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Abstract

Network simulation models for water distribution systems typically assume the mixing at pipe
intersections is complete and instantaneous. More accurate characterizations of chemical or
biological agent transport may be required to efficiently identify, control and mitigate the spread
of harmful agents and to protect critical components within the network. Recent experimental
data have shown that mixing is incomplete at pipe junctions (pipe crosses and tees). Numerical
simulations of these experiments have been performed using simplified turbulence methods. In
the present study, simulations of mixing in pipe junctions are performed using the high-fidelity
Large Eddy Simulation (LES) approach to fully resolve the mixing behavior. Simulation results
show unsteady mixing behavior at the fluid interface due to shear layer instabilities. These high-
fidelity results will be used to develop a lower fidelity model for mixing at pipe junctions.

Keywords
network simulation models, EPANET, mixing, turbulence, computational fluid dynamics, pipe
junctions

1. Introduction

Network simulation models are used to predict hydraulic behavior and chemical transport within
water distribution systems in order to manage chlorine distribution, maintain water quality, and
design network expansions. Tools such as EPANET (Rossman, 2000) have successfully been
applied to a large range of datasets and validated with tracer and other field tests. The
computational requirement associated with the size of these datasets necessitates the need to
make simplifying assumptions about fluid flow. Standard network models typically assume the
mixing at pipe intersections is complete and instantaneous. In the case of a cross-junction in
which one inlet provides clean water and the other contaminated water, the outlets will be equally
contaminated.

More accurate characterizations of chemical or biological agent transport may be required to
efficiently identify, control and mitigate the spread of harmful agents and to protect critical
components within the network. In the past, very little work has been performed to evaluate this
mixing behavior. Fowler and Jones (1991) questioned the validity of the instantaneous mixing
assumption for certain junctions in water distribution networks; however, no numerical studies
were performed. More recently, numerical results showed the potential for incomplete mixing at
pipe junctions and the need to accurately understand the flow characteristics (van Bloemen
Waanders et al., 2005). Although the numerical results compared favorably to preliminary
experimental data, the numerical results were considered qualitative because of a few short-
comings with the numerical model. More recently, Ho et al. (2006) and Choi et al. (2006) have
performed experiments and numerical simulations of mixing at pipe junctions. Both of these
studies used a steady Reynolds-Averaged Navier Stokes (RANS) turbulence model to predict the
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mixing in the pipe junctions. The incomplete mixing data are fit to the experimental data by
varying the turbulent Schmidt number.

In the present study, simulations of mixing in pipe junctions (pipe cross and tees) are performed
using the high-fidelity Large Eddy Simulation (LES) approach to fully resolve the mixing
behavior. Turbulence in high Reynolds flow is the dominant flow characteristic that contributes
to the overall mixing process (Blasek, 2001; Tennekes and Lumley, 1972). By resolving the
temporal and spatial behavior of the mixing processes by using LES, we hope to extract certain
fundamental mechanisms responsible for the mixing behavior including any unsteady
characteristics. Once the fundamental mechanisms are understood, a lower fidelity model can be
developed based on this understanding.

2. Model Development

In order to simulate the mixing in a cross and tees, a high-fidelity three-dimensional model has
been developed using FLUENT, a commercial computational fluid dynamics (CFD) code (Fluent,
Inc., 2005a). The code simulates flow and heat transfer in fluids by solving the Navier-Stokes
and energy conservation equations including turbulence. The selection of the turbulence
approach is critical to fully resolving the fundamentals of the mixing behavior.

2.1 Turbulence

There are numerous approaches to simulating turbulence (Pope, 2000). Traditional approaches
such as steady Reynolds-Averaged Navier-Stokes (RANS) and unsteady RANS (URANS) solve
for the time-averaged velocity by using two-equation (k-e or k-m) turbulence approaches. These
approaches are computationally efficient but are limited in their ability to fully resolve all the
appropriate details associated with turbulence. More recently, the Large Eddy Simulation (LES)
approach has been gaining popularity. In this case, the Navier Stokes equations are spatially
filtered so the fluid velocity is explicitly resolved down to the scale of the grid. In this way, large
eddies are directly simulated. Small eddies, or eddies smaller than the mesh size, are modeled
through a subgrid scale turbulence model. LES requires much more computational resources than
steady RANS or URANS approaches due to the finer mesh required, but the results are much
more realistic for complex situations and will be used for the present high-fidelity simulations.

All three approaches (RANS, URANS, LES) to calculating turbulence start with the
instantaneous Navier-Stokes equations.  However, the resulting turbulence equations are
fundamentally different. In RANS and URANS, the instantaneous velocity is decomposed into a
time-averaged velocity and a fluctuating velocity. Turbulence is modeled as a function of the
fluctuating velocities, and the evolution of the time-averaged velocity is simulated. In steady
RANS, the time-averaged velocity is simulated (resolved) and the velocity fluctuations are
modeled (unresolved) through turbulence models. In URANS, the time-averaged velocity and
some of the lower frequency unsteady behavior are simulated; the high frequency turbulent
velocity fluctuations are modeled. In LES, the velocity is also decomposed. However, in this
case, the decomposition is made through a spatial filter such that the velocity decomposition is
the resolved velocity, or that which can be simulated down to the grid scale, and the residual, or
unresolved velocity, which is modeled at the subgrid scale. The motion of the large eddies,
relative to the grid, are simulated by the conservation equations. The rationale for LES is that
momentum, mass, and passive scalars are mostly transported by large eddies, which are more
problem dependent and are dictated by the geometry of the flow and boundary conditions. The
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smaller eddies are less dependent on problem specific conditions and are more isotropic, so they
can be modeled through a defined relationship, or subgrid scale turbulence model, with more
confidence. The entire frequency spectrum of the velocity fluctuations due to external events and
turbulence is directly simulated up to the frequency cutoff due to the size of the grid. As the grid
is refined, the resolved frequency range becomes larger and the unresolved subgrid scale
turbulence becomes smaller and smaller, eventually going to zero as all frequencies are simulated
and Direct Numerical Simulation (DNS) is approached.

