe burst, etc.). 

Wit h these fundamental properties, the extended dynamic model presents us with 

the unique ability to establish a firrner link between unsteadiness and the costs of 

designing, maintaining and operating a system. More to the point, there is a real 

opportunity to extend the economic analysis of a system and include the often-ignored 

costs associated with unsteadiness, and particularly transients, in a system- In design 

and rehabilitation endeavours, a worst-case analysis can help the analyst determine 

the appropriate wall thickness (pressure rating), diameter and topology of pipes in 

a system sub jected to a varied set of transient scenarios and consumption demands. 

This in turn gives hirn/her a better handle on the  nonlinear relationship between 

pipe diameter, tbickness and cost, as well as the capital expenditures associated with 

the excavation and construction of a pipeline. In the operation of a system, the 



dynamic model can be used to flush out the inter-relations between difFerent facets 

of a system. A good example is the feedback loop between the operating efficiency of 

a system and the transient dissipation function of its leaky pipes. A popular remedy 

to reduce pumping costs is to identifv and fix leaky pipes in a system. However, 

pipe Zeaks can play an important role in dissipating transient pressures in a system, 

and repairing them may actually increase the frequency of pipe breaks. An economic 

analysis performed with steady state estimates of flow and head would show a decrease 

in operating costs, while ignoring the increase in maintenance costs associated with 

pipe breaks (Karney, 1996). Clearly, the dynamic model has the potential to broaden 

the scope of system, economic analysis. 

Looking elsewhere, the model also makes it possible to enhance some of the more 

sophisticated analyses such as optimization and the real-time control of systems. To 

yield sensible results and be useN to the engineer, these "secondary" techniques typ- 

ically require a prodigious amount of information on steady and unsteady conditions. 

Unfortunately, the potential of these techniques has too often been limited by the 

penury of information extractable from a quasi steady state model-the model tra- 

ditionally used in this context. Unlike the quasi steady state model, the extended 

dynarnic model in this t hesis, wit h its detailed representation of hydraulic conditions 

and long-terrn routing capabilities, could perhaps enhance some of these "secondary" 

analyses- For example, in the context of design, the extended dynamic rnodel could be 

incorporated into an op timization scheme to determine a system configuration which 
, 

minimizes the capital, maintenance and performance cos ts associated wit h t ransients 

in a system subjected to different hydraulic and demand loads. In the real-time con- 

trol and operation of a system, the model could be used with a SCADA (Supervisory 

Control and Data Acquisition) system to make "smart" decisions about the short-term 

(six-hr, twelve-hr, or twenty-four-hr time period) operation and control of a distri- 

bution system based on the results of numerous extended-period simulations-each 

one investigating a particular transient loading scenario. Increasing the efficiency of 

operations could prolong the life of pipes and system components, decrease the costs 



of maintainhg and repairïng a system and reduce the number of service disruptions 

tu the users of a system. A host of other water quality, reliabilïty and system design 

applications are also possible. 



References 

Axwort hy, D . (1997) "Water Distribution Network Modelling: From S t eady S t a t  e 

to Waterhammer" Ph.D. Thesis, University of Toronto, Toronto, Canada. 

Bhave, P.R- (1988) "Extended Period Simulation of Water Systems-Direct Solu- 

tion." Journal of Environmental Engineering, ll4(5), 1146-1159- 

Bhave, P.R. (1991) Analysis of Flow in  Water DiStributiofi Networks. Technomic 

Publishing Co, Lancaster, Pensylvania. 

Burden, R-L-, Faires, J.D. (1985) Nztmerical Analysis. Prindle, Weber and Schmidt, 

Boston, Massachusetts. 

Chaudhry, M. (1987) Applied hydraulzc t~ansients. Van Nostrand Reinhold: New 

York, New York. 

Epp, R., Fowler, A.G. (1970) "Efficient Cade for Steady-state Flows in Networks." 

Journal of Hydraulics Division, ASCE, 96(l), 43-56. 

H o h a n ,  J.D. (1992) Numerical Methods fdr Engineers and Scientzsts. McGraw-Hil1, 

New York, New York- 

Karney, B. W. (1996) "Hydraulic Analysis of Leaky Water *Distribution Systems." 

Uni-Bell PVC Pipe News, 19(1). 

Karney, B.W. (1999) "Hydraulics of Pressuized Flow" In: Hydraulzc Design Hand- 

book: ed. Mays, L.W., McGraw-Hill, New York, New York. 

