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Abstract

:

Contamination events in water distribution networks (WDNs) begin with contaminant inception in the network. WDNs respond to events according to the detection, stopping service, and recovery phases. The recovery phase aims to remove hazardous substances by flushing them out so that the network can return to normal conditions. Flushing must be conducted efficiently and safely. The contaminated water is removed by allowing it to flow from outlet points in the network, which is enabled by displacing it with clean water from the source. Conventionally, a hydrant was used as the outlet point. Recent advancements in information and communication technology allow the use of electronic media to broadcast warnings and guidance rapidly. Water utilities can convey information to customers as part of the flushing scheme by notifying them to open and close their faucets at designated times. In this study, the viability of customer involvement in decontamination was examined. The proposed method was tested by evaluating its effectiveness in terms of the time and volume of water needed for decontamination, and the change in hydraulics to drain a fully contaminated district metered area (DMA). A comparable performance to hydrant flushing was found after testing in two actual DMA-sized WDNs.
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1. Introduction


Water utilities are always susceptible to the possibility of contamination in water distribution networks (WDNs). Although contamination does not occur frequently, it can potentially harm users in terms of public health, socio-economic status, and psychology [1]. Typically, a contamination event in a WDN goes through the phases of contamination, sensing, warning, noticing, inspection, and recovery [2]. Following a contamination event, water utilities should have prepared a response plan that addresses each phase to minimize consumer damage.



A contamination event begins with the intrusion of contaminants in the WDN. Contamination can be caused by accidents, such as aging pipes, poor connections, and breaks [3]. Intentional contamination can also occur as a direct or cyber-physical attack on the network [4]. The severity of the contaminant can range from red water from corrosion [5] to the presence of pathogens [6]. After the contaminant is noticed by the detection system (e.g., water quality sensors in supervisory control and data acquisition [SCADA] systems), warnings are promptly signaled for the water utilities to take action. During this warning phase, several actions can be performed simultaneously, including the termination of the water supply, sending warnings to users, and identification of the cause and location of the contamination intrusion. When the cause of contamination is found, the recovery phase begins.



The goal of the recovery phase is to return the network to normal conditions by repairing the contamination cause and flushing out the contaminated water from the system. Specifically, it must be performed in a rapid and nondetrimental manner on the flushing part. Flushing is considered appropriate for maintaining water quality in WDNs. Flushing includes the removal of accumulated silt and sediment from pipe networks. It reduces turbidity, restores disinfectant residuals, and improves microbial growth control [7].



In the case of contamination, flushing is conducted to displace the contaminated water with clean water. Conventionally, hydrants are used for contamination flushing [8]. The hydrant operation is performed by opening several hydrants in the network until the flushed water reaches an acceptable quality criterion (e.g., chemical quality, turbidity, or color). Considerable research has addressed the flushing technique regarding hydrant location and operation. Haxton and Uber [9] proposed a method to identify the most effective hydrant locations in source uncertainties. Poulin et al. [10] discussed a flushing procedure that implemented unidirectional flushing by sequentially isolating and flushing parts of the network. Shafiee and Zechman [11] proposed a flushing strategy that included the choice of hydrants and a decision on its opening and closing times based on considerations of sociotechnical factors among users, such as demographic and communication. Another research by Shafiee and Zechman [12] developed a decision-making approach that selected the best hydrant flushing strategies based on sensor-hydrant decision trees.



Hydrants are not located in every corner of the WDN. Depending on the network configuration and the spread of the contamination, there could be cases in which the hydrant cannot drain part of the network. An example of this case is for a dead-end node that does not have a hydrant. When hydrants are not available, household or public faucets can be used alternatively as outlets for contaminated water. Even with hydrant availability, after the flushed water is free of contaminants, the residential service line or household plumbing still contains contaminants, and households still need to flush their plumbing system following proper guidelines [13].



With the growth of technology, emergency warnings can be broadcasted to mobile devices [14]. In view of the massive number of cellular phone subscribers, 8.3 billion in 2019 [15], information can be easily publicized. Recently, mobile alerting has been proven to effectively contain the spread of the COVID-19 in Taiwan [16] and South Korea [17]. During the warning phase of the contamination system, push messaging can be used to quickly alert everyone in the contaminated area to stop using water and convey additional mitigation guidance.



Considering the capability of household faucets to flush out contamination and advanced information and communication technology (ICT), water utilities can coordinate users in the contaminated area to control their faucets in an effort to assist in the decontamination process. When technical issues such as hydrant availability or team mobilization occur, faucets could be the main flushing option. This study assesses the possibility of active customer involvement in a contamination flushing scheme. The flushing scheme involves determining the participating area and the opening and closing times of customer faucets. The use of faucets is applied in two flushing schemes, namely, faucets only and faucets in conjunction with hydrants. The effectiveness of the flushing schemes was evaluated using simple metrics that consider efficiency and safety. Efficiency considers the time duration and amount of water needed for the flushing, while safety considers the likelihood of secondary contamination owing to hydraulic changes during the flushing.