As mentioned above, all three approaches decompose the actual fluid velocity. In LES, the
velocity is decomposed into a filtered (resolved) velocity and a fluctuating (unresolved)
component as follows

U =u +U,
The fundamental conservation equations for continuity and momentum are given below
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These equations are exactly the same as for RANS approaches except for the turbulent stress
equation and the definition of the velocity. Rather than a time-averaged value that is used in
RANS, LES resolves the fluid velocity down to the grid scale.

For LES, the subgrid scale model is
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The Smagorinski model (Smagorinski, 1963) is the most widely-used LES subgrid scale model
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L, is a length scale. Fluent calculates the value as follows
L, =min(xd,CV*°)

where x is the von Karman constant, d is the distance to the closest wall, C; is the Smagorinski
constant, and V is the computational cell volume. The present simulations use the dynamic
Smagorinski model, where the constant Cs is based on local conditions as detailed in Kim (2004).

The equations for species transport without reactions or sources terms are:
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The influence of the turbulent Schmidt number, Sc,, is significantly different for RANS models
(including URANS) and for LES. In RANS, most of the turbulence is modeled rather than

simulated, so the ratio of g /Sc, will be large and will often overwhelm the laminar

contribution. In LES, the ratio of z, /Sc, will be much smaller than in RANS and will be a

function of the grid size as can be seen from the Smagorinski subgrid scale model equations
above through the length scale. In fact, as the grid gets smaller and smaller and goes toward
Direct Numerical Simulation (DNS), the turbulent viscosity goes to zero, all the mixing is
explicitly resolved by the simulations, and there is no effect of the turbulent Schmidt number.
Therefore, values of the turbulent Schmidt number are not transferable between RANS and LES
approaches.

The FLUENT CFD code has been validated for LES for a number of situations. Successful data-
model comparisons have been conducted for fully-developed channel flow, flow over a square
cylinder, flow over a sphere, flow and heat transfer over isolated circular cylinders, and flow in
tube bundles (Kim, 2004, Kim and Mohan, 2005, Kim, 2006, Kim and Nakamura, 2006, Webb
and Cook, 2006).
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2.2 Simulation Model

In the laboratory experiments (Ho et al., 2006), a cross or double-sided tee are used with long
upstream and downstream pipe runs. One inlet branch has a salt tracer, and the tracer distribution
in the two outlet braches is measured to evaluate the mixing in the cross or tee. The long inlet
pipe runs result in fully-developed inlet flow conditions. Rather than simulating the long
upstream pipe runs or specifying an arbitrary inlet boundary condition, a small periodic model of
pipe flow is used to calculate fully-developed LES conditions for the inlets. The geometric setup
of the CFD model is shown in Figure 1 including the periodic inlet pipe sections.

Periodic Inlet
North Inlet

Periodic Inlet

]
West Inlet East Outlet

South Outlet

Figure 1
Fluent Model Setup for Crosses

The periodic inlets are run independently of the full model. This setup is much more efficient
than including them in the full model because fully-developed LES conditions, which can take
some time to develop, are calculated without the need to simulate the entire cross model. Once
these fully-developed LES conditions are established, they are fed directly into the cross model,
thereby providing appropriate turbulence characteristics to the critical intersecting fluid
interfaces.

A User Defined Function (UDF) was written for Fluent to take the results from the periodic inlet
model after fully-developed conditions were established and write them to a file at every time
step for every grid point on the inlet periodic mesh. These files are then used as input boundary
conditions for the full model. Separate models/files were used for the two inlets to the cross to
permit independent inlet variations. The meshes and the time steps in the periodic inlet models
and the cross inlets are required to be the identical.

For the present simulations, the pipe diameter is 2 inches, and the Reynolds number is 40,000
with nominal inlet mass flow rates of 1.6 kg/s. The fluid density and fluid viscosity have been
assumed to be 998.2 kg/m® and 0.001003 Pa-s, respectively. The molecular diffusivity for the
tracer-water mixture is 10° m?%/s. The default value of the turbulent Schmidt number of 0.7 has
been used. Some simulations were also performed with the actual experimental mass flow rates,
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which are somewhat different than the nominal values. The general behavior of the flow field,
such as the velocity profile, velocity fluctuations, and shear stress, in these periodic inlet models
compare favorably to literature data for pipe flow as given in AGARD (1998) and associated test
cases for pipes and channels. Separate validation simulations for test case PCHO3 for a Reynolds
number of about 24,600 have been performed and show very good results.

Central differencing was used for momentum discretization, second order upwind was specified
for energy discretization, and SIMPLEC was used for pressure-velocity coupling. A second-
order temporal discretization scheme was used for all simulations. For the outlet boundary
conditions, equal flow fractions for each outlet pipe were specified resulting in equal mass flow
rate through both branches for the nominal flow case. For the actual flow case, the flow fractions
from the data were used.