Karney, B.W., McInnis, D.A. (1992) "Efficient calculation of transient Aow in simple 

networks." Journal of Hydraulzc Engineering, ASCE, ll8(7),  1014-1030. 

McInnis, D .A. (1992) "Comprehensive Hydraulic Analysis of Comples Pipe Sys- 

kms" Ph. D. Theszs, University of Toronto, Toronto, Canada. 



McInnis, D .A., Karney, K. W., Axwort hy, D.H. (1998) "TransAM Reference Manual" 

Hydra Tek Associates, Ontario, Canada. 

Rao, H.S., Bree, D .W. (1977) "Extended Period Simulation of Water Systems-Part 

A." Journal of the Kydraulics Division, 103(HY2), 97-108. 

Rossman, L-A. (1993) EPANET User's Manual United States Environmental Pro- 

tection Agency, Cincinatti, Ohio. 

Rossman, L.A. (2000) EPANET 2 Users ' Manual United States Environmental Pro- 

tection Agency, Cincinatti, Ohio. 

Shamir, U., Howard, C.D.D. (1968) "Water Distribution Systems Analysis." Journal 

of Hydraulics Division, ASCE, 94(1), 219-234. 

Shamir, U., Howard, C .D :D. (1977) "Engineering Analysis of Water-Distribution 

Systems." Journal of Amencan Water Works Associatwn, AWWA, September 

1977, 510-514. 

Simpson, A.R., Dandy, G.C., Murphy, L.J. (1994) "Genetic Algorithms Cornpared to 

Other Techniques for Pipe Optimization" Journal of Water Resources Planning 

and Management, ASCE, l2O(4), 423-443. 

Todini, E., Pilati, S. (1987) "A gradient method for the analysis of pipe networks." 

International Conference on Compter  Applications for Water Supply and Dzs- 

tribution, Leicester Polytechnic UK, September 8-10. 

Wood, D-J-, Charles, C.0 .A. (1972) "Hydraulic Network Analysis Using Linear The- 

ory." Journal of Hydraulics Division, ASCE, 98(7), 1157-1170. 

Wylie, E-B, Streeter, V.L. (1984) Fluid Traanssients. FEB Press, Ann Arbor. 

Wylie, E-B, Streeter, V.L. (1993) Flzlid transients in systems. Prentice-Hall, Inc., 

Englewood Cliffs, New Jersey. 



Zhang, 2. (1999) "Fluid Transients and Pipeline Optimization Using Genetic Algo- 

rithms" M.A.Sc. Thesis, University of Toronto, Toronto, Canada. 



Appendix A 

Component-Control Scheme 

A. l  Introduction 

A control scheme is used in conjunction with the integration methods of Chapter 5 

to rnarshal a transient analysis program smoothly through the steps of an extended 

period simulation. This scheme is designed to control the operations of devices such 

as demands, pumps, valves and fluctuating reservoirs in a distribution system. Most 

of these devices are controlled through two fundamentaliy difTerent mechanisms: set- 

point control and time-schedule control. Under set-point control, the set t ings of 

demands, pumps, valves and externd reservoirs are changed whenever the hydraulic 

parameter of some specified device in the system exceeds a certain limit. While, 

under time-schedule control, the setting of devices are changed according to a pre- 

determined list of changes. The conceptual structure outlined in this section is only 

an abstracted "blueprint" of the actual routines that would be implemented in the 

body of an extended dynamic model. 



A.2 General Description 

Before the transient simulator and the component-control algorithm are run? an ex- 

tended period simulation is divided into discrete extended time steps. Each extended 

time step is further subdivided into transient simulation steps and extrapolation steps. 

A transient simulation is run a t  the start of an extended step for some fixed amount of 

time. Then, the hydraulic idormation on water levels obtained in this first transient 

simulation is used to calculate the water level in the tanks/*servoirs at  some point 

before the end of the extended step- These extrapoIated water levels are then used to 

"start" another transient analysis, which is run to the end of the extended time step. 

After this last simulation, the water level differences calculated in the two transient 

simulations are used to find "corrected" values of water level in the tanks/reservoirs 

of a system a t  the end of a time step. 