As this study mainly aims to present the viability of this new approach, several assumptions were postulated for simulation. The scheme was applied to a district metered area (DMA)-sized WDN that can also represent an isolated area. The WDN was fully contaminated. In other words, the volume of contaminated water was equal to the pipe volume of the network. During the flushing, there was no water usage in addition to flushing purposes. No optimization method was applied to determine the participating area and flush duration. Instead, only a simple trial-and-error simulation was applied. In actual conditions, the characteristics of the contaminated area vary depending on the contamination source and time. Optimization work will take into account a considerable amount of time owing to the complexity of the problem, and the network needs to return to normal conditions rapidly. The uncertainty of the faucet opening time was not considered, and it was assumed that all participating customers opened their faucets simultaneously following the instructions of water utilities via a mobile alert system.



The remainder of this paper is structured as follows. Section 2 discusses the flushing methodology, which includes determining the participating area, flushing method, and performance metric. The application results and discussion are presented in Section 3. Finally, Section 4 presents the conclusions of this study.




2. Materials and Methods


To assess the effectiveness of the flushing scheme, it is essential to determine the outlet locations (i.e., flushing nodes and hydrants). The location of the outlets was determined empirically based on trial-and-error attempts to determine the most effective configuration. To simplify the selection of the outlet, the network was divided into sectors to reduce possible configurations as no optimization was applied. This method is applied for all flushing schemes, which include faucet-only, hydrant-only, and a combination of the two. The flushing simulation involved the assignment of the node in the network with the proper outlet characteristics, and the execution of the flushing until there was no contamination left in the network. The simulation results were then analyzed based on the effectiveness metrics. The assessment steps are shown in Figure 1.



2.1. Determining Outlet Locations


Before the outlet locations were chosen, the network was first divided in sectors. The purpose of creating the sectors was to reduce possible configurations for the trial-and-error method. Sectors were assigned depending on the layout of main network pipelines. Areas enclosed by the mainline constitute a sector, and areas not enclosed but hanging from the mainline also defined a sector. An example of a sector division is shown in Figure 2.



A sector signifies a group of faucets that will be opened during flushing. In this way, instead of locating each node that will serve as the outlet, only participating sectors need to be located. Nodes that are part of two different sectors, like those located in the mainline bordering two different sectors, are part of the participants if any of the bordering sectors are chosen as participating sectors. The optimal participating sectors are then iteratively configured starting from the sector which contains the lowest energy (head) in a node, which is usually located at the last node in the delivery sequence. A visualization example of this sequence is shown in Figure 3. As water flows from the high-energy point to the low-energy point, using this location, it is most likely that all the contaminated water in the network will flow to, and be discharged at, the outlet. For the faucet flushing scheme, the location was tested starting from this sector. The simulation was conducted using that point as the benchmark, and the nearby sectors were then added. Testing was conducted again to assess whether any improvement was achieved. This expansion was repeated until the addition of sectors did not increase the flushing efficiency. A similar concept was applied to locate hydrants. In the lowest energy sector, the position of the hydrant was chosen in the middle area.



As shown in Figure 3, with the delivery index identified at each node, during normal conditions, the last delivery sequence was located at the bottom right corner of Sector 2 (number 7, colored orange). Water from the source cycles through the network and eventually reaches this point. Some water will end up in the middle part of Sector 1 (colored gold) in this example, but during the flushing procedure, all nodes except those in Sector 2 will be closed, thus, changing the flow direction.




2.2. Simulation Procedure


The simulation of the flushing procedure begins by setting up the initial condition of the network, followed by outlet assignment; finally, the hydraulic and water quality simulations are performed. Figure 4 illustrates the required procedure in detail. The initial condition of the network is the state of contamination and zero water usage (demand). This stage represents the network immediately before the flushing phase. In this study, it was assumed that the initial concentration of the contaminant was 10 mg/L in an entire network without chemical decay. The simulation was conducted using a 5-min timestep.



