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Curriculum

Module 1: Lecture on Introduction, theory, history, and basics of
water distribution system modeling

Module 2: Hands-on demo of building and running a basic steady
state model

Module 3: Lecture on Extended Period Simulation (EPS) and water
quality modeling

Module 4: Hands-on demo of extended period simulation and water

qguality modeling



What is a Water Distribution System?

A collection of pipes, tanks, pumps, valves control systems
and other appurtenances that together are used to move

water from a water source or treatment plant to individual
water users
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Elements of a Water Supply System
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What is a Water Distribution System Hydraulic
Model?

* [t’s a computer program (software)

* that takes as input
* pipe network layout
* water demands (consumption)
* information on system operation

* and produces as output
* flows and pressures (heads) in the network
» Steady-state: at a single point in time
» Extended period simulation: at each time step
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A thtle Hlstory of Water Distribution




Pioneers of Water Flow Analysis

Darcy Weisbach :
St. Venant Pitot

Bernoulli Chezy

Reynolds Hazen Williams Von Karmen
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Analog Pipe Flow Analyzers

Thomas Camp’s
analog system in the

early 1940s

Malcom Mcllroy’s analog
nonlinear vacuum tube
design in the late 1940s.
This model was installed in

Philadelphia.
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Early Computer Analysis (1957

Pipeline Network Analysis by Electronic
Digital Computer

Lyle N. Hoag and Gerald Weinberg

A contribution to thec Fournal by ILyle N. Hoag, Engr., Browon and
Caldwocli, San IFrancisco, Calif., and Gerald IVeinberg, Applicd Scierice
Repr., Scrvice Hurcauw Corp., F.os Angeclcs, Calif.

HIZ amnalysis of flow in pressure

conduit networks, such as munici-
pal water distribution systems, has oc-
cupied the attention of several investi-
gators Deginning with the well-known
study Dby Ilardy Cross (f) in 1936.
Prior to deveclopment Ly Cross of a
rational relaxation technique, pipeline
network problems could be solved only
by a perplexing and time-consuming
trial and error process, which necessi-
tated the satisfaction of the two basic
hydraulic principles applicable to net-
work flow:

=2Q = 0. . ... ... 1)
A = O. ... .. (2

The first condition states that the flow
in a network system must be balanced
at every jumnction point, and the second
that the algebraic sum of the head
losses around any clesed circuit must
be zero.

Because the head loss in any compo-
nent of a hydraulic system varies non-
linearly with the rate of flow, it is evi-
dent that the network system cannot
be described by a set of simultaneous
linrear equations. Accordingly, the nu-
merous numeric techutiques which have
been developed to deal with simultane-
ous linear equations are of no value.

Several miethods of varying accuracy
and complexity are mow available to
the analyst for solving network prob-

leiris. This paper discusses a intethod
of utilizing the extreme speed and accu-
racy of commercially available elec-
tronic digital computers as applied to a
modification of the classical numeric
relaxation technique. The wvalue of
this new method i1s best appraised LY
a comparison with present analytical

techniques, which include: [1] the
method of sections; [Z2] the Hardy
Cross relaxation technique; [3] the

linear approximation method; and [4]
the electrical analogy network analyzer.

Method of Sections

In the sense used here, the method
of sections is not a true analytical tech-
nique but is a wvery wvaluable tool in
that it makes possible a very rapid ap-
pProximate evaluation of mnetwork sys-
tems. Following the determination of
demands on a system, the network is
divided by arbitrarily drawn sections.
and the assumption is made that the
hydraulic gradient is the same for all
Pipes crossing the section. With the
properties of the pipes and the total
flow across the section known, it is
easy to calculate the actual hydraulic
gradient at the section chosen. Over-
all deficiencies can be spotted and the
effect of design changes quickly evalu-

ated. This method is wvaluable also in
evaluating the effect of a required fire
flow on local pressure conditions. It

is not. however. satisfactory for evalu-
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Steady-State Models

* Network analyzed at a snapshot in time
* No temporal variation

5758 January, 1968 HY 1

Journal of the
HYDRAULICS DIVISION

Proceedings of the American Society of Civil Engineers

WATER DISTRIBUTION SYSTEMS ANALYSIS

By Uri Shamir! and Charles D. D, Howard,? A, M, ASCE

INTRODUCTION

A network of pipes and hydraulic elements (valves, pumps, reservoirs) is
considered solved when the heads and consumptions at all nodes inthe network
are known. Obtaining the solution, as defined herein, consists of finding the
values of the specified unknowns which satisfy the following physical laws of
the network: (1) Preservation of mass continuity at each node; and(2) that for
each element there is a known relationship between discharge and energy
gradient,

The Hazen-Willtams equation, commonly usedfor water distribution studies,
was selected as the law relating pipe discharge to energy loss. Other equiv-
alent equations can be selected if desired.




