
INTRODUCTION

DISCRETE SIMULATION ApPROACH FOR

NETWORK-WATER-QUALITY MODELS

By Paul F. Boulos,l Associate Member, ASCE, Tom Altman,2

Pierre-Antoine Jarrige,3 and Francois Collevati4

ABSTRACT: An efficient system simulation methodology that solves the contaminant
transport problem in drinking-water-distribution systems is developed. The method can
be effectively used for modeling the time-varying interaction of water quality and hy
draulic behavior within the distribution-system environment. The solution of the time
varying water-quality problem is obtained in an event-oriented system-simulation frame
work. This allows for dynamic water-quality modeling that is less sensitive to the structure
of the network and to the length of the simulation process itself than previously proposed
methods. In addition, numerical dispersion of concentration front profile resolution is
nearly eliminated. The resulting method can be applied to every type of water-distribution
system while requiring the least number of calculations necessary to carry out the sim
ulation process. The performance of the method is demonstated by application to an
example water-distribution network. The method should prove to be a valuable tool for
managing water quality in drinking-water-distribution systems.

The pursuit of safe drinking water has long been and remains a major concern of public
health officials and water-treatment operators. Since the recognition of waterborne disease by
the end of the 19th century, increased attention has been directed toward protecting the nation's
health in addition to quenching its thirst. This requires a thorough understanding of the factors
that cause the deterioration in drinking-water quality. Paramount among these factors is the
problem of water-quality variability within the distribution-system environment.

It is now well recognized that the distribution system itself may adversely affect the quality
of treated water. Water produced in the treatment plant may be of acceptable quality; but
finished water may sustain substantial changes in quality while being transmitted through the
distribution system before reaching the downstream consumers. Larson (1966) described the
distribution system as a sensitive, dynamic, living individual with its own characteristics, not
just a network of pipes. Similarly, Rossie (1975) portrayed the distribution system as a living
functional unit subject to stresses. More recently, Clark et al. (1993a) defined the distribution
system as the final barrier in the maintenance of water quality. Indeed, the movement or lack
of movement of water within the distribution system may have deleterious effects on a once
acceptable supply. These quality changes may be associated with complex physical, chemical,
and biological activities that take place during the transport process. Such activities can occur
either in the bulk water column, the hydraulic infrastructure, or both, and may be either internally
or externally generated.

Distribution-system activities influence the quality of finished water and, frequently, are
responsible for waterborne-disease outbreaks (Herwaldt et al. 1992; White 1992; Clark et
al. 1993a). There is ample documented evidence in the literature correlating various distri
bution-system activities and the deterioration in finished-water quality. Two recent examples
include a major diarrhea outbreak occurring in the Cabool, Missouri, distribution system
and a cholera outbreak in a distribution system in Peru. During the period from December
15, 1989 to January 20, 1990,243 cases of diarrhea, and four deaths were reported in Cabool
(population 2,090). An epidemiologic investigation carried out by the Centers for Disease
Control (CDC) in cooperation with the U.S. Environmental Protection Agency (USEPA)
implicated the community water-distribution system as the source of infection (Grayman and
Clark 1990; Geldreich et al. 1992; Clark et al. 1993a). In late January 1991, cholera appeared
almost simultaneously in several coastal Peruvian cities and subsequently spread to all areas
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of Peru, resulting in more than 284,979 probable cases and 3,070 reported deaths (Craun et
al. 1991). The outbreak was also reported in a progressively decreasing magnitude in Ecuador,
Columbia, Chile, Brazil, Mexico, and, to a much lesser extent, the United States. The CDC
and USEPA assisted the Epidemiology Office of the Peruvian Ministry of Health in inves
tigating the modes of transmission of the epidemic disease. The investigating team concluded
that many of the waterborne-disease-outbreak problems associated with cholera were the
result of improperly operated and poorly maintained distribution systems (Craun et al. 1991;
Clark et al. 1993a).

The inability of present-day treatment technology to effectively maintain finished-water
quality in drinking water-distribution systems has resulted in a dramatic increase in federal
water-quality legislation. The Safe Drinking Water Act and its Amendments (SDWAA) are
examples of these regulatory activities. Under this act, the USEPA is responsible for pro
tecting and purifying the nation's drinking-water supply. The USEPA's mandate includes
establishing national drinking-water standards, or safe levels, for various contaminants found
in drinking water that are known or are suspected to induce adverse health effects. These
regulations will pose a massive challenge to the waterworks industry, affecting more than
200,000 public water-supply systems in the United States (Clark et al. 1991, 1993b). Because
the SDWAA has been interpreted as requiring that certain water-quality standards must be
met at the consumer's tap, interest is growing in understanding the contaminant-transport
process in piping systems.