The flushing discharge in the network was modeled based on a pressure-driven analysis. That is, the actual flow on the outlets is dependent on the available pressure at the location. Depending on the configuration of the outlets, the pressure can be reduced considerably, which possibly reduces the outflow and slows down the decontamination process. Faucets or hydrants were placed depending on the chosen flushing scheme. A single faucet was set to have a maximum flow of 2.2 gallons per minute (GPM) (8.3 L per minute [LPM]) at 60 psi (42.4 m) according to the Environmental Protection Agency specification [18]. The hydrant considered in the simulation was Class C hydrant with a capacity of 500 GPM (1900 LPM) at 20 psi (14 m), according to the 2019 edition of the National Fire Protection Association NFPA 291 [19]. According to the United States Geological Survey [20], the water usage of a single person is assumed to be 90 gallons per day (GPD) (340 L per day [LPD]). The average number of people per household was assumed to be 2.5 people [21]. According to these assumptions, the number of houses in a node can be calculated based on demand levels during normal working conditions. For the faucet flushing scheme, it was assumed that only one faucet opened per household. Thus, the number of faucets at a node was calculated as expressed in Equation (1). The maximum possible flow at a node was then calculated as defined in Equation (2).


  n  f i  =   V  n i    V p   / 2.5 ,  



(1)






  Q  o i  = n  f i  × 2.2 ,  



(2)




where   n  f i    is the number of faucets (or houses) at node i,   V  n i    is the consumed water per day at node i,   V p   is the water consumption of a single person per day, and   Q  o i    is the maximum possible flushing flow at node i in GPM.



After the outlets (i.e., faucets and hydrants) were assigned, the next simulation step was the hydraulic and water quality simulation. All the outlets were opened simultaneously, and flushing proceeded by replacing the contaminated water in the pipe with clean water supplied from the water source. The simulation was completed, and the outlets were closed when the chemical concentration in the network was below the 0.01 mg/L threshold. The values used in the simulation are listed in Table 1.




2.3. Evaluation Metrics


To evaluate the performance of the flushing schemes, quantitative measurements are needed. The measurements proposed in this study are based on the aspects of efficiency and safety. Efficiency describes the expended resources, which, in this case, are the time and water utilized for flushing. The safety aspect considers the hydraulic changes in the network during flushing compared with normal working conditions. Two metrics for each aspect were used for evaluation: flushing duration (FD), flushing volume (FV), velocity ratio (VR), and direction change (DC).



The FD is simply the duration needed for the network to be cleansed and is equal to the flushing simulation end time. The FV was measured as the total amount of water discharged from all the outlets during the flushing simulation, which is defined according to Equation (3).


  F V =   ∑   i = 1   N o u t     ∑   t = 1   F T   (  Q  i , t   × t s ) ,  



(3)




where   F V   is the flushing volume, FT is the flushing time, Nout is the total number of outlet nodes,    Q  i , t     is the discharge of outlet node  i  at time  t , and   t s   is the timestep used in the simulation (i.e., 5 min).



Safety evaluation is meant to assess the risk of possible disruption, such as secondary contamination owing to changes in hydraulic characteristics due to flushing compared with normal usage. Changes in the flow pattern, such as velocity or direction, can detach the biofilm or sediments in the pipe wall [22,23]. The VR compares the increase in the velocity in the pipes relative to the pipe length, as described by Equation (4).


  V R =     ∑   j = 1   N p i p e   max ( V f l u s  h j  ,   V n o r  m j  ) ×  L j      ∑   j = 1   N p i p e   V n o r  m j  ×  L j    ,  



(4)




where   V f l u s  h j    and   V n o r  m j    are the velocity during flushing and velocity during normal conditions for pipe  j , respectively, Npipe is the number of pipes in the network, and    L j    is the length of pipe  j .



The DC is measured as the percentage of pipe that has its direction changed during flushing compared to a normal condition. For all pipes that had their starting and ending nodes changed during flushing, the DC value is taken as the accumulated pipe length divided by the total pipe length of the network, described in Equation (5).


  D C =     ∑   c = 1   N c    L c      ∑   j = 1   N p i p e    L j    × 100 %    



(5)




where   N c   and    L c    are the number and length of pipe experiencing flow direction change, respectively.




2.4. Study Network


In this study, simulations were conducted using the Python 3 programming language [24] and were supported by the Water Network Tool for Resilience 0.4.0 Python package [25] to utilize the EPANET hydraulic/water quality simulation model.



Two study networks were used in this study. Both networks are real DMA-sized networks operating in South Korea, coded as Net-A and Net-B. Both networks have different characteristics: Net-A is a fully looped network, and Net-B is a hybrid branch-looped network. The difference in characteristics is intended to show the difference in flushing behavior. The layout and details of the networks are shown in Figure 5 and Table 2, respectively. There are no tanks and pumps operating in either network.





3. Results and Discussion


3.1. Flushing Scheme Comparison


This section focuses on the performance comparison between each scheme (faucet-only, hydrant-only, and combination). For each network, the sector and location of the outlets were defined first. The outlets shown here were determined based on an empirical, trial-and-error method, as described next. The simulations conducted in this section assume full participation; hence, all available faucets in the participating node are opened.



3.1.1. Performance Comparison for Net-A


Net-A features a fully looped network. Based on the mainline, the network is divided into seven sectors. The layout of the sectors and the water delivery sequence are shown in Figure 6. The last delivered node was found to be in Sector 1, which was used as the outlet in the first test. Then, other sectors were sequentially tested as the flushing outlet and performance were compared.



