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Introduction

Drinking water supply and distribution systems are critical infrastructure that
has to be protected for the safety of the public health. Water systems generally
include storage tanks, pipes, pumps, valves, reservoirs, meters, fittings, and
other hydraulic appliances. Considering the complexity and the widespread
coverage it is very hard to maintain the distribution network to meet the desired
water quality level. One important tool in the maintenance of water distribution
systems (WDS) is flushing.
Flushing is a process carried out in a periodic fashion to clean sediments
and other contaminants in the water pipes. Also, in-case of an accidental or intentional contamination event, an emergency flushing plan has to be executed.
A systematic and well designed flushing strategy improves the quality of the
drinking water and also helps in maintaining the complex and costly water infrastructure. A complete overview of water security systems, possible examples
of intentional and unintentional contamination, and the importance of maintaining a good WDS is discussed extensively in [1]. A general guidance for a flushing
process is given in [2] where the authors present a four step flushing program
that should be followed when executing a flushing on the network independently
from the magnitude or frequency needed for a particular system.
A flushing strategy can be formulated as a single-objective or multi-objective
optimization problem based on its final purpose. Some of the possible goals include minimizing the water requirements for flushing, minimizing the impact on
the public, minimizing the cost involved, minimizing the resource utilization,
maximizing deposits detachment, optimizing the flushing path or optimizing
the number of hydrants to be used.
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In this report a non-exhaustive overview of optimization methods for flushing
in WDS is given. The structure of the report is as follows: The different flushing
strategies are discussed in Section 2. In Section 3, various optimization methods
for flushing found in the literature are described. The article concludes with
short summary and discussion in Section 4.
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Flushing Techniques

Given the diversity in network’s size, architecture or use intensity, there is no
universal flushing program. When performing a flushing process there are three
main flushing techniques available [3]: conventional, unidirectional and continuous blow-off. The flushing goal determines which technique is best to use.
Traditionally, Conventional flushing (CF) has been carried out. It consist
of opening hydrants in specific locations to let the water flow out of the pipe.
This action doesn’t usually includes the activation of isolation valves, which
are valves used to focus the water flow into only one pipeline path in order to
increase flow velocity. Usually the intended effect of CF is to replace the old
water found in the pipes with fresher water. The criteria to stop the flow of
water out of the hydrant tends to be a visual evaluation of water’s turbidity or
quality measurements from sensors in the vicinity. CF does not require much
preparation or planing.
Later, unidirectional flushing (UDF) was developed [4] where a section of
the pipe system is isolated by closing key valves with the objective of creating a
single directional flow with a velocity of at least 1.5 m/s. This minimal velocity
is necessary to remove the impurities on the pipes walls and can vary according
to pipe sizing and amount of impurities present. The implementation of UDF
requires more extensive planing and preparation in defining the areas or pipes in
which it will be applied. This strategy is recommended as with higher velocity,
better water quality can be achieved with less water utilization [5].
Continuous blow-off [2] is a technique used mainly on locations with low
water circulation, especially at dead ends. Through the use of blow-off valves a
portion of the water is extracted in a low velocity flow. This technique is not
appropriate to remove sediments in the pipes but can be helpful in, for example,
stabilizing the disinfectant levels by removing stagnate water.
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Planning and Optimization methods