In recent years, several authors have proposed algorithms that solve the contaminant-transport
problem in water distribution systems. These techniques range from the use of steady-state
(Chun and Selznick 1985; Males et al. 1985; Murphy 1985; Clark et al. 1988; Shah and Sinai
1988; Wood and Ormsbee 1989; Fowler and Jones 1991; Boulos et al. 1992, 1993) to dynamic
(Liou and Kroon 1987; Grayman et al. 1988; Rossman et al. 1993) mathematical model
formulations, and have exhibited varying levels of success in their predictive capabilities. Steady
state models use the law of mass conservation to determine the ultimate concentration distri
bution of contaminants that will take place if the distribution system reaches hydraulic equilib
rium. Dynamic models rely on a system-simulation approach to determine the movement and
fate of contaminants under time-varying demand, supply, and hydraulic conditions. Because
water-distribution networks and the processes within them are usually categorized as continuous
systems, dynamic modeling offers a more accurate and realistic representation of the time
varying interaction of water quality and hydraulic behavior (Males et al. 1988; Fowler and Jones
1991). Despite their advantages, existing dynamic models exhibit certain limitations. Depending
on the structure (e.g., pipe lengths) and hydraulic characteristics (e.g., pipe velocities) of the
distribution system being simulated, and the detail to which it is modeled, the computational
time and internal memory requirements of existing dynamic models can vary enormously and
can become prohibitively excessive not only for desktop but even for mainframe computers.
Problems of this sort are largely manifested during the simulation of distribution networks
comprising a number of relatively long pipes with small velocities. Ad-hoc techniques may be
used (Liou and Kroon 1987; Grayman et al. 1988; Rossman et al. 1993) but not without a
resulting loss of resolution. As a result, a robust and efficient, yet numerically explicit, method
would be highly desirable.

One way to circumvent the previous problems is to employ a more rigorous system-simulation
approach. The Event-Driven Method (EDM) of Boulos et al. (1994a,b) is an example of such
an approach. In this case, the time-varying water-quality problem is simulated in an event
oriented environment. In this environment, the contaminant-transport process is driven by the
distribution-system activities. The primary advantage of the method is that it allows for dynamic
water-quality modeling that is less sensitive to the structure of the network and to the length
of the simulation process itself. In addition, numerical dispersion of contaminant-concentration
resolution is nearly eliminated. Other merits include elimination of the need for topological
sorting, and automatic determination of the optimal pipe-segmentation scheme with the smallest
number of segments necessary to carry out the simulation process, resulting in decreased memory
and computational requirements.

This paper presents an extension of the Event-Driven Method of Boulos et al. (1994a,b).
The original method was developed for use in modeling the transport of conservative substances
in water-distribution systems. The use of reactive species was restricted to a single set of boundary
conditions. The original method is extended herein to handle time-varying hydraulic conditions.
The resulting method can be effectively used for modeling chemical, biological, and hydraulic
changes that result from the distribution-system activities and to predict the spatial and temporal
distribution of constituents throughout the piping system. A one-dimensional transport model
is assumed, with instantaneous and complete cross-sectional mixing of material. Longitudinal
dispersion is neglected. The performance of the method is demonstrated by application to an
example water-distribution network.
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SYSTEM-SIMULATION MODEL

Network Model

The distribution network is an assemblage of a finite number of elements interconnected by
nodes in some particular branched or looped configuration. Network elements are pipes, pumps,
regulators, and valves with specified characteristics. The endpoints of each element are nodes
with known energy grade or external water consumption. The network model is represented by
the node-element system. Water flows through the network elements and can enter or exit the
system at any node.

Hydraulic Model

The hydraulic simulation model of a water-distribution system consists essentially of solving
an extended-period simulation of an open system affected by time-varying endogenous and
exogenous activities. The terms "endogenous" and "exogenous" represent internally and ex
ternally generated activities, respectively. Examples of such activities include changes in water
usage patterns; external water-supply rates; water-surface elevations in storage tanks; storage
tank, well, and pump operation; valving; flow reversal in pipes; and rapid demand changes (fire
demands). Each set of activities is referred to as a "hydraulic event," and the duration between
these events is referred to as the "hydraulic time step." A hydraulic time step of I hr is normally
used. Each individual hydraulic event uniquely defines a state of the system. Changes in the
state of the system are assumed to occur instantaneously at the beginning of each hydraulic
event and remain constant over the length of the corresponding hydraulic time step. The time
dependent progress of the system is then studied by following the changes in the state of the
system. Both inertial and elastic effects are neglected.

For each hydraulic event, the state of the system is described mathematically by the following
set of equations.

Nodal Equations

"2: Qij = 0;
)=1

Vi (I)

where Qi.j
nodes.

volumetric flow rate in element {i, j} from node i to node j; and n number of

Vs

Variable-Level Storage-Node Equations

dH, 1 (
dt = As Qin

where H == tank water level; t == time; A == tank cross-sectional area; and Qin and Qmlt
total inflows and outflows of the tank, respectively.