During the course of a transient simulation, the component-control algorithm is 

responsible for controlling the actions of devices in a system. At the start of a transient 

simulation, the algorithm h s t  sets the hydraulic conditions (e-g., piezometric heads 

and flows) in the system to their default values. Once the simulation is underway, 

the algorithm then reads the time-schedule information and begins to controI the 

actions of devices such as demands, pumps, valves and large reservoirs in a system. If 

devices are instead controlled through set-point statements, the algorithm will start 

monitoring the appropriate devices and implement the appropriate set-point controls. 

If a worst case analysis is performed during an extended step, the procedure 

followed by the algorithm is slightly difFerent. Once the extended period computations 

are completed, the component-control algorithm resets the device settings to their 

starting values and fixes the hydraulic conditions to their default values. Then, a 

short transient analysis is performed to at  tenuate the fictitious transients created 

in the system as a result of resetting the devices and hydraulic conditions in the 

system. Dunng this short transient simulation, 

heId constant a t  their starting values. Once the 

the settings of hydraulic devices are 

transients have died d o m ,  the worst 



case simulation proper is begun. During this simulation, the transient simulation 

is responsible for monitoring specific devices in the system and implernenting the 

appropriate set-point controls, 

A.3 Notation 

The notation which is used in aU components of the control structure is briefly dis- 

cussed. The terms typeset in capitalized typewriter style deno te input variables 

(VARIABLE). The terms typeset in the capitalized sans serif style denote input options 

(OPTION) to the variables. The terms marked with a dag (VARIABLET) are existing 

variables or options used in the transient analysis program TransAM. As a final note, 

the terms typeset in capitalised roman style and surrounded by round brackets denote 

the option type (Le., character (CHAR), integer (INT) or reql (REAL) numbers). 

A.4 Simulation Control 

The parameters in the first section determine what time-stepping routine is used and 

how time is segmented and apportioned within an extended simulation. Table A. 1 

out lines t hese general parameters. 

General Data 

The first variable INTMTH (CHAR) designates the integration method used in the 

simulation. The Predictor-correct or PC, Predictor-Adams PA or Quadratic Spline 

Interpolation scheme QSI can be used to "jump" from one time step to the next. If 

a time-stepping method is specified, each extended step w a  be divided into tran- 

sient simulation and time-leaping intervals. If, on the other hand, a time-stepping 

procedure is not required, the option TRANS allows one to perform a full transient 

simulation. In this case, the transient simulator is used continuously t hroughout the 



GENERAL SIMULATION DATA 

General Data 

INTMTH 

Extended Period Data 

TOTDUR EXTSTP FRNTRN MIDTRN BCKTRN 

Worst Case Data 

NJUMP ATTEN 

Table A. 1: General simulation parameters 

course of an extended period simulation. 

Extended Period Data 

The parameters in this section are used to apportion time within a simulation. The 

variable TOTDüR (INT) determines the duration of a simulation in an integer number 

of time steps. The length of individual time steps is h e d  by EXTSTP (REAL) in 

units of hours. Once the lekgth of a step has been determined, the duration of the 

front-, middle- and back-end transient simulations are specifiea with FRNTRN (REAL), 

MIDTRN (REAL) and BCKTRN (REAL). These parameters are entered as fractions (fiom 

O to 1) of the extended step length and read only if the variable INTMTH has been 

set to PC (Predictor-Corrector), AM (Predictor-Adams) or QSI (Quadratic SpLine 

Interpolation). 

Worst Case Data 

To assess the critical state of a system, a specified set of transient events can be sim- 

ulated a t  select points during an extended simulation. To do this, the analyst must 

specify a n  integer number of extended steps NJUMP (INT) over which the transient 



simulator should jump before performing the next worst case analysis. If the number 

of steps in this variable exceeds the total number of extended time steps specified in 

TOTDUR, the transient simulator will not perform a single worst case simulation. The 

last variable in Table A l ,  ATTEN (REAL), Gxes the duration of the short transient 

simdation run to attenuate residual transients before a worst case simulation is per- 

formed. This variable is read only if the number of steps in NJUMP is smaller than the 

total number of steps TOTDUR in an extended simulation- 

A.5 Demand Control 

Described next are the parameters which control the demand in a system over an 

extended period of time. The algorithm can track and control both fixed-flow and 

orifice devices either through set-point or time-schedule control. This structure is 

outlined in Table A.2. 

