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Abstract: This study suggests a methodology for the decision of water quality measurement locations
in order to identify water quality problems within a pipe network system under abnormal conditions.
A water supply system conversion due to the occurrence of tank or pump problems between water
supply zones was set as a possible abnormal scenario and the water flow direction sensitivity of the
pipeline was quantified to estimate the water quality monitoring priority. The proposed methodology
was applied to a new city, A, in South Korea, and the results are analyzed in detail and presented.
The proposed methodology can be used as a method to select water quality monitoring points when
establishing an operation plan for emergency link pipes. It is also expected that it can be applied in
the evaluation of the adequacy of the previously established emergency link pipe operation plan.

Keywords: flow direction sensitivity; emergency link pipe; abnormal scenario; water quality
measurement location

1. Introduction

A water supply system is a type of social infrastructure that must supply water in sufficient
quantity and with adequate water pressure and water quality. In South Korea, as of 2017, the rate of
supplied water reached 96.8% [1], showing that most consumers were using water supply facilities.
As the living standards of consumers have standardized upward, demand for a higher quality and
quantity of water has emerged relative to the past. However, Korea’s old pipelines (i.e., over 21 years
old) total 63,190 km in length [1], accounting for 31% of all pipelines, and the risk of water pollution is
expected to continue to increase.

In 2019, a turbid water incident in Incheon and Seoul of South Korea caused great damage to
the lives of citizens. As a result, the importance of water quality management in pipes is gradually
increasing. The Incheon metropolitan turbid water incident occurred during the water system
conversion when the water supply facility (intake system) was inspected without an outage. Sediment
that was attached to the pipes was dislodged as the direction of the water flow changed due to the
water system conversion [2]. In addition, according to Seoul’s 2004-2009 pipeline accident cases [3],
85 pipeline accidents, from a total of 133 water supply and drainage cases (75%), caused water
pollution; most of these accidents were turbidity incidents caused by valve operation. Such water
pollution damage not only hurts the corresponding region but can also decrease the reliability of tap
water nationwide. Therefore, it is essential to predict and prevent the occurrence of water pollution
in advance.

As a by-product of the Fourth Industrial Revolution, the technology to expand the number
of measuring instruments in pipelines was secured by the improvement of data storage capacity.
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However, the installation of measuring instruments in all pipelines has a number of limitations, such
as maintenance costs and, in particular, water quality instruments are relatively difficult to understand,
install, and operate due to the multiple detection items and inspection cycles compared to a flowmeter.
To overcome this limitation, Kessler et al. [4] and Ostfeld et al. [5] proposed methodologies to detect
water quality problems by constructing a matrix of pipeline contamination. Recently, as computer
performance and data literacy have improved, Alzamora and Ayala [6] proposed a methodology to
detect water problems by applying topological algorithms, and Krause et al. [7], de Winter et al. [8]
decided optimal water quality measurement points using a greedy algorithm. In addition, Ostfeld
and Salomons [9], Ami and Ostfeld [10] applied the multi-objective Non-dominated Sorted Genetic
Algorithm-IT (NSGA-II) proposed by [11]. Most of the previous literature used fully advection models
for water quality analysis. In recent studies, inadequate problems of numerical models [12] and
uncertainty issues [13-15], such as sensor measurements and model calibration errors, were raised and
tackled. As described above, during the last decade research on the location of water quality instruments
has been conducted in various detailed fields such as decision procedure proposals, improvement of
hydraulic and water quality analysis techniques, and consideration of uncertainties [12-26]. However,
it is difficult to determine the superiority of the results among these previous studies since the results
vary depending on the purpose. Also, research on deciding the water quality measurement points
has been focused on man-made accidents with high damage but low probability of occurrence, such
as terrorism.