Two separate meshes were developed for the simulations. A coarse mesh was developed for
preliminary simulations, while a fine mesh was made to resolve many of the details of the flow
and to check for mesh convergence. The coarse mesh is shown in Figures 2 and 3. Figure 2
shows the cross/pipe intersection details on the mid-plane. The pipe cross model is broken up
into 4 volumes based on the middle of the cross, so the mesh is symmetrical in all directions. The
pipe and cross faces were paved and extruded to the inlets/outlets to complete the volume mesh.
Figure 3 shows the mesh on the inlet face, which consists of a boundary layer mesh on the pipe
walls and a paved mesh in the middle. The total number of cells in the cross section of the model
is 128,900. Figures 4 and 5 show the details of the finer mesh with a total of 1,742,400 cells.

Figure 2 Figure 3

Fluent Coarse Mid-Plane Mesh Fluent Coarse Inlet Face Mesh
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Figure 4 Figure 5
Fluent Fine Mid-Plane Mesh Fluent Fine Inlet Face Mesh
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One measure of mesh quality for turbulent flow is the y* value, or the dimensionless distance of
the first mesh point away from the wall

. YTl
B 1%

y

where y is the physical distance of the first mesh point from the wall, z,, is the wall shear stress,
p is the fluid density, and v is the fluid viscosity. For LES simulations, the y* values should be

about 1.0 (Fluent, 2005b). For the present meshes, the y* values range between 4 and 10 for the
coarse model, and between 2 and 6 for the fine model. The meshes will be further refined in
subsequent simulations to approach the desired y* values.

In addition to the crosses, preliminary simulations for double-sided tees at different separation
distances have been performed using the coarse mesh. The two tees are on opposite sides. The
primary reason for conducting laboratory and numerical experiments on tees was to evaluate the
effects of retention time on mixing.  The model for a separation distance (centerline to
centerline) of 2.5 diameters is shown in Figure 6.

I Periodic Inlet
North Inlet

Periodic Inlet
—

West Inlet
East Outlet

South Outlet

Figure 6
Fluent Model Setup for Tees With 2.5D Separation
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3. Results
3.1 Cross
a. Fine Mesh

The fine mesh results will be discussed first because they demonstrate the detailed flow and
mixing characteristic of the flow. The coarse results will be cited to confirm mesh convergence
for the predicted mixing behavior.

Mixing in a cross is incomplete. Clean fluid enters the north inlet, while contaminated fluid
enters the west inlet. The two streams seem to “bounce” off each other with a limited amount of
mixing. The north inlet stream is generally deflected to the east outlet, while the west inlet
stream is deflected to the south outlet. This behavior is qualitatively similar to that seen by
Ashgriz et al. (2001) for two impinging jets at low flow rates. While the details of the flow and
behavior after impingement are quite different, the fact that the two fluid streams seem to bounce
off each other with limited mixing is similar.

The mass-averaged concentrations in the east and south outlets for the nominal flow rates are
shown in Figure 7 as a function of time. For complete mixing, the mass fractions for both outlets
would be 50%, or 0.5. The results show that about 91% of the contaminated water from the west
inlet goes out the south outlet, while only about 9% goes out the east outlet. The oscillatory
behavior of the outlet concentrations is due to unsteady mixing in the cross that is captured by the
LES turbulence approach.

1
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E —=—South
r 0.5
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0.2 A
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Figure 7

Time-Dependent Outlet Normalized Concentrations for Nominal Flow Rates
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Figure 8
Unsteady Behavior of Mixing Interface

The behavior of the mixing interface between the clean and contaminated fluid is highly transient
and is shown in Figure 8, where discrete snapshots of concentration contours on the center plane
are shown. Each picture represents a time slice 0.02 seconds greater than the previous one. In
the first picture, some of the contaminated fluid entering the west inlet goes into the east outlet
leg. In the next two snapshots, the unsteady interface cuts off this fluid parcel, and essentially all
of the contaminated fluid goes into the south leg. The following two pictures re-establish some
contaminated fluid passing through to the east leg. The behavior of the interface then recycles
back to the beginning of the sequence. The fluid crossing over (north to south; west to east) is not
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continuous but is divided into discrete parcels due to the unsteady behavior of the interface. The
behavior is similar to the interface between two shear layers. The interface oscillates at about 10
to 12 Hz based on these results.

The mixing split of 0.91-0.09 is slightly higher than the preliminary data that gave a 0.87-0.13
mixing split. The preliminary data were scoping experiments using the experimental setup
described in Ho et al. (2006). One possibility is that the actual flow rates, which are different
than the nominal values, may cause some of the difference. As mentioned earlier, the nominal
(desired) flow rate is 1.6 kg/s through each inlet/outlet. The actual inlet flow rates in the north
and west legs of the experiment were 1.57 and 1.594 kg/s, respectively. Because of experimental
uncertainties, the outlet mass flow rate was a few percent larger than the inlet flow rate. The east
flow rate was 1.507 kg/s, while the east value was 1.646 kg/s. The flow split between the east
and south outlet legs was unequal due to differences in flow resistance caused by downstream
fittings. Therefore, the inlet flow rates were honored, and the outlet flow rate fractions were
specified so mass in and mass out are equal.