Element Equations

(2)

Hi - Hj = f(QiJ; V elements {i, }} (3)

where Hi and H j = heads at nodes i and}, respectively; andf( ) == a functional relation between
head loss (or gain) and flow rate.

Eq. (1) expressed node-flow continuity, which asserts that at each node the algebraic sum of
inflows ( - ) or outflows ( +) must be zero. Eq. (2) reflects conserving mass related to the inflow
and outflow from each variable level storage tank to describe the dynamics of the tank fill-up
and depletion. Eq. (3) represents the mechanical relationship between the energy loss or gain
due to flow within an element. This is a nonlinear characteristic function that can vary depending
on the approximating flow resistance law selected and the type of element (e.g., pump, valve)
used. The simultaneous solution of these equations may be obtained iteratively using methods
as described in Jeppson (1981), Walski (1984), Osiadacz (1987), or Bhave (1991). The dynamic
characteristics of the next event are then used to update the inputs to the hydraulic model and
the process is repeated for all subsequent hydraulic events for the remainder of the simulation
period.

Water-Quality Model

The water-quality simulation process is represented by a one-dimensional transport model,
with instantaneous and complete mixing of material. The model consists essentially of moving
the substance concentrations forward in time at the mean flow velocity while undergoing a
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kinetic concentration change (growth or decay) and mixing concentrations and flow volumes
together at downstream nodes. The simulation proceeds by considering all the changes to the
state of the system associated with each activity, as the activities occur, in chronological order.
The way in which advective movement of the substance is executed defines the dynamic sim
ulation model.

Time-dependent distribution system activities are hydraulic and subhydraulic events. Hy
draulic events are known a priori; subhydraulic events are endogenous events that are created
during the simulation process. A subhydraulic event is generated whenever a change in the
constituent concentration of water leaving (at least) one node takes place.

The passage of time is recorded by a simulation parameter referred to as a "clock" time. It
is set to zero at the beginning of the simulation and subsequently indicates how much simulated
time has passed since the start. Each unit of simulated time defines some spatial distribution of
substance concentration. Two basic methods exist for updating clock time. The first method is
to advance the clock by small uniform intervals of time and determine at each interval whether
an event is due to occur at that time. The second method is to advance the clock to the time
at which the next (or potential) event is due to occur. The first method is referred to as "interval
oriented," and the second method is said to be "event oriented."

To date, most water-quality simulation models have been interval oriented. These models
are driven by the water-quality time step, which is generally chosen to be less than or equal to
the shortest flow time through any pipe in the network associated with a particular hydraulic
event. The flow time through a pipe is the ratio of the pipe length to the pipe flow velocity.
Under some circumstances, these methods can potentially lead to either prohibitively expensive
solutions, or excessive errors. Because in EDM the substance advective movement is governed
by the system dynamic activities, the aforementioned problems do not exist.

The EDM is extremely simple in principle. It is a simulation method that is implemented
using the "next event" scheduling approach. In other words, the simulation clock time is ad
vanced to the time of the next event to take place in the system (i.e., either a hydraulic or a
subhydraulic event) and the simulation schedule is executed by carrying out all changes to the
system state descriptors, associated with each event, as events occur, in chronological order. In
any event-oriented approach it is assumed that the time delays between consecutive events are
known a priori, or at least they can be determined dynamically during the simulation process
itself. Moreover, the order of occurrence, or even the times of these events, may change when
the system is affected by an exogenous event, such as, a hydraulic event. Since all flow patterns,
flow times, the network topology, and eventually, the pipe and node concentrations are known
(or can be derived) at any point in time during the simulation, the foregoing criteria are always
satisfied in the EDM.

Basically, the EDM is a scheduler that creates, identifies, and places (or removes) events,
i.e .. hydraulic or subhydraulic, into (or from) an activity list in a chronological order. Such data
manipulation can be facilitated using, for example, a balanced binary tree. A binary tree is a
data structure in which every node has at most two children, and it is said to be balanced if the
difference in heights between the left and right subtrees of any node is at most one. This allows
for logarithmic access to any data item stored within the tree. Associated with each hydraulic
event is a record indicating the specific network flow pattern including pipes volumetric flow
rates and velocities. This information is used to determine not only the nodal concentrations,
but also to create (and schedule) future subhydraulic events.

Initially, the known hydraulic events are placed into the activity list in chronological order.
It is assumed that the initial constituent concentration at every junction node is zero. Since the
only factors affecting the concentration at any node are the concentrations and flows in the
pipes immediately upstream of the given node, the only information that must be available
during any point in the simulation are the different pipe segment concentrations. The details
of how EDM handles subhydraulic events are presented below.