In contrast, Yoo et al. [27] suggested water quality measurement point location by utilizing graph
theory and a multi-objective genetic algorithm (MOGA) in consideration of scenarios that can occur
commonly, such as single pipeline damage and demand fluctuations. However, the study did not
consider situations that could cause large-scale water quality accidents such as water system conversion,
and just applied to the simple example network included in EPANET?2 software [28]. Considering the
cases of pipeline water quality accidents that have occurred on site so far, water quality degradation in
pipelines is highly likely to be caused by a change of flow direction. If a single direction of flow in a
pipeline is reversed due to a sudden abnormal situation, the sediments that have accumulated inside
the pipeline can be swept away and increase turbidity. In order to solve this problem, Ronald et al. [29]
proposed a flushing method, that is, a pipe-cleaning technique that uses the flow rate generated when
the water inside the pipeline is discharged to the outside by the operation of a valve. However, there
is a limit to applying the flushing method to all locations, so most countries do not use this as a tool
for regular cleaning. Therefore, there is a need to preemptively determine and manage the pipelines
where water pollution can occur and, for this purpose, it is necessary to determine water quality
measurement locations in consideration of the possible situations that can arise. In this study, we
proposed a methodology for selecting water quality measurement points, considering the sensitivity of
the water flow direction by setting a water system conversion due to an emergency situation between
water supply areas as the representative abnormal scenario. The proposed methodology was applied
to a new city, A, in Korea, and the results are analyzed in detail and presented.

2. Methodologies

2.1. Objectives and Assumptions

One of the biggest causes of contamination of clean water after purification is the sedimentation
remaining inside the pipes. The sediment attached to the pipeline is swept in the opposite direction
and creates turbid water when the flow direction changes due to various causes. In this study, we
attempted to determine the locations where water contamination due to the causes mentioned above
can be detected quickly. Firstly, we assumed that for properly designed pipe network systems, pipe
water flow change is not frequent within the normal range, but preparations are needed for abnormal
situations. In addition, sensor measurement uncertainty was not considered in this study since the
detectable turbidity range in the event of a water quality incident depends on the measurement
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capability of the sensor. Also, it is assumed that the velocity range in the pipeline suggested by the
Water Supply Facility Standards [30] satisfies the criteria within the applicable network.

If the change in the flow direction of the pipeline, which is the main consideration of this study,
is quantified (e.g., sensitivity), it can be expressed in a 2D graph as shown in Figure 1. The X-axis
represents the flow directional sensitivity in abnormal situations and the Y-axis represents the flow
directional sensitivity in normal situations. The black circles indicate the pipeline number and the
arrows indicate the degree of sensitivity in normal and abnormal situations. Ordinarily, in a normal
system, there will be pipelines that frequently change flow direction due to demand fluctuations, and
pipelines that do not. This will also be the case for abnormal situations. For example, pipeline 2,
which is highly sensitive in normal and abnormal situations, is unlikely to accumulate sediment, so the
probability of water contamination will be relatively low. On the other hand, pipeline 4, which has low
sensitivity in normal situations but high sensitivity in emergencies, has a high probability of water
contamination. Therefore, pipeline 4 should be determined as an important point for water quality
measurement, where monitoring and management should be focused.
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Figure 1. Pipeline distinction by flow directional sensitivity.

2.2. Water Quality Sensor Location Decision

The constitution of the decision-making method of the emergency water sensor location proposed
in this study is shown in Figure 2. First, the network information of the target region is obtained and
normal and abnormal scenarios are established. The normal situation scenario utilizes the normal
demand pattern of the target region over a 24-h period. For the abnormal situation, it assumes
that there is a problem with the supply tank and that the water has to be supplied by operating an
emergency connection pipe connected to a nearby regional reservoir. Next, the network information
and established scenarios are applied to EPANET2 and hydraulic analysis is carried out. The direction
of the flow calculated through the hydraulic analysis is calculated for each scenario, and each direction
is visualized through a directed adjacency matrix. The mixed adjacency matrix is formed by adding all
of the directed adjacency matrices of each derived scenarios. If there are directed adjacency matrices
for 10 scenarios, the minimum value for the mixed adjacency matrix is 0 and the maximum value is 10.
The mixed adjacency matrix signifies the directionality between nodes and needs to be converted into
pipeline sensitivity, as in Equation (1):
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M(i, j)
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@
where FPS(i, j) indicates the flow rate (sensitivity) in the direction from node i to node j, and M(i, j)
indicates the mixed adjacency matrix from node i (row) to the node j (column). The sensitivity calculated
in this way has two values per pipeline so the final sensitivity by pipeline for the normal and abnormal
situations needs to be calculated using Equation (2):