The effect of using the actual flow rates on the mixing behavior is minimal. Rather than a 0.91-
0.09 split based on the nominal flow rates, the split was 0.90-0.10 using the actual flow rates. As
discussed earlier, the experimental split was 0.87-0.13. Note that these data are preliminary and
are being redone with better experimental controls of the experimental conditions and data.

b. Coarse Mesh

The results from the coarse mesh simulations agree very well with the fine mesh results
indicating mesh convergence. The coarse mesh split for the nominal flow rates is 0.91-0.09,
while the actual flow rate values are 0.90-0.10, or the same as the fine mesh to two decimal
places. Therefore, the coarse mesh simulations can be used to estimate the mixing ratios in
crosses and tees.

3.2 Tees

Preliminary results using the coarse mesh have been conducted for two tee configurations with
different separations as described earlier.

For the 2.5 diameter separation distance, a snapshot of the concentration contours is shown in
Figure 9. The contaminated water coming in the west leg seems to hug the west side of the
connecting leg, indicating that the orientation of the two tees may be important. The calculated
flow split from these simulations is 0.59-0.41. The preliminary experimental data show a flow
split of 0.68-0.26, which obviously is in error because the values do not add up to 1.0. These
experiments are being redone.

Concentration contours are shown in Figure 10 for the 10 diameter separation distance model.
While the contaminated water still tends to hug the west side of the connecting pipe, there is more
mixing between the tees. The calculated flow split is 0.55-0.45 for this model. Experimental data
are not available yet for this configuration.

10
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Figure 9
Concentration Contours for 2.5D Separation Tee

Figure 10
Concentration Contours for 10D Separation Tee

4. Summary and Discussion

High-fidelity LES simulations have been performed for 2 inch pipe intersections at a Reynolds
number of 40,000. Cross and tee configurations with different separation distances have been
simulated. The mixing is incomplete for the cross configuration with a split of 0.91- 0.09 for
nominal flow rate conditions with the fine mesh (complete mixing would be 0.50-0.50), while the
flow split is 0.90-0.10 for actual experimental flow rates (O’Rear et al., 2005). Coarse mesh
values are the same to two decimal places. The preliminary experimental data indicate a flow
split of 0.87-0.13. For tees, the mixing is much better. For tee separation distances of 2.5 and 10
diameters, the calculated mixing ratios are 0.59-0.41 and 0.55-0.45. These data are being redone
as discussed by Ho et al. (2006). The data-model comparison is summarized in Figure 11.
Mixing in the tees may be dependent on the orientation of the two tee sections because the flow
seems to hug the inlet side of the tee similar to a wall jet. The attachment of the incoming stream
at a tee configuration was also noted by Plesniak and Cusano (2005) as one of their flow regimes
for mixing at a duct intersection.

11
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Figure 11

Data-Model Comparison

Mixing at the interfaces in the crosses and tees is due to unstable interfacial behavior similar to
shear layer instability. Using the high-fidelity LES turbulence model, the interface is highly
transient with a frequency of about 10 to 12 Hz. Simplified models using RANS turbulence
models (Ho et al., 2006; Choi et al, 2006) simulate a steady interface that is significantly different
than the LES simulations.

The mixing across the shear layer interface is highly unsteady. Part of the unsteadiness is due to
the turbulent velocity fluctuations in the inlet flow, which is naturally modeled using LES. For
example, van Toonder etc. axial rms velocity fluctuations are approximately constant with
Reynolds number and vary from about 38% of the local velocity near the wall to about 4% at the
centerline (AGARD, 1998). These turbulent fluctuations are probably a significant contributor to
the transient behavior of the mixing interface.

The correlation of mixing across the interface with the turbulent Schmidt number, as done by Ho
et al, (2006) and Choi et al., (2006), is not directly comparable with the current LES model. As
discussed earlier, the turbulent Schmidt number does not translate between RANS and LES
approaches. A more fundamental correlation approach will be investigated in the future.

12
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Nomenclature

Cs Smagorinski constant
d distance to the closet wall
D

diffusivity
Ls length scale
P pressure
S Mean rate-of-strain tensor
Sc turbulent Schmidt number

time
fluid velocity
filtered (resolved) fluid velocity

t

u

u

u fluctuating (unresolved) fluid velocity

\Y computational cell volume

y distance of the first mesh point to the wall
Y tracer mass fraction

fluid density
fluid dynamic viscosity
fluid kinematic viscosity (= u/ p)

2
U

1%

o stress tensor
T shear stress

o delta function

K von Karmen constant

Subscripts

i direction indice
| direction indice
t turbulent

w wall

Misc

filtered value

Acknowledgment
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin

Company for the United States Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000.

13



8th Annual Water Distribution Systems Analysis Symposium, Cincinnati, Ohio, USA, August 27-30, 2006

References

AGARD, 1998, “A Selection of Test Cases for the Validation of Large-Eddy Simulations of
Turbulent Flows,” Advisory Group for Aerospace Research & Development, AGARD
Advisory Report 345 (AGARD-AR-345), NATO.

Ashgriz, N., W. Brocklehurst, and D. Talley, 2001, “Mixing Mechanisms is a Pair of Impinging
Jets,” J. Propulsion and Power, 17:736-749.

Blazek, J., 2001, Computational Fluid Dynamics: Principles and Applications, Elsevier Science.

Fowler, .A.G., and P. Jones 1991, “Simulation of Water Quality in Water Distribution Systems,”
Proceedings Water Quality Modeling in Distribution Systems, Feb, 1991.