Identification Parameters 

The first section is used to identify the discharge devices in a system. The variable 

DEVTYP (CHAR) sets the discharge device7s type. A device can either be of a fixed- 

flow type Q W T ~ ,  where the flow is independent of pressure, or of an orifice flow 

type ORIFIC, where the flow through the device depends on the pressure differençe 

across it. Once the device type has been specified, the number of nodes N D N ~  (INT) 

and the node identifiers NOD (1) . . . NOD (N) t (INT) associated with the device must 

be entered. How discharge devices are controlled is decided through the variable 

CTRLMOD (CHAR); a device ean be controlled either with set-points SETPNT or with 

a pre-determined schedule of flows (fixed-flow) or aperture settings (orifice) TIMSCH. 



DEMAND DATA 

Device No. 1 

Identification Data 

DEVTYP 

Set-Point Control (IF CTRLMOD = SETPNT) 

SETPT DEV NOD(I=I. . N N ) ~  HYDPAR BOOLCND VAL 

Set-Point Flow Settings (IF DEVTYP = QWT) 

Set Point No. 1 

FLWSTRT FLWEND T V ~ ?  TV2T 

NSFLW NENFLW NFLW(I=l.  .M) FLWI ... FLWM 

Set Point No. 2 

Set-Point Orifice Settings (IF DEVTYP = ORIFIC) 

Set Point No. 1 

TAUSTRT~ TAU END^ T V I ~  T ~ 2 t  

Set Point No. 2 



Time-Schedule Control (IF CTRLMOD = TI-MS%H) 

Time Series (IF DEVTYP = QWT) 

TIME: T(O) 'Ni) T(2) - .  T(N) 

FLWSTRT: 

FLWEND: 

T'VIT: 

Time-Schedule Fixed-Flow Sett ings 

TIME: NSFLW NENFLW NFLW(I=l. -M) FLWl . . . FLWM 

Time Series (IF DEVTYP = ORIFIC) 

Time-Schedule Orifice Settings 

TIME: NSTAU~ NENTAU~ NTAU (I=I . . M) t  TAU^ . . . T A U M ~  

T(0) :  

Device No. 2 

Table A.2: Demand data 
128 



Set-Point Control 

If the set-point option SETPNT is specified in the variable CTRLMOD, the set-point 

variables automatically become active. The  k s t  of these variables SETPT (INT) des- 

ignates the ordinal number of a particdar set-point statement associated with the 

chosen device. The variable DEV (CHAR) identifies the type of device whose hy- 

draulic behaviour is to be monitored in the set-point statement. The generic device 

NODE can be used to describe a simple junction node, a fùced-flow demand node, a 

valve discharging to the atmosphere, a reservoir or even an external pump station. 

Similarly, the device LlNK can describe a simple pipe, an  in-line control valve or even 

a booster pump station. Next, the nodes associated with the device specified in DEV 

are identZied with N N ordinal numbers in  the variable NOD ( I N T ) ~ .  Nodal devices 

NO D E have one node associated with t hem, whereas link devices Li N K have two nodes 

associated with them. 

The next set-point variable HYDPAR (CHAR) specifies which hydraulic parameter 

associated with the chosen device, either NO D E or LIN K, will be monitored t hrough 

the set-point statement. If a nodal device is chosen, the possible hydraulic parame- 

ters are piezometric head HEAD, fiow FLOW and water level WATLEV. If instead a 

link device is specified, the *possible hydraulic parameters are flow FLOW and head 

difference H D D I FF. Next, the variable BOOLCND (INT) specifi& the boolean operator 

used in the set-point statement. Possible operators are O - "greater or equal"; 1 

+ "smaller or equal"; and 2 4 "equal to". And finally, the variable VAL (REAL) 

specifies the upper or lower lirnit of the hydraulic parameter specified in HYDPAR. It 

should be noted that the fked-flow or orifice devices specified in NOD (1 1 . . . NOD ( N I  f 

can have their own hydraulic behaviour monitored through the set-point variables 

DEV and NOD. 



Set-Point Settings 

In this section, the set-point behaviour associated with fixed-flow or orifice devices 

defined in the section entitled "Identification Data" is speciâed. For a hed-flow de- 

vice, the data describes the time change in volumetric flow entering, or discharging 

from, the device. Similarly, for an orïiice device, the data pertains to the time varia- 

tion of its aperture setting. Since the two data structures are identical, Save for the 

k s t  three letters of each variable (i.e., FLWSTRT and TAUSTRT), only the variables 

associated with fked-flow devices is discussed here. 