Optimization of Water System Design
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EPS Models

* Extended Period Simulation (EPS) introduced in 1970s

* Models distribution system over time as a series of
linked steady state runs

* First proposed by Don Wood (KYPipe)

USER’S MANUAL

COMPUTER ANALYSIS OF FLOW IN PIPE NETWORKS
INCLUDING EXTENDED PERIOD SIMULATIONS

by

REFERENCE MATERIAL FOR
A THREE-DAY SHORT COURSE
AND CORRESPONDENCE
COURSE

DON J. WOOD
Department of
Civil Engineering

OFFICE OF ENGINEERING
CONTINUING EDUCATION
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EPANET

* Initially developed in 1993 by Lew Rossman

 EPANET engine used in most commercial software packages

* Version 2 in 2000: improved engine & features

* New GIS-GUI version with improved functionality to be

introduced in 2017 and beyond
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Hydraulics Review

e Fundamental factors
* Flow & Velocity
* Pressure

* Governing principles
* Continuity
* Energy

* Headloss equations
 Formulations and solution methods



Basic Assumptions about Flow

* Software represents flow as:
* Incompressible flow (not gas)
* Turbulent flow (not laminar)
* Closed pipe (not open channel)
* Full pipe (no intermittent flow)
* Newtonian flow
* Single phase flow



Common Units of Flow

* English units (adapted for U.S.)
* Gallons per minute (GPM)
* Million gallons per day (MGD)
* 1 MGD =646 GPM

* Metric
e Liters per second (l/s)
* Cubic meters per second (m3/s)
* 1 m3/s=1000I/s

* EPANET supports both units but we will use U.S.
(English) units in this course




Velocity

* Velocity = Flow/Area (V = Q/A)
* Area of a pipe is tD?/4 (D is pipe diameter)
o \V = 4Q/ntD?
* Common units:
* English: feet per second (fps)
* Metric: meters per sec (m/s)
* Typical pipe velocities
* Small neighborhood pipes (<1 fps)
* Transmission lines (1 to 4 fps)
* Maximum velocities (10 fps)



Pressure

* Pressure = Force/Area

* Typical units:
* Pounds per square inch (psi) U.S.
* Pascal (Pa) = Newton/ square meter. Metric

* Normal range of allowable pressures
e 20 psi (minimum)
e 80 to 100 psi (maximum)



Pressure: psi to feet

How far will water rise for different pressures at the

base?

M 2.31 feet

1 psi

20 psi

46.2 feet

50 psi

115.5 feet
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Governing Principles
Basic Laws of Physics

* Continuity (Mass Balance)
* Energy conservation

Ql QZ
\t Q. /'
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Continuity Equation
(Mass Balance)

1 > Q) Q; +Qy—Qy =0
or Q; + Qu = Qyy



Energy Principle

In hydraulic analysis, we refer to Head as a measure of
energy of water. Head is reported in units of length (feet
in the U.S.).

Energy can take three forms:

 Pressure head
e Elevation head
* Velocity head



Hydraulic Grade Line

Hydraulic grade line (HGL)

Pressure head (ft) = 2.31 p (psi)

Elevation head (ft)

Static head = Pressure head + Elevation head
Hydraulic grade line (HGL) connects static head points

Total head = Static head + velocity head

27



Headloss Equations

* Empirical equations describing headloss in a pipe or other
means of conveyance.

* Common methods for pipe headloss
* Hazen Williams: Primarily used in U.S.
e Darcy Weisbach: Rest of the world.
* modified by Colebrook White and Swamee Jain

* Minor headloss equations for fittings in pipes (e.g., bends, gates
valves, etc.)

* Headlosses associated with valves and pumps.



Hazen Williams Equation
hy = 4.720"'8>2L

C1.852D4.87

V' =1.318Cr" s>

V = mean velocity (ft/sec)

C = Hazen Williams coefficient (decreases with increasing roughness)
r = hydraulic radius (feet) [area/wetted perimeter]

S = slope of energy line

h=head loss (ft)

Q = discharge (CFS)

L = length of pipe (ft)

D = inside diameter of pipe (in)

Equation of same form available for metric calculation



Typical Roughness Coefficients

Material Hazen-Williams C Darcy-Weisbach ¢
(unitless) (feet x 1 0 )

Cast Iron 130 — 140 0.85

Concrete or 120 — 140 1.0-10

Concrete Lined

Galvanized Iron 120 0.5

Plastic 140 — 150 0.005

Steel 140 — 150 0.15

Vitrified Clay 110

EPANET 2 User’s Manual

For
new

pipes

As pipes age, coefficients change. For older pipes, Hazen-Williams
roughness coefficient decreases and Darcy-Weisbach roughness
coefficient increases
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Formulations & Solutions

* General formulation:
* N Conservation of mass equations (linear)
L Conservation of energy equations (non linear)

* Several different iterative, numerical solution techniques are
available
* Hardy Cross, Linear theory, gradient algorithm

* EPANET uses the Todini gradient algorithm



Types of Hydraulic Models

 Steady State (SS)

* Snapshot of the distribution system at a given point in time

* Could represent an average condition (e.g., average day), an
extreme condition (e.g., peak hour), or at any point in time

* Used for some fire flow analysis, design criteria, planning, etc.