Fluent, Inc., 2005a, FLUENT 6.2 User’s Guide, Fluent, Inc., Lebanon, NH, January 2005.

Fluent, Inc., 2005b, “Modeling Turbulence,” Chapter 11 of FLUENT 6.2 User’s Guide, Fluent,
Inc., Lebanon, NH, January 11, 2005.

Ho, C.K,, L. O’Rear, J.L. Wright, and S.A. McKenna, 2006, “Contaminant Mixing at Pipe Joints:
Comparison between Experiments and Computational Fluid Dynamics Models.” 8" Annual
Water Distribution System Analysis Symposium, Cincinnati, Ohio, USA. Aug. 27-30.

Kim, S-E., 2004, “Large Eddy Simulation Using Unstructured Meshes and Dynamic Subgrid-
Scale Turbulence Models,” AIAA Paper 2004-2548, 34" AIAA Fluid Dynamics Conf and
Exhibit, June 28-July 1, Portland, OR.

Kim, S.-E., and L.S. Mohan, 2005, “Prediction of Unsteady Loading on a Circular Cylinder in
High Reynolds Number Flows Using Large Eddy Simulation,” OMAE Paper 2005-67044,
24" International Conference on Offshore Mechanics and Artic Engineering, June 12-16,
Halkidiki, Greece.

Kim, S.-E., 2006, "Large Eddy Simulation of Turbulent Flow Past a Circular Cylinder in
Subcritical Regime™ AIAA Paper 2006-1418, 44th Aerospace Sciences Meeting and tExhibit,
January 9-12, 2006, Reno, Nevada.

Kim, S.-E., and H. Nakamura, 2006, “Large Eddy Simulation of Turbulent Heat Transfer Around
a Circular Cylinder in Crossflow,” 13" International Heat Transfer Conference, Sydney,
Australia, August 13-18.

Lesieur, M. and O. Metais, 1996, “New trends in large-eddy simulations of turbulence,” ARFM,
28:45-82.

Moin P., and K. Mahesh, 1998, “Direct Numerical Simulation: A Tool in Turbulence Research,”
Annual Reviews in Fluid Mechanics, 30:539-578.

O’Rear, L., G. Hammond, S.A. McKenna, P. Molina, R. Johnson, T. O’Hern, and B.G. van
Bloemen Waanders, 2005, “Physical Modeling of Scaled Water Distribution Systems
Networks,” SAND2005-676, Sandia National Laboratories, Albuquerque, NM.

Piomelli, U. and E. Balaras, 2002, “Wall-Layer Models for Large Eddy Simulations,” ARFM,
34:349-374.

Pope, S.B., 2000, Turbulent Flows, Cambridge University Press, Cambridge.

Romero-Gomez, P., C. Y. Choi, B. G. van Bloemen Waanders, and S. A. McKenna, 2006,
“Transport Phenomena at Intersections of Pressurized Pipe Systems,” 8" Annual Water
Distribution System Analysis Symposium, Cincinnati, Ohio, USA. Aug. 27-30.

Rossman, L., 2000, EPANET-User’s Manual. United States Environmental Protection Agency
(EPA), Cincinnati, OH.

Sagaut, P., 2004, Large Eddy Simulation for Incompressible Flows — An Introduction, Second
Edition, Springer.

Smagorinski, J., 1963, “General Circulation Experiments with the Primitive Equations. |. The
Basic Experiment,” Month. Wea. Rev., 91:99-164.

Tennekes H. and J.L. Lumley, 1972, A First Course in Turbulence, The MIT Press.

van Bloemen Waanders, B, and G. Hammond, J. Shadid, S. Collis, R. Murray, 2005, “A
Comparison of Navier Stokes and Network Models To Predict Chemical Transport in

14



8th Annual Water Distribution Systems Analysis Symposium, Cincinnati, Ohio, USA, August 27-30, 2006

Municipal Water Distribution Systems,” World Water & Environmental Resources Congress,
Anchorage, AL, May 15-19, 2005.

Webb, S.W., and J.T. Cook, 2006, “LES Data-Model Comparisons for Flow Over a Tube Bundle
Including Heat Transfer,” 13" International Heat Transfer Conference, Sydney, Australia,
August 13-18.

15



	CD-ROM Main Menu
	Full Text Search
	Proceedings Information
	Contents
	Plenary Session
	Securing Our Water Future for fhe Gold Coast
	Water Supply Issues Facing Severn Trent Water
	A View from the Bridge: A Utility Leader's Vision of the Future

	Keynote Address
	The State of the World’s Water and New Thinking for fhe Future

	Track A
	Session A-1: History of Water Distribution Systems Analysis
	Water Distribution System Analysis Before Digital Computers
	The History of Water Distribution Network Analysis: The Computer Age
	A Quarter of a Century of Water Quality Modeling in Distribution Systems
	The Evolution of Optimizing Water Distribution System Applications

	Session A-2: Applications of Network Models
	Modern Solutions To Older Water Distribution Systems
	Midwestern Systems Distribution Water Quality Program
	Integrated Hydraulic Model And Genetic Algorithm Optimization For Informed Analysis Of A Real Water System
	Fire Flow Analysis for Optimal Network Improvement

	Session A-3: Network Planning Studies
	Development of a Phased Water Master Plan using Optimization
	Detailed Distribution System Modeling for a Regional Water Master Plan
	Updating Water Master Plan – How Phoenix Projected Water Demands Using GIS
	How Emergency Interconnection Studies Can Improve Reliability of Service for Water Utilities