The trial-and-error begins with only Sector 1 as the first comparator. Then, the neighboring Sectors are added to the participants. The analysis found that using more than two sectors would cause performance loss due to excessive demands; hence, the possible pair to Sector 1 is only Sector 2 or 4. Based on the tests, it was found that the best performance was achieved when Sectors 1 and 2 were involved. The outlet locations for all schemes are shown in Figure 7. For the faucet-only scheme, all faucets in Sectors 1 and 2 were opened simultaneously (Figure 7a). For the hydrant-only scheme, two hydrants were opened simultaneously, which are located at the center of Sectors 1 and 2, respectively, as shown in Figure 7b. For the combination scheme, only the faucets located along the mainline of Sector 1 were opened simultaneously with the two opening hydrants (Figure 7c). This modification was needed because having too many outlets in the network will lead to a significant pressure drop, which could negatively affect the flushing performance. Finally, the simulation results are provided in Table 3 and Figure 8.



It is worth noting that for all evaluation metrics, the lower values indicate a better flushing performance. A slight difference was found in the FD for all schemes. The hydrant-only scheme has the shortest duration (1 h and 45 min) compared with the faucet-only and combination schemes, which take 20 and 10 min longer, respectively. There was a more apparent difference in FV. There are only two outlets in the hydrant flushing, where the contaminant was discharged and immediately closed when the flushing was over. The faucet flushing scheme has many scattered outlets connected from upstream to downstream. Following the coordinated command, all the faucets were opened and closed at the same time. During flushing, the upstream area will be free of contaminants first, but the faucets are still open and discharging, thus leading to more water waste than the hydrant-only approach. VR is directly related to the discharging flow rate. A higher flow rate will result in a higher VR. Faucet flushing has a lower flow rate at multiple locations compared to the concentrated hydrant flushing. The combination method employed the same hydrants, but with the addition of faucets, and the highest flow rate was produced among the three schemes. The DC shows a stark difference when the faucet- and hydrant-only schemes were compared. There is a minor change in the flow direction when the faucet-only scheme was employed; owing to the spread of the outlet in the sector, it acted more similarly to the normal condition. Conversely, hydrants caused a significant change in hydraulics owing to the focus on the very high flow on only two outlets. The combination method produces results for all metrics except for VR, which ranks in the middle of the range of outcomes (compared with the outcomes of the other two schemes).




3.1.2. Performance Comparison for Net-B


Net-B is a hybrid looped-branch network. The network mainline is structured as a single encirclement with extended branches wherein smaller pipes are hanging. The encircled area and the hanging areas comprise seven sectors. By analyzing the energy and delivery sequence of water, the lowest energy node was in sector 7. In addition to the lowest energy node, several dead-end nodes were located in the branch part of the network. The layout for both sectors and the delivery sequence of Net-B are shown in Figure 9.



The test starts with only Sector 7 as the base performance. The subsequent comparison was created by the combination of connected upstream sectors. After performing the preliminary tests, three sectors (Sectors 5, 6 and 7) were selected to participate in the faucet flushing scheme. Hydrant flushing employs two hydrants in Sectors 5 and 7. Due to the existence of dead-end nodes, the pipes that are delivered to these nodes will not be drained by the hydrant. Therefore, the simulation is conducted until the safe threshold concentration is met in the network except for the dead-end pipes. In the combination flushing, the same hydrant position is used again, and the faucets are located in Sectors 5 and 7, with the exception of the mainline. Once again, this decision was made to preserve the pressure of the system. Note that several additional faucets are opened in the hanging parts owing to dead ends. Figure 10 shows the outlet locations for all schemes, and the simulation results are presented in Table 4 and Figure 11.



For Net-B, the application of faucet flushing exhibited the best performance in all metrics, except for VR. Faucet flushing was 45 min faster than hydrant flushing and 10 min faster than combination flushing. The FV achieved the same ranking; the difference from lowest to highest was 52 m3. In this hybrid network, outlets at the branched parts were more effective in draining the contamination. A hydrant imposes a greater demand when used. In this network, opening another hydrant will cause considerable pressure loss. Thus, it is difficult to achieve the optimal flow and pressure using hydrants only. Conversely, faucets generally impose lower flows and are more widely available. The highest flow rates were produced by the combination scheme, followed by the faucet-only and the hydrant-only schemes. Faucet flushing preserved the normal flow direction of the network better, while hydrant flushing changed the flow direction in 5.79% of the total pipe length. Combination flushing produces a result that ranks as average in comparison with the results of the other schemes.