* Extended Period Simulation (EPS)

* Time varying analysis, 24 hours or longer
* Used for water quality, energy and many other types of analyses



Representing a system as a link-node network

* Links and nodes are generic names.

LINKS NODES _ > s
Pipes Junctions e * Pipes, pumps, junctions, tanks, etc.
Pumps @" Tanks = are specific types of links and nodes.
Valves P4 Reservoirswy | | ° A link connects two nodes

* The specified direction of a link
depends on the specific type of link.

[ A S S
IR




A detailed (complete) representation of network
LEGEND

== Tragnsmission line

Distribution line

£
o Hydrant + lateral

[ | .
. Connection + lateral

A skeletonized representation of network

R



Major Components in a Water System




Pumps

* Pumps are links that impart energy to a fluid thereby
raising its hydraulic head

A pump (head-flow) curve represents the
relationship between the head and flow rate that a

pump can deliver. Pump operates on a curve.
A pump efficiency curve shows the efficiency of a

pump at different pump rates.



Head (1)

Three Point Pump Curve

400

e Standard pump curve defined by:
Y. S * Low Flow point (flow and head at
m low or zero flow condition),

200 | * Design Flow point (flow and head at
’ desired operating point)
 Maximum Flow point (flow and
. pr— — 900 head at maximum flow).

Flow (gpm)  EPANET fits a function of the form:

hs = head gain . C
g = pump flow rate h(; — A o Bq

A,B,C are constants

100 | ‘lsl\

0
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Pump Operation

* Flow through a pump is unidirectional.

* If system conditions require more head than
the pump can produce, EPANET shuts the pump off.

* If more than the maximum flow is required, EPANET
extrapolates the pump curve to the required flow,
even if this produces a negative head.

*In both cases a warning message will be issued.



Tanks and Reservoirs

* Tanks and reservoirs store water and provide head
* They come in all shapes, sizes and configurations

39



What is the difference between a Tank &
Reservoir?

* In a water system?

* Depends on local terminology

* In a model?

* There are a clear set of rules that differentiate the two.
* A reservoir is of infinite volume and the water level does not
change (a fixed grade node)
* A tank has finite volume and the water level can change over time
* In steady-state runs, tanks and reservoirs operate the same way
with a fixed water level



Tank & Reservoir Characteristics

Elevated Tank

<Diameter Ground Level Tank Required input

.......... <« Maximum Diameter values shown in
Level < > e .

4 \ bold red italics

——Minimum

Level \

Initial
Level

Initial Reservoir Total
Level Head
A
Elevation
Ground level
Elevation
. Ve o e e e e e e e e e e e e e e e e o A 4

Datum (e.g., msl) 41



Valves

* Valves are devices that limit the pressure or flow at a specific
point in the network

* Control valves are represented as links in EPANET with the
following input requirements

e Start and end nodes

* Diameter

* Setting

* Fixed status (none, open, closed)

|II

* Some “special” valves are represented in different ways



Types of Valves in EPANET

* Pressure Reducing Valve (PRV)

* Pressure Sustaining Valve (PSV) Explicitly

* Pressure Breaker Valve (PBV) | represented as
* Flow Control Valve (FCV) control valves in
e Throttle Control Valve (TCV) EPANET

* General Purpose Valve (GPV) _
* Check Valve )
e Shutoff Valve -
e Altitude Valve

Represented in
other ways in
EPANET




Pressure Reducing Valve (PRV)

* PRVs limit the pressure at the node downstream of the valve in
the pipe network.

 Setting for PRV is in terms of pressure

* EPANET allows one of three different states for PRV:

 partially opened (i.e., active) to achieve its pressure setting on its
downstream side when the upstream pressure is above the setting
* fully open if the upstream pressure is below the setting

* closed if the pressure on the downstream side exceeds that on the
upstream side (i.e., reverse flow is not allowed)

« Example: SETTING =50 psi DEMAND =200 GPM

® 55

60 o—p-¢ ® 50 45 o—Ppr- ® 44 45 o—p-«
200 GPM 200 GPM 0 GPM
ACTIVE OPEN CLOSED



Sources

* Sources of water flow into the distribution system
* Wells, treatment plants or transfers from other systems

* There are no designated simple components to represent
sources

 Common ways of representing sources

* Reservoirs with or without a pump (and other appurtenances)
* Negative demands

* Note that models must have at least one fixed grade node
(tank or reservoir) to operate.



Representing Wells

« Composite element Node

* Reservoir = groundwater level t

* Pump

* Pipe losses

* Surface node Pipe
* [ssue:

* Actual pump creates a cone of v —a—

depression when it is on Reservoir  Pump

e What do we use as the water
level in reservoir in model?