To implement a flushing strategy, a good planning and optimal utilization of
time and resources are essential. In this section we present some of the studies
and strategies found in the literature that focus first on the problem of planing
a flushing and second on optimizing the flushing.
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In [6], an optimization based strategy was proposed to optimally deal with
drinking water contamination. As the resulting optimization problem was a
mixed-integer nonlinear programming (MINLP) problem, genetic algorithm was
used to identify the optimal node, to alter the demand, to modify demands for
the nodes, and, to identify optimal location of pipe closures. The authors proposed that the genetic algorithm can solve such a complicated problem and find
optimal solutions to minimize the impact of a contamination event in a distribution network. The results from the optimization problem also allowed for
optimal allocation of water resources in addition to the spread of the contamination. As the authors point out, the performance of the genetic algorithm is
dependent on the tuning of the algorithmic parameters. Specialized parameter
optimization techniques such as Sequential Parameter Optimization Toolbox
(SPOT)[7] can be used to resolve issues associated with manual tuning of the
parameters.
In [8], optimization strategies using both single objectives and multiple objectives were investigated. Again, owing to the complexity of the resulting
optimization problem, the authors employed genetic algorithm to obtain the
optimal solutions. The authors considered two objectives: minimization to the
damage to public health and minimization of operational costs. The authors
employed the single objective formulation as the weighted multiple objectives.
As an improvement to [6], the authors provided the strategies to obtain the
flushing paths along with different flushing methods. The authors found that
the computation times offered by genetic algorithms can be prohibitively large
for very large networks and propose other random search algorithms. To compare algorithms, a novel comparison framework is proposed in [9] that offers
a stringent comparison between two stochastic optimization algorithms. The
result from [9] can be used by the practitioners to measure the performance
improvement.
In [5], a heuristic set of rules were proposed for UDF in the event of water
contamination. The flushing procedure is initiated once the water contamination is identified and the source of the contamination is eliminated. Before
proceeding with the flushing, the contaminated area is isolated and public advisories to the affected parties are transmitted. Depending on the type of the
contamination, either a non-adherent to piping infrastructure flushing or adherent to piping infrastructure flushing is initiated. Once the flushing strategy
is initiated, it is continuously monitored to eliminate all contaminants in the
affected pipelines. The flushing strategy is applied with promising results to
two experimental networks.
[10] extends the approach proposed in [8] by offering more flexibility in the
flushing of sub-networks and proposes a tool for planning and optimization of
UDF called Flushing Planner. An optimal plan was proposed considering the
effort required for valve manipulations and thereby minimizing the efforts of
operational staffs.
[11] proposes a strategy similar to [5] in terms of the sequence of the flushing strategy: detect the contamination, public notification, and isolation and
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containment. In addition, [11] also proposes an optimization method to select
the best response among the possible actions proposed in [6].
Flushing strategies for optimization during the flushing process can also be
found in the bibliography. In [12] the focus is on open-channel networks and
the problem of algae grow which can clog hydraulic devices and cause potential
sanitary risks. The algae can be cleaned from the network by performing regular flushing but the amount of detached algae should remain under a certain
threshold in order to avoid clogging. In order to control the amount of detached
algae the water turbidity can be used as an indirect measure. The proposed
flushing strategy is based on a quasi-linear model for the algae detachment that
is designed to maximize the amount of detached algae while complying with
two constraint: maintain the turbidity under a given threshold and minimize
the volume of water required.
In [13] the optimization of the flushing operation needed to maintain chlorine
levels is discussed. The proposed method utilizes automatic flushing device
(AFD) to control pipe flushing via CF. One factor needed to maintain water
quality in WDS is to control and maintain a sufficient chlorine residual to act as
a disinfectant. Flushing the pipes in order to remove stagnate water is one of the
available methods to maintain a high enough chlorine residual level. The aim
of the proposed strategy is to diminish the flushed water volume by optimizing
the activation times of AFDs in a network. The method is divided in three
phases: in the first phase the AFDs present in the network are tested via a
hydraulics model to test if the desired chlorine level can be maintained by their
activation/deactivation. In the second phase the hourly activation/deactivation
of the individual AFD reformulated as a constantly activated AFD with a lower
flow capacity in order to reduce the problem solution’s space. Finally in the
third phase simulated annealing is implemented to find the optimal solution on
the solution space. The three-phase method was simulated using a real network
topology and results indicated that the optimized results used less water volume
that the current manual practice.
In [14] the authors focus on the loss in water quality originated by the
accumulation of residuals due to sedimentation on the pipe wall also named
growth-ring. The removal of the growth-ring via two-phase flushing is studied
using a small experimental setup and comparing its performance in terms of
water savings to single-phase flushing. The best experimental result setups (air
inflow/cutoff frequency and inlet nozzle shape) are tested on a real pipeline.
The results show that two-phase flushing present significant saving in terms of
water volume and flushing time.
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Discussion and Summary