From the simulation results for both networks, it is observed that the faucet flushing scheme is comparable to the conventional hydrant flushing scheme. In terms of FD and FV, faucet flushing performs slightly worse in Net-A but better in Net-B. However, for both networks, faucet flushing produced a lesser flow direction change in pipes. Hence, when the conditions are appropriate, faucet flushing can be considered as a suitable option in the decontamination procedure.





3.2. Effects of User Participation Rate on Faucet Flushing


The faucet flushing scheme relied on the user to participate in flushing, therefore, their compliance will significantly impact flushing effectiveness. Users may be absent from the faucet location because they are outside for work or for other reasons. A reduced number of opened faucets will reduce the flushing flow rate, which will impact the flushing scheme’s effectiveness. The effect of this possibility is analyzed for the faucet-only flushing scheme in the two networks. The user participation rates were randomly reduced to assess this effect, and Monte Carlo simulations (MCSs) were conducted. Four minimum participation rates were chosen as 0.9, 0.8, 0.7, and 0.6. A participation rate of 0.9 implies that a node with n faucets could have (0.9–1.0) * n opened faucets for the flushing simulation. The number of samples for the MCS was 1000. The only efficiency metric considered in the analysis was FD, as FV is proportional to it. VR depends on the flushing flow, and reduced participation will cause reduced VR in turn. Using the same outlets but with different demands did not cause much change in DC. A summary of the results of this analysis is presented in Figure 12.



Figure 12a shows that the median and deviation of FD in Net-A tend to increase as the uncertainty of the user participation rate increases. The increasing median shows the expected behavior of a high possibility for the FD to increase with less participation under this uncertainty. All of the lower whiskers exhibit a value of 125 min, which is equal to the full participation FD. There is a possibility that the FD will take three times longer (i.e., 370 min) when the minimum participation rate of 0.6 is applied.



Applying the participation uncertainty to the hybrid network (Net-B) causes more variation in the results, as shown in Figure 12b. As expected, the median and upper whisker values of FD increased when the minimum participation rate reduced from 0.9 to 0.8 and 0.7; however, both values decreased when the minimum participation rate was 0.6. Whilst the lower whiskers indicate a gradual decrease (i.e., reducing FD) as the participation rate decreases. Due to the rigid rule applied for choosing the participating area, it is clear that dividing by sectors did not produce the most effective flushing result. Figure 12b shows that a more optimized result could be found if, for example, the participants are chosen via a node combination that produces a demand similar to the 0.6 participation rate’s samples instead of being limited by sector combination. A reduction in participation directly influences the variability of the results, as indicated by the increasing deviation, especially in the upper whiskers.



The behavior after applying a 0.6 participation rate in Net-B was analyzed in more detail. It is found that the configurations that produced a lower whisker value of 110 min are similar in that the upstream Sectors 5 and 6 have a lower participation rate compared to the downstream Sector 7. Under a full participation rate, the participating upstream sector was cleaned first before Sector 7 was cleaned. Thus, if we classify the FD by sectors, the upstream sectors should have a lower FD than the downstream sector. If fewer participants were in the upper sectors, there would be more available pressure on the downstream sector, allowing for a higher flowrate. Hence, it is possible that when lower upstream participation occurs, the upstream FD will increase, and the downstream FD will decrease, balancing to a lower value compared to full participation. This behavior is further analyzed in the following section.




3.3. Effect of the Closing Initiative


The flushing simulation conducted in this study followed the rule that all outlets are controlled simultaneously to open or close according to the designated time. However, it is more appropriate to close the outlets when the outflowing water reaches an acceptable water quality in actual conditions. While there was no way for household residents to know the water quality, except for color and smell, there are cases wherein color and smell are sufficient to determine the safety of the water, such as red-water contamination. When the condition is appropriate, household residents should close their faucets at their initiative. Therefore, another simulation was performed to reflect the effect of the closing outlet when there was no more contamination from the concerned outlet. The simulation was conducted using the same networks and scheme (i.e., faucet-only) as described in Section 3.1. A comparison of the results from the close-by-regulation (CBR) and close-by-initiative (CBI) flushing is summarized in Table 5, and a visual comparison is provided in Figure 13.



Regarding the efficiency aspect (FD and FV), the CBI always performs better than the CBR. This effect is more apparent in Net-B owing to its hybrid nature. The water flow path is limited; hence, some upstream pipes will have a large load because they serve many downstream locations. The load is reduced with the closing of cleaned nodes; thus, flushing downstream becomes more efficient as more upstream nodes are closed. The amount of FV improvement was also greater than that of FD, as now there is no wasted water on already cleared nodes.