	Session A-4: Stochastic Approaches to Network Problems
	Fixture-Level Human Exposure Calculation Model
	Probabilistic Leak Detection in Pipe Networks Using the SCEM-UA Algorithm
	Stochastic Demand Generated Unsteady Flow in Water Distribution Networks
	Using Monte-Carlo Simulation to Evaluate Alternative Water Quality Sampling Plans

	Session A-5: Pipe Replacement and Rehabilitation - I
	Development of a GIS Based Infrastructure Replacement Prioritization System; A Case Study
	Failure Assessment Model to Prioritize Pipe Replacement in Water Utility Asset Management
	Water Pipes Asset Management: Evaluation of EU CARE-W
	Methodological Approach for the Rehabilitation of Water Distribution Systems: Case Study Application base on the CARE-W System

	Session A-6: Pipe Replacement and Rehabilitation - II
	External Effects of Pipe Bursts
	Application of a Technical Performance Assessment Tool to Support Water Distribution Systems Rehabilitation
	Rehabilitation, Repairing and Leakage Detection Optimization in Water Distribution Systems
	Statistical Analysis of Water Main Failures in the Distribution Network of an Italian Municipality

	Session A-7: Asset Managment
	Substandard Supply Minutes in the Netherlands
	Probability Failure Analysis Due To Internal Corrosion In Cast Iron Pipes
	Water Distribution Systems Evaluating Method Based on Value Engineering: Case Study
	Water Infrastructure Asset Management: Methodology to Define Investment Prioritization

	Session A-8: Valve Failure and Criticality
	Effect of Valve Failures on Network Reliability
	Using Criticality Analysis to Identify the Impact of Valve Location
	Valve Criticality Modeling
	Communicating with Hydraulic Models


	Track B
	Session B-1: Water Loss Managment and Control 
	Applying Worldwide Best Management Practices for Water Loss Control
	Pressure-Leakage Relationships in Urban Water Distribution Systems
	Bottom-Up Analysis for Assessing Water Losses: A Case Study
	The Minimum Night Flow Method Revisited

	Session B-2: Intermittent and Pressure Dependent Demands
	An Evaluation of the Robustness of the Sample UK Water Distribution System Configurations to Operational Stresses
	Modelling Intermittent Water Supply Systems with EPANET
	Slow Transient Pressure Driven Modeling in Water Distribution Networks
	Efficient Pressure Dependent Demand Model for Large Water Distribution Systems Analysis

	Session B-3: Water Demands - I: Stochastic Models
	Combining the Probabilistic Demand Model SIMDEUM With A Network Model
	Water Demand Models for a Small Number of Users
	Effect of Time Step & Data Aggregation on Cross Correlation of Residential Demands
	Cross Correlation Analysis of Residential Demand in the City of Milford, Ohio

	Session B-4: Water Demands - II: Domestic Use Across the Globe
	Profiling Residential Water Consumption
	Analysis of Household Water Demand Patterns by Meters Recording
	An Evaluation of Domestic and Non-Domestic Water Consumption in South Africa
	Modelling the Greater Athens Water Distribution Network for Demands Associated with the 2004 Olympic Games

	Session B-5: Water Demands - III: Forecasting
	Water Demand Analysis in Urban Region by Neural Network Models
	Short-Term Water Demand Forecasting: A Case Study
	Water Distribution Systems Demand Forecasting with Pattern Recognition
	Instantaneous Water Demand Parameter Estimation from Coarse Meter Readings

	Session B-6: Hydraulic Transients - I: Leak Detection
	Implementation of Hydraulic Transient and Steady Oscillatory Flow With Genetic Algorithms for Leakage Detection in Real Water Distribution Networks
	Analytical Solution for Transients in Pipeline with Variable Boundary Conditions: Leak Detection in Pipe Networks Using the Coded Transients
	Laplace-Domain Comparison of Linear Models of a Reservoir-Pipe-Valve System with a Leak
	Transient-Based Periodical Pipeline Leak Diagnosis

	Session B-7: Hydraulic Transients - II: Modeling
	Assessing the Degree of Unsteadiness in Flow Modeling: From Physics to Numerical Model
	Water Pipe System Diagnosis by Transient Pressure Signals
	Sizing and Design of an Air Chamber – Transient Modeling Results and Field Test Comparisons
	Using Surge Modeling to Determine Distribution System Vulnerability to Backflow

	Session B-8: Hydraulic Transients - III: Wave Reflection & Surge Control
	Limiting Surge Pressures and Resonance through Tailored Wave Reflection
	Transient Reflection Analysis to Identify Problems with a Raw Water Pumping Main
	Optimal Design of Pressure Surge Control Devices in Water Distribution Systems


	Track C
	Session C-1: Network Topology & Calibration - I
	Aggregation of Water Distribution Systems for Contamination Detection
	Efficient Supply Network Management Based on Linear Graph Theory
	Impact of Model Skeletonization on Water Distribution Model Parameters as Related to Water Quality and Contaminant Consequence Assessment
	Verification of Sampling Design for Water Distribution Networks Calibration

	Session C-2: Network Topology & Calibration - II
	Calibration Procedures for Extended Period Simulation Models
	Determining the Accuracy of Automated Calibration of Pipe Network Models
	Quantitative Results of EPS Model Calibrations with A Comparison to Industry Guidelines
	Calibration and Data Collection for Hydraulic Models for Alternative Model Purposes