A subhydraulic event takes place whenever a water front with a different constituent con
centration reaches a node. To each pipe we dynamically assign records called "seps" (there may
be more than one per pipe), whose function is to serve as separators between volumes of water
with different concentrations. More specifically, they are used to delineate time-dependent
constituent concentration displacement fronts.

Two successive seps uniquely define a volume of water, or a "seg," with a specific constituent
concentration parameter. There are two types of water-quality constituents transported through
the distribution system: cinert and reactive. The fundameiltal difference in representing the
concentrations for the two types of constituents is the following. For inert species, the concen
tration remains at a fixed value throughout the length as well as the lifetime of a seg. This
includes occurrences of subhydraulic and hydraulic events. For reactive species, on the other
hand, the concentration will either increase (growth) or decrease (decay) with time from the
original value present at the head end of the seg. The foregoing is illustrated in Figs. I and 2.
Moreover, with hydraulic events, e.g., changes of velocities in pipes (including flow reversals),
the concentration at the tail of a seg becomes a function of time and velocity and, therefore,
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with different concentrations. More specifically, they are used to delineate time-dependent
constituent concentration displacement fronts.

Two successive seps uniquely define a volume of water, or a "seg," with a specific constituent
concentration parameter. There are two types of water-quality constituents transported through
the distribution system: cinert and reactive. The fundameiltal difference in representing the
concentrations for the two types of constituents is the following. For inert species, the concen
tration remains at a fixed value throughout the length as well as the lifetime of a seg. This
includes occurrences of subhydraulic and hydraulic events. For reactive species, on the other
hand, the concentration will either increase (growth) or decrease (decay) with time from the
original value present at the head end of the seg. The foregoing is illustrated in Figs. I and 2.
Moreover, with hydraulic events, e.g., changes of velocities in pipes (including flow reversals),
the concentration at the tail of a seg becomes a function of time and velocity and, therefore,
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FIG. 1. Seg's Concentration Profile for Conservative Sub
stances

FIG. 2. Seg's Concentration Profile for Reactive (Decaying)
Substances

cannot be represented by a constant. The details of how the last case is handled by EDM are
presented in a subsequent section.

Each sep contains four fields: TC, D T, C, and TA. These indicate the time of creation,
distance traveled so far, (current) constituent concentration, and the projected time of arrival
to the tail node, respectively. The lifetime of a sep is limited by the time period required for it
to travel through its pipe, i.e., to reach its tail node. When that happens, the sep serves no
further purpose, it is disposed of and the memory is reclaimed for other seps. For an initial
nonzero constituent concentration distribution at the junction nodes, a new sep is introduced
at the head of each pipe with the appropriate field values. The head and tail nodes of a pipe
designate the pipe's upstream and downstream nodes, respectively.

The arrival of a sep to its tail node in, say I1t time period, signifies an occurrrence of a
subhydraulic event. This triggers the following sequence of steps. First, the corresponding sub
hydraulic event is removed from the front of the activity list and the system simulation clock
time is increased by I1t. The DT fields of the remaining seps in all of the pipes are updated
accordingly as follows:

DTu = DTi .k + tJ.t x U i (4)

where DTu = distance between the ith pipe's kth sep and its source node; and U i = (current)
velocity in pipe i. Next, a new nodal concentration at the tail node is computed from mass
balance by determining all the incoming pipe's concentrations and accounting for each pipe's
percentage contribution to the specific node. That is

(5)

(6)

where Cncw = new constituent concentration at the tail node; Qi = volumetric flow rate in pipe
i; Ci . k = constituent concentration at the ith pipe's kth sep (first sep contributing to the node);
and the summation is performed over all incoming pipes. F'inally, new seps are created, one for
each outgoing pipe of the tail node under consideration, with the appropriate initial values for
the TC, C, and DT fields. Their estimated times of arrival (TAs) are determined according to
the present flow pattern and the subhydraulic events are placed, in chronological order, into
the activity list. The nodal concentration calculation steps are illustrated in Fig. 3.

Fig. 3(a) depicts a portion of a network model consisting of one junction node (j), two
incoming pipes (PI> P2), one outgoing pipe (P3), and five seps (SI> S2' S3' S4' Ss). It is assumed
that the simulation clock time is set to zero and that all three pipes have equal flow velocities.
We denote by ti the arrival time of Si to node j. Fig. 3(b) shows that, after t, period has elapsed,
SI reached node j. The new constituent concentration at node j is determined from (5) as

C = Q,'Cu + Qz·CZ•1

J Q, + Qz

SI is now disposed of and S6 is introduced at the head of pipe P3 • Fig. 3(c) shows that, after t2

period has elapsed, S2 reached node j and S6 moved forward (t2 - t l ) time period. The new
nodal concentration is obtained from

c = Q,'CLZ + Qz·C2.2
J QI + Q2 (7)