The safety aspect (VR and DC) in the CBR flushing was quantified as a single value because the hydraulic conditions did not change during the flushing. In the case of CBI flushing, however, the hydraulic conditions changed over time due to the outlets being sequentially closing. Hence, the value was evaluated at every timestep, and the time-averaged value was estimated. The VR in CBI flushing will initially have the same value as that in CBR flushing. However, it will naturally decrease as more outlets close. Therefore, all VR values in the CBI simulations are lower. The DC for both networks was already small at below 5%. Although Net-A shows an improvement of 4% in CBI flushing, it only translates to a 0.15% reduction in the DC rate from the original value. This result is mainly caused by the pipes whose direction changed in CBR flushing and returned to their normal flow direction when the hydraulic conditions changed by closing the cleansed nodes. The CBR flushing for Net-B showed almost no change in the flow direction, however, applying the CBI deteriorated the DC by 416%, which nominally translates to only a 1.23% increase in the DC rate, still performed better than the hydrant-only and combination flushing schemes. Upon close inspection of the CBI flushing on Net-B, the pipes that exhibited a direction change were found in the upstream looped area. Due to the various relations that affect the water flow path in the network, as more nodes remove their demand, the flow path increasingly differs from the normal demand distribution condition. Flow direction changes mainly occur on the looped part when a node or connection to branch parts is supplied by more than one pipe; when that node or connection closes the demand, the flow in the loop section will shift to the side that still needs to be supplied.



Considering the benefits of CBI flushing, as long as the flushing water quality can be assessed visually, it is considered safe and effective for customers to close their faucet by initiative. There is minimal risk of the contaminant circulating back because faucets are closed starting from the upstream area, and clean water is continuously delivered from the source.





4. Conclusions


The viability and effectiveness associated with the use of faucets as decontamination outlets were examined in this study. Faucets are presented as an option instead of the conventional method of using hydrants. This method is deemed practical considering the growth of communication technology; customers can be coordinated to control their faucets. The proposed method is evaluated by applying it to two DMA-scale WDNs with different characteristics. Three flushing schemes were compared: faucet-only, hydrant-only, and a combination of the two. The faucet flushing strategy was incorporated in the simulation by first dividing the networks using a simple rule, then determining the flushing sectors based on trial-and-error to identify the most effective configuration. The effectiveness was evaluated by measuring efficiency indicators (FD and FV) and safety measures (VR and DC).



The flushing outlet locations were configured using a simple network division rule based on mainline pipes, which were then optimized through trial-and-error. The faucet flushing scheme was shown to be capable of fully draining the contamination in both networks and exhibited a performance comparable to that of hydrant flushing. Faucet flushing performs better than hydrant flushing in terms of FD and FV in the hybrid network with limited flow paths. In terms of safety, faucet flushing performs better in preserving the normal network condition during the flushing period. The combination method consistently resulted in a measurement value between the faucet- and hydrant-only schemes, except for the VR value, which directly correlates to the amount of demand and was higher using the combination scheme. As the faucet flushing scheme depends on user participation, an analysis of the effect of participation rate with FD was conducted using the MCS method. Generally, there is a strong possibility for the FD to increase as the participation rate decreases. However, some small amounts of the samples observed a lower FD, which can be related to participant distribution in the network. A decrease of participants in upstream sectors could benefit the downstream sectors in creating a balanced cleaning time. Another analysis was conducted to quantify the effect of customers adopting the initiative of closing their faucets earlier than the regulation based on their judgment. Compared with the CBR flushing, the CBI flushing always resulted in better performance metrics, and it is especially more prominent in reducing the FV. Hence, if the contaminant can be visually assessed in actual conditions, customers’ closing of faucets should be granted. These results show that faucets have the potential to be used as the main draining outlets for contamination flushing and have comparable benefits to the hydrant flushing.



This study was based on many assumptions and simplifications because the main focus was to assess the applicability of the faucet flushing scheme. The practical application of this scheme should be explored in future studies. A more detailed, yet fast and practical, rule or method to divide the sector could be developed so that simulations can be conducted efficiently, as it was found that it is possible to reach a better performance when the faucet flow rate changes. Social factors, such as user compliance and attention, could also be studied to predict a more accurate user response, in turn creating a more realistic scenario.







Author Contributions


Conceptualization, M.S.M. and D.K.; methodology M.S.M. and D.K.; software, M.S.M.; formal analysis, M.S.M.; writing—original draft preparation, M.S.M.; writing—review and editing, D.K.; supervision, D.K.; funding acquisition, D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Research Foundation of Korea, grant number NRF-2020R1A2C2009517.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Murray, R.; Janke, R.; Uber, J. The Threat Ensemble Vulnerability Assessment (TEVA) program for drinking water distribution system security. In Critical Transitions in Water and Environmental Resources Management, Proceedings of the 2004 World Water and Environmental Resources Congress, Salt Lake City, UT, USA, 1–27 June 2004; American Society of Civil Engineers: Salt Lake City, UT, USA, 2004; pp. 1–8. [Google Scholar]

	