PS(X) = 1 - ABS(FPS(i, j) — FPS(j, i)) @)

where PS(X) represents the sensitivity of pipeline X. The calculated sensitivity is plotted on the X-axis
(abnormal pipeline sensitivity) and Y-axis (normal pipeline sensitivity). In this case, the number
of pipelines corresponding to the area where pipeline 4 is located (Figure 1), which was defined
above as an important point, may have a greater number of water quality measuring devices than
can be installed by the operator. Therefore, this study applies the Utopian Approach [31], a distance
scaling method, to determine the priorities for installation. The Utopian Approach is a multi-criteria
decision-making method based on a distance scale. It shows the standard values for each alternative in
a normalized space, as shown in Figure 3, and determines the priority according to the distance from
the Utopian Point (UP). In this study, the sensitivities to the flow direction change in the pipelines
under normal and abnormal conditions, which were calculated above, are shown on the coordinate
plane. They are arranged in the order of closeness to the UP and this order is used as the improvement
priority. In order to meet the objective introduced above, the UP was set as (1,0) which is the point for
high sensitivity in abnormal situations and low sensitivity in normal situations. The Utopian Approach
distance equation applied for prioritization is shown in Equation (3):

Euclidean Distance(E.D) = \/(1 — Abnormal PS(X))?* + (Normal PS(X))? 3)
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Figure 2. Measuring instrument location and prioritization flowchart.
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3. Abnormal Scenarios

3.1. Target Pipe Network

The method applied in this study was applied to a new city, A, in Korea. The hydraulic calibration
issue is an essential step for accurate prediction of the model. This study used the official hydraulic
simulation input data from the regional operation institute, which is currently operating the target area.
The schematic diagram of city A’s water supply system is shown in Figure 4a. It has three reservoirs
that supply 4.5 million tons of water per day to 1492 nodes through 1937 pipelines. Each of the three
reservoirs has a block it is in charge of, and the range can be divided as shown in Figure 4b. If an
outage occurs due to an accident or inspection in a normal system, the emergency connection pipelines
are operated to supply water to the water outage region from a nearby reservoir. The emergency
connection pipelines of the target network consist of one pipeline connecting blocks 1 and 2, and nine
pipelines connecting blocks 2 and 3 as shown in Figure 4b. In other words, blocks 1-3 are operated
with 10 pipelines in the event of emergencies. This study set out to convert the change in the flow
direction that may occur from an emergency connection pipeline supply when outages occur by blocks
into sensitivity and to determine the water sensor location.
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Figure 4. Target region information (A-city).
3.2. Water Quality Measurement Location Decision Scenario

In this study, we established a scenario of an abnormal situation in which an outage occurs in an
area due to a reservoir’s loss of ability to supply water. For the normal situation, the demand pattern
information over a 24-h period was utilized. There are five abnormal cases which are shown in Table 1.
It is assumed that situations occur where the three reservoirs individually cannot supply water and,
when this situation does occur, the water must be received through the emergency connection pipelines
from the surrounding reservoirs in order to minimize the water outage damage. Therefore, scenarios of
opening all the emergency connection pipelines that are connected to each block for each situation were
established. Block 1 receives water supply from block 2 through the connected emergency pipeline
and vice versa. If there is a problem in reservoir 2 and it cannot supply water to block 2, it can receive
water through the 10 emergency pipelines connected to blocks 1 or 2. If a problem arises in block 3,
it will receive water through the nine emergency pipelines connected to block 2.

Table 1. Emergency connection supply pipeline operation scenarios in normal and abnormal situations.