	Session C-3: Network Contamination Incidents
	A Reinterpretation of the 2002 Attempted Water Terror Attack on the US Rome Embassy-- Don't Underestimate the Enemy
	Modeling the Propagation of Waterborne Disease in Water Distribution System: Results from a Case Study
	Modelling a Water Pollution Incident
	A Model for the Chemical and Biological Agent Attacks on Water Distribution Systems

	Session C-4: Network Hydraulic Modeling
	A Two Point Linearization Method For Snapshot Simulation Of Water Distribution Systems
	Hydraulic Power Analysis for Determination of Characteristics of a Water Distribution System
	On The Convergence Properties of the Different Pipe Network Algorithms
	Towards Realistic Extended Period Simulations (EPS) in Looped Pipe Networks

	Session C-5: Optimal Pump Scheduling
	Ant-Colony Optimization for Optimal Pump Scheduling
	Pump Scheduling Optimization in Four US Cities: Case Studies
	Synthesis of Feedback Control for Pump Operation in Water Distribution System
	Acquisition of Optimal Operational Strategies for Water Distribution Systems using Evolutionary Algorithms, Machine Learning and Preference Ordering Routine

	Session C-6: Optimal Network Design and Operation - I
	Discussion of Network Design and Scheduling Problems
	Optimal Design of Water Distribution Systems including Water Quality and System Uncertainty
	Sustainability Objectives for the Optimization of Water Distribution Networks
	Comparison Harmony Search with Other Meta-Heuristics in Water Distribution Network Design

	Session C-7: Optimal Network Design and Operation - II
	Cost Considerations and General Principles in the Optimal Design of Water Distribution Systems
	Experience in the Application of a Methodology for the Determination of Optimal Pressure in Water Distribution Networks
	Optimized Design of the City of Ottawa Water Network A Genetic Algorithm Case Study
	Shawnee Road Pump Station Upgrade, Niagara County Water District

	Session C-8: WDSA Potpourri
	Identification, Prioritization and Implementation of the Use of the Distribution System Water Quality Model
	Improving Water Quality by Optimizing Reservoir Operation
	Development of Artificial Intelligence Systems for Analysis of Water Supply System Data
	SCA-Red, a General Purpose Scada Application for Taking Decisions in Real Time With the Aid of a Hydraulic Model


	Track D
	Session D-1: Network Design for Contamination Warning Systems
	Formulation and Optimization of Robust Sensor Placement Problems for Contaminant Warning Systems
	Scheduling Manual Sampling for Contamination Detection in Municipal Water Networks
	Real Time Water Demand Estimation in Water Distribution System
	On-Line Analysis with EPANET

	Session D-2: Water Quality Monitoring Case Studies
	An Integrated Modular Approach to Water Distribution System Monitoring
	City of Ann Arbor's Multi-Objective Monitoring Location Strategy
	Distribution System Monitoring Research at Charleston Water System
	Sensor Networks for Monitoring Water Supply and Sewer Systems: Lessons from Boston

	Session D-3: Battle of the Water Sensor Networks
	Efficient Algorithm for Contaminant Detection in Water Distribution
	Heuristic Method for the Battle of the Water Network Sensors: Demand-Based Approach
	Optimization Model and Algorithms for Design of Water Sensor Placement in Water Distribution Systems
	Predator - Prey Model for Discrete Sensor Placement
	Multi-Objective Optimization of Sensor Placement in Water Distribution Systems
	A "Strawman" Common Sense Approach for Water Quality Sensor Site Selection
	Multi-Objective Sensor Design for Water Distribution Systems
	Optimizing Sensor Placements in Water Distribution Systems Using Submodular Function Maximization
	Sensor Network Design Proposal for the Battle of the Water Sensor Networks
	A Heuristic Method for Water Quality Sensor Location in a Municipal Water Distribution System: Mass-Released Based Approach
	A Facility Location Approach to Sensor Placement Optimization
	Battle of the Water Sensor Networks
	Multi-Objective Optimization for Monitoring Sensor Placement in Water Distribution Systems
	Iterative Deepening of Pareto Solutions in Water Sensor Networks

	Session D-4: Contamination Warning Systems
	Customer Feedback Tool for Distribution System Monitoring for Improved Drinking Water Surveillance
	DHS Domestic Municipal End-To-End Water Security Architecture Study
	Optimization of Operational Response to Contamination in Water Networks
	Real World Operational Testing and Deployment of an On-line Water Security Monitoring System

	Session D-5: Integrating Network Models with GIS/SCADA
	Integrating GIS, CIS and Telemetry Systems to Develop an Integrated Modelling System
	Sustainable Modelling
	GIS and Model Applications from an Integrated System
	Bringing Up To Date WDS Models by Querying. an EPANET-Based GIS Geodatabase

	Session D-6: Contamination Source Identification - I
	Adaptive Contamination Source Identification in Water Distribution Systems Using Evolutionary Algorithm-based Dynamic Optimization Procedure
	Determining Possible Contaminant Sources through Flow Path Analysis
	Source Inversion With Uncertain Sensor Measurements
	Uncertainty Effects on Pollution Source Location in Water Networks

	Session D-7: Contamination Source Identification - II
	Addressing Non-Uniqueness in a Water Distribution Contaminant Source Identification Problem
	Optimal Sensors Layout for Contamination Source Identification in Water Distribution Systems
	Sensor Location Design for Contaminant Source Identification in Water Distribution Systems
	On the Placement of Imperfect Sensors in Municipal Water Networks