Wu, S.; Hrudey, S.; French, S.; Bedford, T.; Soane, E.; Pollard, S. A role for human reliability analysis (HRA) in preventing drinking water incidents and securing safe drinking water. Water Res. 2009, 43, 3227–3238. [Google Scholar] [CrossRef] [PubMed]

	



Kirmeyer, G.J. Pathogen Intrusion into the Distribution System; American Water Works Association: Denver, CO, USA, 2001; ISBN 9781583211021. [Google Scholar]

	



Rasekh, A.; Hassanzadeh, A.; Mulchandani, S.; Modi, S.; Banks, M.K. Smart water networks and cyber security. J. Water Resour. Plan. Manag. 2016, 142, 01816004. [Google Scholar] [CrossRef]

	



Imran, S.A.; Dietz, J.D.; Mutoti, G.; Taylor, J.S.; Randall, A.A.; Cooper, C.D. Red water release in drinking water distribution systems. J. Am. Water Works Assoc. 2005, 97, 93–100. [Google Scholar] [CrossRef]

	



Lin, Y.E.; Vidic, R.D.; Stout, J.E.; Yu, V.L. Legionella in water distribution systems. J. Am. Water Works Assoc. 1998, 90, 112–122. [Google Scholar] [CrossRef]

	



Friedman, M. Development of Distribution System Water Quality Optimization Plans; American Water Works Association: Denver, CO, USA, 2005; ISBN 9781583213889. [Google Scholar]

	



Friedman, M.; Kirmeyer, G.J.; Antoun, E. Developing and implementing a distribution system flushing program. J. Am. Water Works Assoc. 2002, 94, 48–56. [Google Scholar] [CrossRef]

	



Haxton, T.; Uber, J.G. Flushing under source uncertainties. In Proceedings of the Water Distribution Systems Analysis 2010, Tucson, AZ, USA, 12–15 September 2010; American Society of Civil Engineers: Tucson, AZ, USA, 2011; pp. 604–612. [Google Scholar]

	



Poulin, A.; Mailhot, A.; Periche, N.; Delorme, L.; Villeneuve, J.-P. Planning unidirectional flushing operations as a response to drinking water distribution system contamination. J. Water Resour. Plan. Manag. 2010, 136, 647–657. [Google Scholar] [CrossRef]

	



Shafiee, E.; Zechman, E. Integrating evolutionary computation and sociotechnical simulation for flushing contaminated water distribution systems. In Proceedings of the Fourteenth International Genetic and Evolutionary Computation Conference Companion, Philadelphia, PA, USA, 7–11 July 2012; ACM Press: Philadelphia, PA, USA, 2012; p. 315. [Google Scholar]

	



Shafiee, M.E.; Berglund, E.Z. Real-time guidance for hydrant flushing using sensor-hydrant decision trees. J. Water Resour. Plan. Manag. 2015, 141, 04014079. [Google Scholar] [CrossRef]

	



Ragain, L.; Masters, S.; Bartrand, T.A.; Clancy, J.L.; Whelton, A.J. Analysis of building plumbing system flushing practices and communications. J. Water Health 2019, 17, 196–203. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Barquero, D. Next Generation Mobile Broadcasting; CRC Press: Boca Raton, FL, USA, 2016; ISBN 9781138199781. [Google Scholar]

	



O’Dea, S. Mobile Subscriptions Worldwide 1993–2021. Available online: https://www.statista.com/statistics/262950/global-mobile-subscriptions-since-1993/ (accessed on 7 September 2021).

	



Chen, C.-M. Public health messages about COVID-19 prevention in multilingual Taiwan. Multilingua 2020, 39, 597–606. [Google Scholar] [CrossRef]

	



Gold, H. How Governments Are Using Text Alerts to Fight the Coronavirus Pandemic. Available online: https://www.cnn.com/2020/03/27/tech/text-alert-coronavirus/index.html (accessed on 7 September 2021).

	



United States Environmental Protection Agency (EPA). National Efficiency Standards and Specifications for Residential and Commercial Water-Using Fixtures and Appliances; United States Environmental Protection Agency (EPA): Washington, DC, USA, 2007. [Google Scholar]

	



NFPA 291: Recommended Practice for Water Flow Testing and Marking of Hydrants. Available online: https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=291 (accessed on 7 September 2021).

	



U.S. Geological Survey. Water Q&A: How Much Water Do I Use at Home Each Day? Available online: https://www.usgs.gov/special-topics/water-science-school/science/water-qa-how-much-water-do-i-use-home-each-day (accessed on 7 September 2021).

	



Statista Research Department. Average Size of Households in the U.S. 2020. Available online: https://www.statista.com/statistics/183648/average-size-of-households-in-the-us/ (accessed on 7 September 2021).