In this article, various flushing strategies with single or multiple objectives are
studied. Given the vastly different topographies and utilization frequencies of
WDS no one single optimization configuration for flushing planing can be imple-
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mented. A common issue in the optimization strategies is the problem of manual
tuning of the parameters of the optimization algorithm. We suggest automatic
parameter tuning toolbox SPOT as a possible solution to overcome this issue
[7]. Also, in-order to choose the most appropriate algorithm for flushing, we
suggest the use of statistical framework algCompare [9]. This framework stringently evaluates the performance improvement achieved considering two main
criteria: statistical significance and practical relevance. Based on the desired/
meaningful performance requirement for this specific application of flushing, the
performances of various flushing optimization algorithms can be evaluated.
Water quality in WDS plays a decisive factor in determining the appropriate frequency of maintenance flushing. An article published by [15] studies the
composition of the sediments removed during UDF in four Canadian Networks
and proposes a flushing frequency based on the amount of deposits measured.
The authors found a correlation between sediment accumulation and water turbidity, and recommend a continuous monitoring of turbidity coupled with a
mineral analysis. Such analysis and monitoring can help assess the cost-benefit
of UDF and possibly influence the frequency of the flushing to better adapt to
the needs of the network.
Sediment accumulation was also studied in [16]. The authors studied particle
accumulation rate in relation to incoming water quality in two similar WDS. The
basis of this study is given by [17] where a data-driven model is used to estimate
the rate of sediment material accumulation by investigating its correlation with
certain network characteristics like water properties and pipe material. In [16]
it is demonstrated that, for otherwise similar networks, the rate of sediment
accumulation is also heavily influenced by the quality of the water coming into
the network.
This makes it clear that the proposal of an optimizer for the flushing process needs to have a clear definition of the objective that the flushing needs to
achieve, maintain chlorine levels or a certain level of turbidity, and the exact
characteristics of the network where it should be implemented.

Acknowledgements
This research work is funded by project Open Water Open Source(OWOS) (reference number: 005-1703-0011) and is kindly supported by the FH Zeit für
Forschung, Ministerium fur Innovation, Wissenschaft und Forschung des Landes NRW.

References
[1] Robert Janke, Michael E Tryby, and Robert M Clark. Protecting water
supply critical infrastructure: An overview. In Securing water and wastew-