	Session D-8: Real-Time Water Quality Event Detection
	Multivariate Applications for Detecting Anomalous Water Quality
	On-Line Monitoring Of Water Distribution Systems: Data Processing And Anomaly Detection
	Performance Evaluation of Real-Time Event Detection Algorithms
	Testing Water Quality Change Detection Algorithms


	Track E
	Session E-1: Impact of Network Retention Time - I
	Manage the Retention Time is the Answer, but What was the Question?
	The Weak Link in the Provision of Safe Drinking Water
	Improving the Representation of Age of Water in Drinking Water Distribution Networks to Inform Water Quality
	Closed-Form Solution to Water Age in Distribution Systems
	Dual Water Distribution Systems in China

	Session E-2: Impact of Network Retention Time - II
	A DBP Control Method Using Localized Treatment and Distribution System Modeling
	Chlorine Residual as a Predictor of Trihalomethane Values
	Fluoride Tracer Test Planning & Implementation to Support WDS Model Calibration and IDSE Compliance
	Residence Time from Tracer Tests: Field Experience and Calculation Techniques

	Session E-3: Water Quality Monitor Instrumentation
	Using UV254 as a TOC Surrogate for Intentional Contaminant Detection in Drinking Water Distribution Systems
	Performance of a True Real Time, On Line Surveillance System for Waterborne Pathogens
	Study on Evaluation of On-Line free Chlorine Sensors in Water Supply Facilities
	Sensor-Based Water Parcel Tracking

	Session E-4: Water Quality Modeling - I: Disinfection and Decay
	Predicting the Loss of Chlorine and Chloramine Residuals in Metallic Pipes
	Transport Kinetics of Bromoform Formed in Desalinated Water
	Use of Bayesian Statistics to Study Chlorine Decay within a Water Distribution System
	Constituent Modeling for Gross Alpha (GA) Concentration Compliance, Blending High-GA Groundwater With Low GA-Surface Water

	Session E-5: Water Quality Modeling - II: Corrosion
	An Extended 1-D Transient Corrosion Model Including Multi-Component Chemical Species
	Functions of Drinking Water Pipe Materials- Reason or Result of Water Quality?
	Red Water and Discoloration in a WDS; A Numerical Simulation

	Session E-6: Water Quality Modeling - III: Mixing in Pipes and at Junctions
	Contaminant Mixing at Pipe Joints: Comparison between Laboratory Flow Experiments and Computational Fluid Dynamics Models
	High Fidelity Computational Fluid Dynamics for Mixing in Water Distribution Systems
	Transport Phenomena at Intersections of Pressurized Pipe Systems
	Integrating Distribution Network Models with Stochastic Water Demands And Mass Dispersion

	Session E-7: Microbiology of Pipe Networks - I
	Assessment of Microbiological Water Quality after Low Pressure Events in a Distribution System
	Data Mining to Inform Total Coliform Monitoring Plan Design
	Microbial Characterization of Drinking Water Systems Receiving Groundwater and Surface Water as the Primary Sources of Water
	An Innovative Approach to Detecting Mycobacterium in Drinking Water Systems

	Session E-8: Microbiology of Pipe Networks - II (Biofilms)
	Numerical Simulation and Experimental Validation of Biofilms during Contamination Events
	Biofilm: Shelter or Barrier in Drinking Water Distribution Systems?
	Interaction of Introduced Biological Agents with Biofilms in Water Distribution Systems


	Poster Session
	Application of Pseudo-Parallel Genetic Algorithm in Optimal Operation on Multisource Water Supply Network
	Assessing Uncertainty in Chlorine Residual Predictions in Drinking Water Distribution System
	Consequence Management Utilizing Optimization
	Consumer Concerns and Preference-Tradeoffs in Home Plumbing Systems
	Demand Loading Conditions: To What Extent are They Representative?
	Developing a Model for Disinfection By-Products in a Water Distribution System
	Estimating the Economic Losses or Damages from a Waterborne Disease Outbreak: Development of a Simulation Model
	Evaluation Models of Deteriorated Water Mains for Replacement/Rehabilitation by Field Surveying
	Experimental Investigation Into The Turbulent-Flow Hydraulics Of Small Circular Holes In Plastic Pipes
	Graph Theory Based Algorithms for Water Distribution Network Sectorization Projects
	Laboratory and Flow Loop Validation and Testing of Operational Effectiveness of an On-line Security Platform for the Water Distribution System
	Low Leakage in the Netherlands Confirmed
	Microbial Characterization Of Drinking Water Systems Receiving Groundwater And Surface Water As The Primary Sources Of Water
	Modelling of Soil Diffusibility on Leakage Characteristics of Buried Pipes
	Monitoring Network Design for the Malicious Source Identification Problem
	Multi-Objective Optimal Rehabilitation of Hydraulic Networks based on the Cost of Reliability
	Sensor Placement for Contaminant Source Identification
	Study of Water Quality Sensors Locations Optimization and Signals Analysis Based on Dynamic Water Quality Path
	Using In-Pipe Data Sonde Arrays for Security and Quality Monitoring in the Water Distribution System
	Water Distribution Network Optimization by Maximizing the Pressure Uniformity at Service Nodes
	Water Loss Detection via Genetic Algorithm Optimization-based Model Calibration