Once a set-point has been activated, the transient simulator reads in the set-point 

information which will control the actions of the fixed-flow devices in a systern. The 

variables FLWSTRT (REAL) and FLWEND (REAL) designate the flow in the specified 

devices at the start and end of the set-point event. The variables T V ~ T  (REAL) 

and ~ ~ 2 t  (REAL) designate the duration of the k s t  and second tirne segments in 

the device's flow-variation curve. Moreover, the variables NSFLW (INT) and NENFLW 

(INT) denote the ordinal location (index) of the &st and last tabulated flow values 

of the first time segment. The total number of ordinal points is specified through 

NFLW (I=1 . . M) (INT). And finally, the variables FLW1 . . . FLWM (INT) denote the 

list of discrete flow values on the fiow-variation curve. 

Tirne-Schedule Control 

If the variable CTRLMOD is set to the time-schedule option TI MSCH, then the specified 

discharge devices (either fixed-flow or orifice) are controlled with the time-schedule 

data provided in this section. In order to control the actions of fixed-flow and orifice 

devices over an ext ended period simulation, the variables found in the sections entitled 

"Set-Point Flow Settings" and "Set-Point OrXce Settings" must be specified at each 

time step of a simulation, as shown in Table A.2 under the section "Time-Schedule 

Control" . 



A.6 Pump Control 

The pump control structure is described next. As in the case of demands, the algo- 

rithm can track and control the operation of pumps and their control valves through 

set-point or time-schedule control. This scheme is outlined in Table A-3. 

Pump Identification Data 

In this section, each pump in a system is labeled, and attributed a set of general char- 

acteristics. The variable PMPID (INT) attributes an identification number to a pump 

for reference purposes. The number of nodes N D N ~  associated with the pump and 

their identifiers NOD(1) . . . NOD(N)t are specified next. An external pump station 

normdy has only one node associated with it, whereas a booster pump station has 

two nodes associated with it. The variable PMPTYP (CHAR) determines whether the 

pump has single-speed SGLSPD or variable-speed VARSPD capabilities. And the last 

variable in this section, CTRLMOD (CHAR), describes how the operations of a pump are 

controlled during an extended simulation. A pump (single-speed or variable-speed) 

rnay be controlled through a set-point control scheme SETPNT or a time-control 

schedule TIMSCH. 

Set-Point Control 

The set-point variables in this section are identical to those specified in Table A.2 

under the heading labeled "Set-Point Control". 

Set-Point Pump/Valve Settings 

This section describes the parameters which control the hydraulic actions of purnps 

and their control valves under a set-point control regime. The variable PMPACT (INT) 

describes the specific action a pump will take when a set-point has been activated. In 

this case, a pump can either fail PMPACT = O or change its impeller speed PMPACT = 



PUMP DATA 

Pump No. 1 

Pump Identification Data 

PMPID N D N ~  NOD (1) . . . NOD ( ~ ) t  PMPTYP CTRLMOD 

Set-Point Control (IF CTRLMOD = SETPNT) a 

SETPT DEV NOD (I=l . . NN) t HYDPAR BOOLCND VAL 

Set-Point Pump/Valve Settings 

Set Point No. 1 

PMPACT SPDSTRT SPDEND SETTIM 

Set Point No. 2 



Time-Schedule Control (LF CTRLMOD = TIMSCH) 

TIME: T(O) T(1)  T(2) T(3) - .  T(N) 

Pump I n f o r m a t i o n  

PMPACT: 

T F A I L ~  : 

SPDSTRT: 

SPDEND: 
- - 

PSTRT: 

SETTIM: 

Pump C o n t r o l  Valve I n f o r m a t i o n  

TSTRT: 

Pump C o n t r o l  Valve Settings 

TIME: NSTAU~ - NENTAU~ NTAU(I=I. . MI t  TAU^ . . . T A U M ~  

Discrete Pump Speeds 

SPO SPI SP2  SP3 SP4 . . . SPM 

Pump No. 2 

Table A.3: Pump data 



1. The latter change encompasses start-up, shut-down and speed-change operations. 

If the variable PMPACT is set to 1 (change of speed), the pump's speed will Vary linearly 

from a starting point SPDSTRT (INT) to an end point SPDEND (INT) in the amount 

of time speciûed by SETTIM (REAL). The vanables SPDSTRT and SPDEND can take 

on the discrete values of speed SPO . . . SPM (REAL) found in the section "Discrete 

Pump Speeds" . For single-speed pumps, the only eligible speed in this list is SPO. 