S2 is now disposed of and S7 is created at the head of pipe P3' Fig. 3(d) shows that, after t3

period has elapsed, S3 reached node j and S6 and S7 moved forward (t3 - t2 ) time period. The
new nodal concentration is computed from

c = QI'CU + Qz·CZ•2

f Q, + Q2
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accordingly as follows:
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where DTu = distance between the ith pipe's kth sep and its source node; and U i = (current)
velocity in pipe i. Next, a new nodal concentration at the tail node is computed from mass
balance by determining all the incoming pipe's concentrations and accounting for each pipe's
percentage contribution to the specific node. That is
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where Cncw = new constituent concentration at the tail node; Qi = volumetric flow rate in pipe
i; Ci . k = constituent concentration at the ith pipe's kth sep (first sep contributing to the node);
and the summation is performed over all incoming pipes. F'inally, new seps are created, one for
each outgoing pipe of the tail node under consideration, with the appropriate initial values for
the TC, C, and DT fields. Their estimated times of arrival (TAs) are determined according to
the present flow pattern and the subhydraulic events are placed, in chronological order, into
the activity list. The nodal concentration calculation steps are illustrated in Fig. 3.

Fig. 3(a) depicts a portion of a network model consisting of one junction node (j), two
incoming pipes (PI> P2), one outgoing pipe (P3), and five seps (SI> S2' S3' S4' Ss). It is assumed
that the simulation clock time is set to zero and that all three pipes have equal flow velocities.
We denote by ti the arrival time of Si to node j. Fig. 3(b) shows that, after t, period has elapsed,
SI reached node j. The new constituent concentration at node j is determined from (5) as

C = Q,'Cu + Qz·CZ•1

J Q, + Qz

SI is now disposed of and S6 is introduced at the head of pipe P3 • Fig. 3(c) shows that, after t2

period has elapsed, S2 reached node j and S6 moved forward (t2 - t l ) time period. The new
nodal concentration is obtained from

c = Q,'CLZ + Qz·C2.2
J QI + Q2 (7)

S2 is now disposed of and S7 is created at the head of pipe P3' Fig. 3(d) shows that, after t3

period has elapsed, S3 reached node j and S6 and S7 moved forward (t3 - t2 ) time period. The
new nodal concentration is computed from
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FIG. 3. Nodal Concentration Calculation Steps Used by EDM
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5, is now disposed of and 5H is created for P" Fig. 3(e) shows that, after (4 period has elapsed,
54 reached node j and 56' 57, and 5H moved forward ((4 - (,) time period. The new constituent
concentration is calculated as
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(9)Q·C +Q'Cc. = I 1.3 2 2.3

f QI + Q2

S4 is now disposed of and S9 is created. Fig. 3(f) shows that, at simulation time 15 , S5 reached
node j and S6' S7, 5~, and 59 moved forward (15 - (4 ) time period. The new constituent con
centration is now

c = QI' CIA + Q2' Cn
/ QI + Q2

following which S5 is discarded and 5 10 is created.

(10)

Handling of Hydraulic Events

A hydraulic event will usually cause changes in the velocitylflow patterns that may, potentially,
affect the DT and TA fields of some seps. This may necessitate a resorting of the activity list
to keep the events in chronological order. Also, special care is needed to handle cases (pipes
and their segs) whose flows were reversed as a result of a hydraulic event.

For the simulations handling inert substances, the hydraulic events are treated in a straight
forward manner, i.e., the DT and TA fields are updated as needed and a new sep is introduced
at the head node of each pipe whose flow pattern was affected by the event. The reason why
EDM handles the aforementioned case with such ease can be explained by the following ob
servation: Once a specific concentration has been determined for a particular seg it remains
unchanged throughout its existence.

Unfortunately, this is not the case in modeling the movement of reactive substances. For
purpose of illustration, a first-order exponential (decay) kinetic reaction rate expression de
scribing the transformation mechanism will be assumed. Let us examine the concentration profile
for a single seg shown in Fig. 2. If there is no change in the flow velocity, as the seg moves
through the pipe, the concentration contribution C 1 = Cue -"'u, at the tail of the seg will remain
constant at the destination node. Here, IX designates the first-order decay rate constant. The
problem arises when the velocity through the pipe, including flow reversal, changes. At that
time, the concentration contribution at the destination node will no longer be a constant, in
fact there is no explicit way to represent it other than a function of the initial concentration,
the old and new velocities, and time. Hence, a new approach must be developed.