	



Lehtola, M.J.; Laxander, M.; Miettinen, I.T.; Hirvonen, A.; Vartiainen, T.; Martikainen, P.J. The effects of changing water flow velocity on the formation of biofilms and water quality in pilot distribution system consisting of copper or polyethylene pipes. Water Res. 2006, 40, 2151–2160. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Luo, Z.; Liu, K.; Zhang, Y.; Peng, H.; Hu, B.; Ren, H.; Zhou, X.; Qiu, S.; He, X.; et al. Effect of flushing on the detachment of biofilms attached to the walls of metal pipes in water distribution systems. J. Zhejiang Univ. Sci. A 2017, 18, 313–328. [Google Scholar] [CrossRef]

	



Van Rossum, G. Python Reference Manual; Centrum voor Wiskunde en Informatica: Amsterdam, The Netherlands, 1995. [Google Scholar]

	



Klise, K.; Hart, D.; Moriarty, D.; Bynum, M.; Murray, R.; Burkhardt, J.; Haxton, T. Water Network Tool for Resilience (WNTR) User Manual; Office of Scientific and Technical Information: Washington, DC, USA, 2017. [Google Scholar]








[image: Sustainability 14 02249 g001 550] 





Figure 1. Flushing assessment steps. 
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Figure 2. Examples showing the division of sectors in an (a) enclosed area and (b) hanging area. 
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Figure 3. Example of water delivery sequence. 
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Figure 4. Simulation procedure. 






Figure 4. Simulation procedure.



[image: Sustainability 14 02249 g004]







[image: Sustainability 14 02249 g005 550] 





Figure 5. Network layout of (a) Net-A and (b) Net-B. 
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Figure 6. Layouts of (a) sectors and (b) delivery sequence for Net-A. 
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Figure 7. Outlet locations for the (a) faucet-only, (b) hydrant-only, and (c) combination schemes for Net-A. 
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Figure 8. (a) Flushing duration (FD), (b) flushing volume (FV), (c) velocity ratio (VR), and (d) direction change (DC) responses for Net-A. 
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Figure 9. Layout of (a) sectors and (b) delivery sequence for Net-B. 
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Figure 10. Outlet locations for the (a) faucet-only, (b) hydrant-only, and (c) combination schemes for Net-B. 
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Figure 11. (a) Flushing duration (FD), (b) flushing volume (FV), (c) velocity ratio (VR), and (d) direction change (DC) responses for Net-B. 
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Figure 12. FD distributions by MCS for (a) Net-A and (b) Net-B. 
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Figure 13. Comparison of faucet closing regulations in terms of (a) FD, (b) FV, (c) VR, and (d) DC. 
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Table 1. Parameters and their value settings for the simulations.
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	Parameter
	Value





	Initial concentration
	10 mg/L



	Safe threshold conc.
	0.01 mg/L



	Chemical reaction order
	Zero order



	Simulation timestep
	5 min



	Max. faucet flow
	2.2 GPM at 60 psi



	Max. hydrant flow
	500 GPM at 20 psi



	Water usage per person
	90 GPD



	Persons per household
	2.5
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Table 2. Network details.
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No. of Elements

	
Network




	
Net-A

	
Net-B






	
Sources

	
1

	
1




	
Junctions

	
106

	
88




	
Pipes

	
164

	
121
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Table 3. Flushing simulation results for Net-A.
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Parameter

	
Scheme




	
Faucet-Only

	
Hydrant-Only

	
Combination






	
FD (min)

	
125

	
105

	
115




	
FV (m3)

	
474.2

	
376.0

	
465.5




	
VR

	
3.15

	
3.69

	
4.03




	
DC (%)

	
3.61

	
7.98

	
5.91
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Table 4. Flushing simulation results for Net-B.
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Parameter

	
Scheme




	
Faucet-Only

	
Hydrant-Only

	
Combination






	
FD (min)

	
125

	
170

	
135




	
FV (m3)

	
578.6

	
630.8

	
615.4




	
VR

	
2.40

	
2.31

	
2.45




	
DC (%)

	
0.29

	
5.79

	
2.67
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Table 5. Comparison of faucet closing regulations.
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Parameter

	
Net-A

	
Net-B




	
CBR

	
CBI

	
Difference

	
CBR

	
CBI

	
Difference






	
FD (min)

	
125

	
110

	
12%▼

	
125

	
80

	
36%▼




	
FV (m3)

	
474.2

	
332.2

	
30%▼

	
578.6

	
258.5

	
55%▼




	
VR

	
3.15

	
2.59

	
18%▼

	
2.40

	
1.91

	
21%▼




	
DC (%)

	
3.61

	
3.46

	
4%▼

	
0.29

	
1.52

	
416%▲








The up-arrow (▲) indicates the increase and the down-arrow (▼) indicates the decrease for comparison of CBI to CBR.
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