The speed option OFF specifies a speed of zero for a single- o r  variable-speed purnp. 

The second part of this section includes variables which control the settings of 

valves under the set-point regime, When a set-point has been exceeded, a pump 

valve will Vary its tau setting from the starting point TAUSTRT~ (REAL) to sorne end 

point TAU END^ (REAL). The path it will follow is defined by the two time segments 

T V I ~  (REAL) and ~ ~ 2 t  (REAL), the ordinal locations of the first and last tabulated 

tau values NSTAU~ (INT) and NENTAU~ (INT), the number of tau values on the tau 

cuve N T A U ~  (INT) and the series of discrete tau values TAU1 . . . T A U M ~  (REAL) 

which comprise the tau curve. 

Tirne-Schedule Control 

In order to direct the behaviour of pumps and valves in a 

must be defined at each extended step of a simulation. 

system, their specific actions 

The variables which fix the 

time-controlled actions of pumps and their control valves are described in this section. 

Pump Information 

The first variable PMPACT (INT) specifies the actions of a pump at  every extended 

step of a simulation. As before, a pump can either fail PMPACT = O or change its 

impeller speed PMPACT = 1. If the variable PMPACT is set to 0, the pump wiU fail a 

fixed amount of time TFAIL (REAL) after the front-end simulation has started. If 

instead the pump is set to change speed (PMPACT = l), it will increase or decrease its 

speed linearly from SPDSTRT (INT) to SPDEND (INT) during the period of time defined 



by SETTIM (REAL), as it did in the set-point scheme. This speed change will occur 

in a fked period of time PSTRT (REAL) after the front-end simulation has started. 

Pump Control Valve Information 

The variables in this section control the operation of pump valves in the front-end 

simulation at every extended time step of a simulation. When a valve is activated 

TSTRT (REAL) after the start of the front-end simulation, it will Vary its tau value 

Erom TAUSTRT~ (REAL) to TAU EN^)^ (REAL). The total duration of the motion will 

be the sum of the first time Segment ~ ~ l t  (REAL) and the second time segment TV2 t 
(REAL). 

Pump Control Valve Settings 

The tau curve of a pump valve is specified next. The curve itself has N T A U ~  (INT) 

ordinal points including the first point of tirne segment 1 NSTAU~ (INT) and the last 

point of time segment 1 NENTAU~ (INT). The discrete tau values on the cuve are 

defined by TAU1 . . . T A U M ~  (REAL). 

m e n  a worst case analysis is performed in a time step, the settings of a pump 

and its control valve will be altered only after a short transient simulation has been 

run to attenuate the fictitious transients in a system. In other words, the analyst 

must specïfy a time-of-failure TFAIL, time-of-speed-change PSTRT and a time-of-valve- 

opening/closing TSTRT which al1 exceed the at tenuation period ATTEN. Ako, whenever 

a worst case analysis is performed, only the actions of pumps and valves specified 

under the first time heading T (O)  wiU be read by the transient simulator- 

Discrete Pump Speeds 

This short section defines the allowable speed settings of a pump. If a pump has 

only single-speed characteristics, its rated speed is denoted by SPO. If instead the 



pump has variable-speed capabilities; the entire List of speed settings are read by the 

transient analysis model- 

A.7 Valve Control 

Conceptually, this section closely resembles the section entitled "Demand Control" . 

The structure controls the operation of valves (nodal or in-line) in the system, either 

through a set-point scheme or a time-schedule scheme- The variables used in this 

section are described next . 

Valve Identification Data 

In this section, each valve in a system is labeled, and attributed a set of general 

characteristics. The variable is first given an identitication nurnber VALVID (INT) for 

reference purposes. The number of nodes N D N ~  associated with the valve, and the 

ordinal identification numbérs NOD ( 1) . . . NOD (N) t of those nodes are specified. A 

control valve affixed to a single node will have only one nod'e identification number 

associated with it, while an in-line valve will have two nodes associated with it. 

As usual, the method of control is specified through the variable CTRLMOD (CHAR). 

A valve can either be controlled through set-point action SETPNT, or with a pre- 

determined schedule of aperture settings TI M SCH . 

Set-Point Control 

The set-point variables in this section are identical to those defined in Table A.2 under 

the heading "Set-Point Control" . 