Below is a procedure used by EDM for handling hydraulic events in models with reactive
species. First, the concentration profile for each seg is approximated by a sequence of subseg
ments, called "subsegs," in order to account for the differences in the concentrations present
in the head, tail, and the in-between portions of the seg. This is necessary, since the value C 1

will no longer be indicative of the seg's concentration contribution at the destination node if
the velocity, and especially if the direction of flow, has been affected by the hydraulic event.
Consider a piecewise linearized approximation of the concentration profile in a seg, shown in
Fig. 2, as illustrated in Fig. 4. In the limit, as the number of subsegs goes to infinity, the
approximated concentration profile equals that of the original seg. In practice, of course, the
partitioning of a seg can only be carried out to a certain point, i.e., the number of subsegs will
always be a finite number that is a function of some, user-defined tolerance. The degree of
refinement, or granularity of seg division, may also be individualized for each seg or pipe,
depending on the concentration differentials and/or the new velocity through the pipe.

After each seg has been partitioned into subsegs, the concentration and time of creation
for each subseg is stored and the subsegs are placed on the activity list in chronological order.
Note that the concentration for each individual subseg is assumed to be constant, i.e., its head
and tail concentrations are equal. The TA field of each subseg is determined from the current
velocity and its position in the pipe. From this point on, there is no difference between how
segs and subsegs are handled when they are removed from the activity list.

While it is true that some approximation/rounding errors will be introduced using this ap
proach, the errors introduced will certainly be no worse than if a time-driven approach was
used. Moreover, the EDM has the capability to automatically collapse subsegs arriving from
different sources (pipes) that reach a given junction node. This reduces and controls the potential
explosion and propagation of active subsegs throughout the distribution network during the
simulation. This procedure is described in the subsequent section.

FIG. 4. Piecewise Linearized Approximation of Seg's Concentration Profile (Reactive Substance)
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(9)Q·C +Q'Cc. = I 1.3 2 2.3

f QI + Q2
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centration is now
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affect the DT and TA fields of some seps. This may necessitate a resorting of the activity list
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and their segs) whose flows were reversed as a result of a hydraulic event.
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forward manner, i.e., the DT and TA fields are updated as needed and a new sep is introduced
at the head node of each pipe whose flow pattern was affected by the event. The reason why
EDM handles the aforementioned case with such ease can be explained by the following ob
servation: Once a specific concentration has been determined for a particular seg it remains
unchanged throughout its existence.

Unfortunately, this is not the case in modeling the movement of reactive substances. For
purpose of illustration, a first-order exponential (decay) kinetic reaction rate expression de
scribing the transformation mechanism will be assumed. Let us examine the concentration profile
for a single seg shown in Fig. 2. If there is no change in the flow velocity, as the seg moves
through the pipe, the concentration contribution C 1 = Cue -"'u, at the tail of the seg will remain
constant at the destination node. Here, IX designates the first-order decay rate constant. The
problem arises when the velocity through the pipe, including flow reversal, changes. At that
time, the concentration contribution at the destination node will no longer be a constant, in
fact there is no explicit way to represent it other than a function of the initial concentration,
the old and new velocities, and time. Hence, a new approach must be developed.

Below is a procedure used by EDM for handling hydraulic events in models with reactive
species. First, the concentration profile for each seg is approximated by a sequence of subseg
ments, called "subsegs," in order to account for the differences in the concentrations present
in the head, tail, and the in-between portions of the seg. This is necessary, since the value C 1

will no longer be indicative of the seg's concentration contribution at the destination node if
the velocity, and especially if the direction of flow, has been affected by the hydraulic event.
Consider a piecewise linearized approximation of the concentration profile in a seg, shown in
Fig. 2, as illustrated in Fig. 4. In the limit, as the number of subsegs goes to infinity, the
approximated concentration profile equals that of the original seg. In practice, of course, the
partitioning of a seg can only be carried out to a certain point, i.e., the number of subsegs will
always be a finite number that is a function of some, user-defined tolerance. The degree of
refinement, or granularity of seg division, may also be individualized for each seg or pipe,
depending on the concentration differentials and/or the new velocity through the pipe.

After each seg has been partitioned into subsegs, the concentration and time of creation
for each subseg is stored and the subsegs are placed on the activity list in chronological order.
Note that the concentration for each individual subseg is assumed to be constant, i.e., its head
and tail concentrations are equal. The TA field of each subseg is determined from the current
velocity and its position in the pipe. From this point on, there is no difference between how
segs and subsegs are handled when they are removed from the activity list.

While it is true that some approximation/rounding errors will be introduced using this ap
proach, the errors introduced will certainly be no worse than if a time-driven approach was
used. Moreover, the EDM has the capability to automatically collapse subsegs arriving from
different sources (pipes) that reach a given junction node. This reduces and controls the potential
explosion and propagation of active subsegs throughout the distribution network during the
simulation. This procedure is described in the subsequent section.
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The simulation continues with time until all hydraulic events have been processed. At that
time, graphical and tabular displays of the results depicting the time history of constituent
concentrations throughout the distribution network can be generated.

Collapsing of Segs

In cases when a relatively large number of seps are simultaneously active, a partial aggregation
of the seps may be performed. This requires the replacement of two adjacent seps by one if
they are less than some small (user specified) distance apart, and if the relative differences
between the adjacent segment concentrations are within admissible bounds. In practice, the
computational inaccuracies that may appear due to the aggregation scheme presented below are
sufficiently small to preserve the integrity .of the simulation.