Abnormal Scenario

Case Number Normal Scenario

Problematic Reservoir Connected Reservoir

RES 1 (Block 1) RES 2 (Block 2) Demand Pattern (24 h)
RES 2 (Block 2) RES 1 (Block 1) Demand Pattern (24 h)
RES 2 (Block 2) RES 3 (Block 3) Demand Pattern (24 h)
RES 1 (Block 1)
4 RES 2 (Block 2) RES 3 (Block 3) Demand Pattern (24 h)
5 RES 3 (Block 3) RES 2 (Block 2) Demand Pattern (24 h)

4. Application and Results

4.1. Emergency Scenario Application Result

The hydraulic analysis results for each scenario are shown in Table 2 and Figure 5. The average
A-city pressure is 39.62 m, which satisfies the Korean water supply standard of 1.53 kg/cm?. In the
scenarios of the water reservoir capacity loss, the water pressure decreased. However, for cases 1, 2,
and 5 (Figure 5b,c,f), negative pressure was generated. Based on EPANET2’s demand driven analysis
(DDA), it calculates the pressure at each node under the assumption that the supply quantity satisfies
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all the demand quantity when it knows the demand quantity of each node. Therefore, there is a limit
in that it satisfies the supply characteristic even when water cannot be supplied to the node. In order
to replace these unrealistic results, Wagner et al. [32] and Cullinane et al. [33] applied pressure driven
analysis (PDA), one of the hydraulic analysis techniques using the head-outflow relationship (HOR).
In addition, the method of processing negative pressure based on DDA includes the semi-Pressure
Driven Analysis (semi-PDA) method [34] using the Emitter coefficient and the method of calculating
the demand quantity based on the proportionality value of the existing water pressure and negative
pressure. However, since the purpose of this study is not to assess the water supply capacity of the
network, but to assess the sensitivity of the flow direction that may cause water quality problems in
the pipeline, it utilized the hydraulic analysis using the DDA-based EPANET2 program. Therefore,
when negative pressure occurs, it assumes that water is not supplied to the corresponding node and,
although the sensitivity of the flow direction is expressed, it was not considered for the final installation
pipeline for a water sensor.

Table 2. Pressure dispersion by case.

P
Block Number ressure(m)
Normal Situation Case1 Case 2 Case 3 Case 4 Case 5

Block 1 39.62 -18.81 29.82 38.12 39.23 38.67
Block 2 43.13 20.17 -89.22 17.92 23.82 32.21
Block 3 36.11 35.27 35.22 32.74 35.67 -94.28
Average 39.62 12.21 —8.06 29.59 3291 -7.80
(a) Pressure Status(Case 1) (b) Pressure Status(Case 1)

Negative
Pressure
Region

Average Pressure = 39.62m
Negative Pressre = block 1

Figure 5. Cont.
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(c) Pressure Status(Case 2) (d) Pressure Status(Case 3)

Average Pressure = 27.73m
Negative Pressre = block 2

Pressure
Region

Average Pressure = 35.442m
Negative Pressre = block 3

Negative
Pressure
Region

Figure 5. Hydraulic analysis results for pressure status by case.
4.2. Decision Result of Water Sensor Installation Pipeline

Based on the methodology proposed in this study, the sensitivity of the flow direction in the
pipeline under normal and abnormal conditions is calculated and the priorities for water sensor
installation are determined. Results are shown in Figure 6. A graph was generated by estimating
the sensitivity in each of the established normal and abnormal situations, and a virtual quadrant was
created based on the point (0.5, 0.5) due to the large number of target pipelines. The distance was
calculated around the pipeline located in the lower right corner near the ideal point. The size of the
generated quadrant may be changed according to the weight. However, there may be cases in which
they are not included in the assumed range. For this situation, the pipeline with the highest possibility
of water quality contamination was selected for presentation.

Figure 6a is a scenario in which the water supply comes from an emergency connection supply
pipeline (one) that is connected to RES 2 due to an outage in drainage block 1. It shows that the
LG-96 pipeline was the most sensitive to the change in flow direction in an abnormal situation. In this
scenario, negative pressure was generated in block 1 during the supply process. However, as shown in
Figure 7a, the LG-96 pipeline was included in block 2, not the block where the negative pressure was
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generated, and this node formed proper water pressures of 39.48 m and 40.06 m at each end of the
pipeline. Therefore, for Case 1, the pipeline requiring water quality measurement was determined to
be LG-96.