5

ater systems, pages 29–85. Springer, 2014.
[2] Melinda Friedman, Gregory J. Kirmeyer, and Edward Antoun. Developing
and implementing a distribution system flushing program. American Water
Works Association, 94(7):48–56, July 2002.
[3] Edward N Antoun, John E Dyksen, and David J Hiltebrand. Unidirectional
flushing: A powerful tool. Journal-American Water Works Association,
91(7):62–72, 1999.
[4] K Oberoi. Distribution flushing program: The benefits and results. In
Proc. 1994 AWWA Ann. Conf., New York, 1994.
[5] Annie Poulin, Alain Mailhot, Nathalie Periche, Louis Delorme, and JeanPierre Villeneuve. Planning unidirectional flushing operations as a response
to drinking water distribution system contamination. Journal of Water
Resources Planning and Management, 136(6):647–657, 2010.
[6] Terranna M Baranowski and Eugene J LeBoeuf. Consequence management
utilizing optimization. Journal of Water Resources Planning and Management, 134(4):386–394, 2008.
[7] Thomas Bartz-Beielstein, Christian Lasarczyk, and Mike Preuss. The sequential parameter optimization toolbox. In Experimental methods for the
analysis of optimization algorithms, pages 337–362. Springer, 2010.
[8] Leonardo Alfonso, Andreja Jonoski, and Dimitri Solomatine. Multiobjective optimization of operational responses for contaminant flushing in water
distribution networks. Journal of Water Resources Planning and Management, 136(1):48–58, 2010.
[9] Sowmya Chandrasekaran, Sergio Lucia, and Thomas Bartz-Beielstein. algcompare: A new statistical framework for comparing optimization heuristics. Computational Statistics and Data Analysis(in review), 2020.
[10] J Deuerlein, AR Simpson, and A Korth. Flushing planner: a tool for
planning and optimization of unidirectional flushing. Procedia Engineering,
70:497–506, 2014.
[11] Terranna Baranowski, Robert Janke, Regan Murray, Sumedh Bahl, Larry
Sanford, Brian Steglitz, and Janice Skadsen. Case study analysis to identify
and evaluate potential response initiatives in a drinking water distribution
system following a contamination event. 04 2019.
[12] Ophelie Fovet, Xavier Litrico, and Gilles Belaud. Turbidity management
during flushing-flows: A model for open-loop control. Advances in Water
Resources, 39:7 – 17, 2012.
[13] Xiongfei Xie, Mahmoud Nachabe, and Bo Zeng. Optimal scheduling of
automatic flushing devices in water distribution system. Journal of Water
Resources Planning and Management, 141(6):04014081, 2015.
6

[14] Zhaozhao Tang, Wenyan Wu, Xiaoxi Han, and Ming Zhao. An experimental
study of two-phase pulse flushing technology in water distribution systems.
Water, 9(12):927, Dec 2017.
[15] Annie Carrière, Vincent Gauthier, Raymond Desjardins, and Benoit Barbeau. Evaluation of loose deposits in distribution systems through: unidirectional flushing. Journal AWWA, 97(9):82–92, 2005.
[16] E.J.M. Blokker and P.G. Schaap. Particle accumulation rate of drinking
water distribution systems determined by incoming turbidity. Procedia
Engineering, 119:290 – 298, 2015. Computing and Control for the Water
Industry (CCWI2015) Sharing the best practice in water management.
[17] S.R. Mounce, S.P. Husband, W.R. Furnass, and J.B. Boxall. Multivariate
data mining for estimating the rate of discoloration material accumulation
in drinking water systems. Procedia Engineering, 89:173 – 180, 2014. 16th
Water Distribution System Analysis Conference, WDSA2014.

7

Kontakt/Impressum
Diese Veröffentlichungen erscheinen im Rahmen der Schriftenreihe "CIplus". Alle Veröffentlichungen dieser Reihe können unter
https://cos.bibl.th-koeln.de/home
abgerufen werden.
Die Verantwortung für den Inhalt dieser Veröffentlichung liegt beim Autor.
Datum der Veröffentlichung: 21.12.2020

Herausgeber / Editorship
Prof. Dr. Thomas Bartz-Beielstein,
Prof. Dr. Wolfgang Konen,
Prof. Dr. Boris Naujoks,
Institute for Data Science, Engineering, and Analytics,
Institute of Computer Science,
Faculty of Computer Science and Engineering Science,
TH Köln,
Steinmüllerallee 1,
51643 Gummersbach
url: www.ciplus-research.de

Schriftleitung und Ansprechpartner/ Contact editor’s ofﬁce
Prof. Dr. Thomas Bartz-Beielstein,
Institute for Data Science, Engineering, and Analytics,
Faculty of Computer Science and Engineering Science,
TH Köln,
Steinmüllerallee 1, 51643 Gummersbach
phone: +49 2261 8196 6391
url: http://www.spotseven.de
eMail: thomas.bartz-beielstein@th-koeln.de
ISSN (online) 2194-2870