Several conditions must be satisfied before the aggregation of seps takes place. Let us examine
Fig. 5(a), in which we wish to "collapse" the three segments into two. First, the distance (X2 
Xl) must be less than a given tolerance E. Second, the relative differences IY2 - YII and IY4 
Y3! must also be sufficiently small. The most important condition, however, is that the total
amount of the contaminant contributed by the two new segments is equal to the contribution
of the original three segments. A proper placement x*, for the new sep separating the two newly
expanded segments, must therefore be determined. This condition may be represented by the
following integral equation:

Seg 1 ----t_~~ Seg 2~ ........--- Seg 3- - - -,...-----..:::...-------..,r------=:........----.------.:.~...::-----.....

(a)

Xo Xl X2 Xs

.. Seg 1 -,- Seg2 -- - -

Z2

(b)
Yo

Ys

- - -
Xo Xl X· Xs

.. Seg 1 • .. Seg2 •- - - - - -

----_-le, (x')

(c)

X·

FIG. 5. Determination of Optimal x· Used for Collapsing Three Segs into Two
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L,' e,(x) dx + L,' ec(x) dx + re,(x) dx = L, e,(x) dx + L' e,(x) dx (11)

where the functions e l , e2 , and e3 denote the concentrations in segments 1,2, and 3, respectively.
The foregoing is illustrated in Figs. 5(a and c).

The values of x* is determined by the following sequence of steps. First, the area of A [see
Fig. 5(a)] is computed by setting

(12)

The linearization of the function e2 is justified since the distance (x 2 xJ is assumed to be
relatively small. Next, the extrapolated points 2 I and 2 2 are determined using the functions e,
and e3 , respectively. See Fig. l(b) for a clarification. This now allows us to formulate an ap
proximation of the problem for determining x* as finding the zero of the function f(x) below,
where

where

f(x) = (x - xI)[Y, + h,(x)]/2 + (xc - x)[h 2(x) + y.]/2 - A (13)

and

h,(x) (x - X,)(2, - y,)/(xc - x,) + y, (14)

(15)

MODEL APPLICATION

Again, the linearization of the extrapolated functions e, and e3 is justified by the fact that the
distance (x2 - XI) is small. Now f(x*) = 0 implies that the shaded area in Fig. 5(b) is equal to
the area of A, therefore, satisfying our condition. Note that in degenerate cases for which f(x)
has no zero between XI and X2, e.g., Y2 > Y3 > 2 2 > Y4 > Yh no collapsing will be performed
since that may result in an unacceptably large error.

The foregoing procedure has widespread applications in water-distribution-system analysis.
It can be effectively used in predicting water-quality-degradation problems, calibrating hydraulic
network models, designing water-quality-sampling progams, optimizing disinfection processes,
evaluating the water-quality aspects of distribution-network and storage-reservoir-improvement

FIG. 6. Example Water-Distribution System of Vanconcelos et al. (1994)
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projects, siting rechlorination facilities, determining disinfectant residuals, predicting disinfectant
by-product growth, analyzing blended-water properties and managing multiquality source net
works, planning the design of new systems or the repair and rehabilitation of existing ones, and
assessing consumer exposure and alternative management strategies for maintaining and im
proving water quality in distribution systems.

The developed algorithm has been tested using a number of networks of different sizes. The
performance of the proposed method is illustrated herein using a network studied earlier by
Vanconcelos et al. (1994). The network schematic is shown in Fig. 6. It contains 126 pipe
sections, 111 junction nodes, one storage reservoir, and one treatment plant. The hydraulic
model data are as given by Vasconcelos et al.

A chlorine concentration of 1.7 mg/L was introduced into the system at the treatment plant
and periodic chlorine-residual measurements were taken at various locations in the network for
a 24-hr period thereafter. Four of these sampling locations were nodes 158,214, 1521, and 1821.
In the original study, the interval-oriented Discrete Volume Element Method (DVEM) of
Rossman et al. (1993) was employed to determine chlorine-residual-concentration profiles in
the system over the 24-hr sampling period. A first-order exponential decay model was assumed
for chlorine consumption. The decay constant a in all pipes and in the reservoir was assigned
a value of 1.0 days" I based on a laboratory beaker test of chlorine decay in water taken from
the system.

Based on the original data, EDM was used to determine the time history of chlorine con
centrations at each of the four sampling nodes. Figs. 7-10 display the predicted and observed
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The developed algorithm has been tested using a number of networks of different sizes. The
performance of the proposed method is illustrated herein using a network studied earlier by
Vanconcelos et al. (1994). The network schematic is shown in Fig. 6. It contains 126 pipe
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chlorine profiles at sampling points 158,214, 1521, and 1821, respectively. As shown in these
figures, both methods yielded acceptable results.