Figure 6b is a scenario in which the water supply comes from an emergency connection supply
pipeline (one) that is connected to RES 1 due to an outage in drainage block 2. It shows that LG016(2)
pipeline is the most sensitive to the change in flow direction in an abnormal situation. In this scenario,
there are very few connected pipelines for emergency supply compared to the large number of users.
Therefore, a large negative pressure was generated in the block 2 region and the value reached —89.22 m.
In addition, the relevant pipe was excluded from consideration for a water sensor because Case 1
pipeline belonged to the location where negative pressure was formed as seen in Figure 7b.

Figure 6¢ is a scenario in which the water supply comes from the emergency connection supply
pipelines (nine) that are connected to RES 3 due to an outage in drainage block 2, the same as for Case
2. In this case, LE-90, LE-108, and KG056(4) pipelines changed the flow direction most frequently in an
abnormal situation. The above three pipelines are all located in block 2 as seen in Figure 7c. In Case 3,
the pressure of the whole system tended to drop by about 10 m but because of the large number of
pipelines available from other reservoirs compared to Case 2, no negative pressure was generated.
Therefore, the installation of a water sensor should be considered.

Figure 6d is a combined scenario of Cases 2 and 3 in which the water supply comes from the
emergency connection supply pipelines (ten) connected to RES 1 and 3 due to a rupture in RES 2.
In this case, five pipelines (#D744, #568, #680, SA-25, and LE-99-3) were determined to have the highest
sensitivity to the flow direction. Case 4, like Case 3, also received water through a relatively large
number of ten emergency connection supply pipelines and although the water pressure tended to
drop by about 6 m compared to a normal system, no negative pressure was generated. Therefore, it is
determined that the installation of water sensors should be considered in the five pipelines. When
the pipelines chosen for the water sensor installation were depicted spatially in a network as seen in
Figure 7d, four pipelines were distributed in block 1 and only one pipeline (LE-99-3) was distributed
in block 2 where the outage occurred. As can be seen, when the spatial distribution status of all the
cases is put together, it shows that the pipelines that have frequent flow direction changes in the
pipeline during abnormal situations occur not only in outage regions but also in the blocks supplying
water to the outage region. Therefore, there is great uncertainty about the location of potential water
contamination during unpredictable emergency situations, and water sensors thus need to be installed
in appropriate locations. It is expected that an emergency pipeline operation plan can be established
through the application of the results of the scenarios proposed in this study.

Figure 6e is a scenario in which the water supply comes from nine emergency connection supply
pipelines from RES 2 due to an outage in block 3. In this case, the closest point was chosen as the red
origin but due to the very low sensitivity of 0.1 in abnormal situations, it was decided that it should be
excluded from consideration for a water sensor.

Table 3 shows the pipelines for which water sensors should be considered as priority number 1
determined by Figure 6 for each case. One pipeline location for Case 1, three for Case 3, and five for
Case 4 were determined for a total of 9 pipeline locations. As a result, as seen in Case 4, there were
the most pipelines with frequent change in the flow direction when water was supplied from both
reservoirs. As shown in Table 3, when looking at the number of blocks belonging to the determined
water sensor points, there are four in Block 1 and five in Block 2. The reason for this can be confirmed
by the difference in the ground level of the node in the block receiving the supply and the position head
of the reservoir in the supplying block, as shown in Figure 8. The position head of the supply reservoir
in Block 3 is 137.7 m and the average ground level of the node is 76.3 m, which is the highest value
compared to other blocks, because the flow direction is most often decided to be a single direction.
Of course, depending on the operation status and importance of the target network, the priority of the
water sensor installation location can be set so that at least one is installed per block.
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In Case 4, 25 pipelines, including the determined water sensor installation pipeline, were found
to have a very high change in flow direction in cases of emergency, as shown in Table 4, and it was
found that they are high compared to other scenarios. Therefore, it is necessary to closely monitor
the changes in water quality for scenarios similar to Case 4 when establishing an emergency pipeline
operation plan.