VALVE DATA 

Valve No. 1 

Valve Identification Data 

VALVID 

Set-Point Control (IF CTRLMOD = SETPNT) 

SETPT DEV NOD (I=l. . NN) 

HYDPAR BOOLCND VAL 

Set-Point Valve Motion Settings 

Set Point No. 1 

Set Point No. 2 



Time-Schedule Control (IF CTRLMOD = TIMSCH) 

TIME: TCO) T m  T(2)  . T(N) 

TAUSTRT~: 

Time-Schedule Vaive Motion Sett ings 

TIME: NSTAU~ NENTAU~ NTAU CI=I. . M) t  TA^ . . . T A U M ~  

- -- -- - - - -- 

T (N) : 

Valve No. 2 

Table A.4: Valve data 



Set-Point Valve Motion Settings 

The variables in this section control the behaviour of valves in a system whenever a 

set-point st atement is ac tivated during a transient simulation. Since they are identical 

to those specified in Table A.2 under the heading "Set-Point Orifice Settings" their 

definitions will not be repeated here. 

Tirne-Schedule Control 

The section controls the operation of valves in a system, at every extended step of a 

simulation. The variables which set the behaviour of a valve, at each extended time 

step are identical to those explained in Table A.3 under the headings "Pump Control 

Valve Information" and "Pump Control Valve Settings" and, for this reason, their 

definitions will not be repeated here. 

When a worst case analysis is performed in a time step, the settings of a valve 

wiU be changed only after a short transient simulation has been run to attenuate 

the fictitious transients in a system. In other words, the analyst must ensure that 

the the-of-valve-opening/cIosing TSTRT exceeds the at tenuation period ATTEN. Also, 

whenever a worst case analysis is performed, only the valve actions under the first 

time heading T (O)  are read by the transient simulator. 

A.8 Reservoir Control 

Described in this section are the parameters which control the operations of large 

reservoirs. It should be noted here that the outflow or inflow operations of reservoirs 

specified in this section do not depend on the local pressure conditions at their outlet. 



FLUCTUATING RESERVOLR DATA 
- 

Reservoir No. 1 

Reservoir Identification 

RESTYP NOD 

Time-Schedule Control 

Time Series 

LEVSTRT: 

LEVEND: 

Reservoir Elevat ion Settings 

TIME: NSLEV NENLEV NLEV(I=i..M) LEVI ... LEVM 

Reservoir No. 2 

Table A.5 I Fluctuating reservoir data 



Reservoir Identification 

The type of reservoir is speciûed with the variable RESTYP (CHAR). This variable dis- 

tinguishes between reservoirs connected to the suction side of external pumping sta- 

tions (sources or supply reservoirs) PM PRES and reservoirs located at diverse points 

in a system EXTRES. The variable NOD (LNT) designates the identification number of 

the node associated with a particular reservoir. 

Tirne-Schedule Control 

Described in 

levels during 

(REAL) and 

this section are parameters which determine the variation of reservoir 

the course of an extended period simulation- The variables LEVSTRT 

LEVEND (REAL) denote the values of water level at the beginning and 

end of an extended time step. The variables T V I ~  and ~ ~ 2 t  denote the length of the 

first and second time segments of the water level fluctuation curve. 

Reservoir Elevat ion Settings 

The variables NSLEV (INT) and NENLEV (INT) denote the index values of the first 

and 1 s t  tabulated water levels of the first segment The variable NLEV (INT) 

designates the total number of input values on the water level fluctuation curve. The 

variables LEVI . . . LEVM (REAL) designate the actual values of water level on the 

fluctuation curve which applies across an extended time step. 



Appendix B 

Mass- Account ing: Variable Tank 

Geometry 

B. l  Introduction 

In Chapter 5, we presented t hree mas-accounting methods that track the variation 

of water level i n  a reservoir. The development of these methods was predicated on the 

assurnption tha t  the cross-sectional area is constant, or varies only slightly, across the 

depth of a reservoir. In cases where the cross-sectional area changes significantly or 

suddenly in a reservoir across the extrapolated step, the methods may produce errors 

in the hydraulic solution. This appendix o u t h e s  the general procedure followed when 

routing the Bow of water in a reservoir of variable geometry. 