CONCLUSIONS

During the last decade, few areas of water-resources engineering have attracted more attention
than that of distribution-system water-quality modeling. Given the timely challenge of complying
with multitudes of new stringent regulations that are sweeping the waterworks industry, water
quality computer models are becoming increasingly useful to water utilities. These models
provide a powerful and effective tool for enhancing engineering insight into the dynamics of
water-quality variations and complex processes that occur within the distribution-system envi
ronment.

Common disadvantages with existing water-quality models include their sensitivity to the
network structure and hydraulics, the modeling detail, and the length of the simulation process;
resulting in either prohibitively expensive solutions or excessive errors. This paper has presented
a new discrete simulation methodology for use in overcoming these problems. The water-quality
transport problem is formulated and solved in an event-oriented system-simulation environment.
Because the resulting model requires no explicit time discretization, reliable and economical
water-quality solutions can always be obtained.

However, for reactive species, the use of water-quality models can ony be effective and reliable
when the mechanisms of transformation and destruction of these materials in the distribution
system environment are properly defined. Poorly defined models may result in poor prediction
of water-quality parameters and, thus, defeat the whole purpose of the water-quality-modeling
process. Procedures to determine kinetic model coefficients of reactive species for drinking
water distribution systems are now needed. Together with the use of EDM, this would greatly
enhance the ability of utility operators and designers to conceive and evaluate sound and effective
recommendations for minimizing potential water-quality degradation in pipe distribution sys
tems.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

Subscripts

A
C

DT
f( )

H
n =
Q

TA
TC

t
u
a

I:1t

tank cross-sectional area (U);
current constituent concentration (ML -3);
distance traveled so far (L);
function;
head (L);
number of nodes;
volumetric flow rate (UT-I);
projected time of arrival (T);
time of creation (T);
time (T);
flow velocity (LT- I

);

first-order decay constant (T- I); and
time period (T).

i, j nodes;
k sep; and
s = tank.

60 JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT

Larson, T. E. (1966). "Deterioration of water quality in distribution systems." 1. Am. Water Works Assoc.,
58(10), 1307-1316.

Liou, C. P., and Kroon, J. R. (1987). "Modeling the propagation of waterborne substances in distribution
networks." 1. Am. Water Works Assoc., 79( II), 54-58.

Males, R. M., Clark, R. M., Wehrman, P. J., and Gates, W. E. (1985). "Algorithm for mixing problems in water
systems." J. Hydr. Engrg., ASCE, 111(2),206-219.

Males, R. M., Grayman, W. M., and Clark, R. M. (1988). "Modeling water quality in distribution systems." 1.
Water Resour. Ping. and Mgmt., ASCE, 114(2), 197-209.

Murphy, S. B. (1985). "Modeling chlorine concentrations in municipal water systems," MS thesis, Montana State
University, Bozeman, Mont.

Osiadacz, A. J. (1987). Simulation and analysis of gas networks. E&F Spon Ltd., London, England.
Rossie, W. L Jr., (1975). "Control of water quality in transmission and distribution systems." J. Am Water Works

Assoc., 67(8), 425-427.
Rossman, L A., Boulos, P. F., and Altman, T. (1993). "Discrete volume element method for network water

quality models." 1. Water Resour. Ping. and Mgmt., ASCE, 119(5),505-517.
Shah, M., and Sinai, G. (1988). "Steady state model for dilution in water networks." 1. Hydr. Engrg., ASCE,

114(2), 192-206.
Vasconcelos, J. J.. Grayman, W. M., Boulos, P. F.. Clark, R. M., Rossman, L A .. and Goodrich. J. A. (1994).

"Characterization and modeling of chlorine decay in water distribution networks." Proc.. A WWA 1994 Annu.
eonf-, Denver, Colo.

Walski, T. M. (1984). Analysis of water distribution systems. Van Nostrand Reinhold Co., New York, N.Y.
White, G. C. (1992). Handbook of chlorination and alternative disinfectants. Van Nostrand Reinhold, New York,

N.Y.
Wood, D. J., and Ormsbee, L E. (1989). "Supply identification for water distribution systems." 1. Am. Water

Works Assoc., 81(7), 74-80.

APPENDIX II. NOTATION

The following symbols are used in this paper:

Subscripts

A
C

DT
f( )

H
n =
Q

TA
TC

t
u
a

I:1t

tank cross-sectional area (U);
current constituent concentration (ML -3);
distance traveled so far (L);
function;
head (L);
number of nodes;
volumetric flow rate (UT-I);
projected time of arrival (T);
time of creation (T);
time (T);
flow velocity (LT- I

);

first-order decay constant (T- I); and
time period (T).

i, j nodes;
k sep; and
s = tank.
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