(a) Result of Case 1 (b) Result of Case 2
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Figure 6. Normal and abnormal situation flow direction sensitivity calculation result.
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Figure 7. Decision result of water sensor installation location by case.

Table 3. A-city measuring instrument location decision priority result (all cases).

110f15

Abnormal Normal
N, FpeName loaedod  Shon Sl | Ditane
(X-Axis) (Y-Axis)
1 LG-96 Block 2 0.64 0.48 0.6
LE-90 Block 2 0.48 0 0.52
3 LGO056(4) Block 2 0.48 0 0.52
LE-108 Block 2 0.48 0 0.52
#D744 Block 1 0.96 0 0.04
4 #D568 Block 1 0.96 0 0.04
#D680 Block 1 0.96 0 0.04
SA-25 Block 1 0.96 0 0.04
LE-99-3 Block 2 0.96 0 0.04
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Table 4. Measuring instrument location decision priority result (Case 4).

Abnormal Normal
Priority  Pipe Name SSit“.at.io.“ Situation  Distance
ensitivity  Sensitivity (1,0)
(X-Axis) (Y-Axis)
#D744 0.96 0 0.04
1 #D568 0.96 0 0.04
#D680 0.96 0 0.04
SA-25 0.96 0 0.04
LE-99-3 0.96 0 0.04
LB-67 0.88 0 0.12
2 LG072(5) 0.88 0 0.12
#D685 0.88 0 0.12
3 #D686 0.8 0 0.2
#D666 0.72 0 0.28
SA-24 0.72 0 0.28
LA-03 0.72 0 0.28
4 LE-75 0.72 0 0.28
MP-24 0.72 0 0.28
MP-23 0.72 0 0.28
MP-22 0.72 0 0.28
LE-74-2 0.72 0 0.28
LE-94 0.72 0 0.28
LG-106 0.64 0 0.36
LB-66 0.64 0 0.36
5 LB-62 0.64 0 0.36
LB-60 0.64 0 0.36
SA-43 0.64 0 0.36
#D740 0.64 0 0.36
#D623 0.64 0 0.36
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Figure 8. Ground level by block.

5. Conclusions

In this study, we proposed a methodology for determining water quality measurement points
considering the sensitivity of the pipe flow direction. The proposed method was applied to the
emergency connection pipeline system of an actual region (A-city) and an outage occurrence scenario
in a block was considered as an abnormal situation. Five block outage cases were set in which their
water supply capacity was lost, requiring connection via adjacent pipelines for the supply of water.
Then, a hydraulic analysis program was used to quantify the flow direction sensitivity. The calculated
result confirmed that different important pipelines appeared according to each emergency connection
pipeline operation scenario. Even if enough water could be supplied, water quality problems may
occur in many regions if there is a change in the flow direction in a number of pipelines due to the
operation of the emergency connection pipelines. Therefore, it is deemed necessary to investigate
these emergency access operational scenarios. The proposed methodology can effectively select the
water quality monitoring point when establishing the emergency connection pipeline operation plan,
and can be utilized not only to supply sufficient quantity but also to reduce the probability of water
quality problems through the operation of the emergency connection pipeline operation. In other
words, it is expected to be applicable to the hydraulic and water quality assessment of the previously
established emergency connection pipeline operation measures. In the future, research could not only
consider flow direction change sensitivity, as considered in this study, but key additional indicators,
such as hydraulic gradient, flow velocity in the pipeline, and travel time, could also be comprehensive
considered. In addition, future study could also enlarge the range of applicable abnormal scenarios,
including valve operation and pipe shut down. It is also necessary to link a more accurate water
quality numerical analysis model to judge the applicability to a direct water pollution scenario, such as
the intended injection. The improved model can be developed through quantification of uncertainties
in sensor data and hydraulic water quality analysis models.
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