B .2 Time-averaged Flow 

In the methods of Chapter 5, the average rates of change of water level-or synony- 

mously, the time-averaged flows-fi, f2 or f3 are calculated by taking the difference 

between water levels computed at  the start and end of a transient simulation (either 

front-, middle- or back-end), and dividing this difference by the duration of the simu- 



lation (either Atl7 At2).  In a reservoir of vafiable geometry, this average rate of filling 

depends on both the time history of flows at  the inlet and on how the cross-sectional 

area changes with depth. This idea is summarized in 

The terrns A V  and A,, are the net change in volume and the mean cross-sectional 

area which correspond to the change in water elevation AZ. 

The average rates of chapge of water level (fi, f2 or f3) can be used legitimately 

to track the water level in a reservoir, so long as its cross-sectional area changes 

slightly, or not at au. With a constant or near-constant cross-sectional geometry, 

the aforementioned rates of change yield reasonably accurate results whea entered 

into the time-stepping expressions of the Predictor-Corrector, Predictor-Adams and 

Quadratic Spline Interpolation methods presented in Chapter 5. On the other hand, 

if the cross-sectional geometry changes suddenly or significantly across any particular 

reach of reservoir, clearly, the rates of change will no longer apply and the rnass- 

accounting met hods can incur significant errors in t heir solutions. 

B.3 Variable Geometry Scheme 

The adapted method essentially tracks the Wing and emptying operations of reser- 

voirs with variable geometry. In each extended time step, the water Zevels are updated 

with the time-steppiag techniques of Chapter 5. When the method senses a signifi- 

cant change in cross-sectional area across the extrapolation step(s), it lengthens the 

transient simulations (front, back and middle) to track more accurately the changing 

reservoir area and reduce the routing error. The adapted technique is presented with 

the Predictor-Corrector method of Chapter 5. 



Front-End Sirnulat ion 

A first transient simulation is run for a fixed period of time Ati, at  the beginning of 

the extended time step. From this simulation, the net change in volume and water 

elevation in a reservoir is calculated with 

where Q,(t) is the time-varying Bow at  the inlet of a reservoir calculated at a series 

of discrete points with the transient simulator. The terms Zn and 2: denote the 

water elevations in a reservoir at the start and end of the front-end simulation. With 

these net changes, the mean reservoir area which corresponds to the reservoir reach 

bounded by the difference 2: - Zn is calculated Mth 

(B-4) 
AV 

= Mkmt 
Once this mean area has been calculated, the water level is extrapolated to some 

point near the end of the curent extended time step with 

Back-End Simulation 

With the starting water elevation 22, the back-end transient simulation is run to the 

end of the extended time step. As before, once the net change in volume and water 

elevation in the reservoir have been calculated, the mean cross-sectional area is found 

with 



Adaptive Step Routine 

With mean areas Al and A2, the method performs a test to determine if the reser- 

voir area has changed significantly across the extrapolation step. This test takes the 

general f o m  

A2 / A z  < Ri, where O 5 Ri 5 1.0 

If the cross-sectional area does not Vary significantly (above conditions not met), 

then the water level at  the end of the current extended time step is updated imme- 

diately with the corrector formulation 

Zn+ 1 

When the cross-sectionai 

= zy + f i  + f 2  
2 

(At - At1/2) 

area is found to Vary substantially and one of the con- 

ditions above is satisfied, the front- and back-end steps &'and At2 are gradually 

increased by shrinking the extrapolation step At,. This transferal of time from the 

extrapolation step At,  to both the front- and back-end time steps Atl and At2 

occurs according to a pre-determined schedule. In each iteration, the percentage of 

the extrapolation step At, which transferred to the &ont- and back-end steps is 

calculated wit h 



where n is the total number of iterations and i /n  is the fraction of time taken £rom the 

extrapolation step Atint and transferred to Atl and At2 in iteration i. For example, if 

the number of iterations is set to n = 3, then one third of Atin, WU be transferred to 

time steps Atl and At2 in the first iteration, tnro thirds in the second and finally three 

thirds (au of it) in the third iteration. How the amount of time in the extrapolation 

step is apportioned between the front- and back-end steps is decided with 

(B. 10) 

Wit h these apportioning factors, the front- and back-end steps are calculated, 

along with the new length of the extrapolation step. 

(B. 13) 

With these new time steps, the front- and back-end simulations are re-run and 

the test is performed anew. If the area is found to change only slightly, then the 

water level is extrapolated to the next extended time step. If the area is still found to 

Vary significantly, the front- and back- time steps are increased even more in the next 

iteration, or more practically, the entire extended step is simulated with TransAiLI. 




