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Abstract: In recent years, the District Metered Area (DMA) of water distribution networks (WDNs)
has become a major development trend in the water leakage control area. It has significant value
in the active leakage control and pressure management of WDNs. This study comments on two
DMA partitioning methods (Scheme A and B, previously introduced in another paper) and compares
three aspects of their respective performances to elucidate their respective strengths and weaknesses.
Scheme A partitions all the network nodes, whereas Scheme B only partitions the remaining network
nodes, except the trunk mains. Whether the trunk mains participated in the partitioning process is
the key distinction between the two approaches. There is little relevant research that compares and
analyzes the effects of the above two methods. This paper applies these two types of partitioning
methods to a case network. The respective performances in three aspects, namely economy, water
quality, and leakage control, were evaluated and compared. For economy, Scheme A is more
economical than Scheme B, saving about 15.34%. For water quality, Scheme B is the best partitioning
method because it reduces water age better than Scheme A does. For leakage control, Scheme B
has a drop of 19.46%, which is better than Scheme A (a decline of 15.12%) in comparison to the
initial leakage.

Keywords: water distribution network; district metered area; trunk mains; pressure management

1. Introduction

In the early 1980s, the British Water Industry Association first introduced the District
Metered Area (DMA) concept for a water distribution network at a joint conference. By
carrying out the concept of “divide and conquer” to the WDN, the purpose of simplifying
management and improving leakage control efficiency can be achieved. A DMA is an
independent area in a WDN that is cut and separated by gate valves and flowmeters. By
measuring and analyzing the amount of water entering and flowing out of an area, the
leakage level of the area can be quantified, which helps leakage inspectors to prioritize
areas with high leakage levels and achieve the purpose of active leakage control [1]. After
years of development, DMAs have been widely used in pressure management, pipe burst
monitoring, water pollution prevention, energy recovery, and other fields [2—4].

Generally, research on the reasonable partitioning of WDNs focuses on the following
two phases [5-7]: (1) the clustering phase and (2) the dividing phase. In the clustering
phase, one should figure out how to divide the WDN into a certain number of sub-areas
of reasonable shapes and sizes and, at the same time, find out how to reduce the number
of boundary pipes among these sub-areas as much as possible to control the construction
investment effectively. The dividing phase follows the clustering phase. After node clus-
tering, there are many boundary pipes between DMAs. Optimizing the positioning of
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the flowmeter and valves on the boundary pipes to realize the optimal isolation between
DMAs is another crucial issue in the process of WDN partitioning. Over the past ten
years, many researchers have introduced many algorithms to achieve the optimal WDN
partitioning method. The spectral clustering algorithm [8], community detection algo-
rithm [9,10], multi-agent algorithm [11], and graph theory algorithm [12] are applied to
the clustering phase; meanwhile, the iterative method [13] and multi-objective genetic
algorithm [14-16] are applied to the dividing phase. Compared with the traditional “trial
and error method”, these algorithms have not only high computational efficiency but also
high scientific rationality.

On the other hand, some scholars think that the trunk mains should be identified
and extracted before the WDN partitioning. For example, Ferrari et al. [17] take a series
of continuous pipes with diameters greater than or equal to 300-350 mm from the water
source in the case network as the trunk mains. Ciaponi et al. [10] defined the trunk mains
as consisting of a series of continuous pipes with diameter D> D.T. (the preset diameter
threshold of trunk mains) starting from the source node. The proportion of pipes should
be controlled in the range of 5-10%. Campbell et al. [18] used the product value of the
frequency and flow rate of the pipe on the shortest hydraulic path to reflect the difference in
hydraulic importance of each pipe and used it as the basis for distinguishing the trunk mains
from the WDN. This partitioning method makes each DMA form a relatively independent
hydraulic state. The water in each DMA is supplied directly by the trunk mains, and
there is almost no water flow exchange between adjacent DMAs, so it has some unique
advantages. However, there is presently little relevant research that compares and analyzes
the effects of the two types of partition methods (regardless of whether the trunk mains
participated in the partitioning or not). It is a lack of insightful findings regarding the
choice of partition methods in practical projects that prevents the final partition scheme
from adequately meeting the local requirements.

This paper applies the two abovementioned partition methods to a case network and
compares three aspects of their respective performances (namely, economy, water quality,
and leakage control) to elucidate their respective strengths and weaknesses and provide
some references for practical engineering. This paper integrates a larger number of methods
than previous studies to achieve these purposes, including the automatic identification
technology of trunk mains, the modified Fast-Newman algorithm, and the improved multi-
objective genetic algorithm [5,19]; meanwhile, adequate measures are taken to ensure
the objectivity of the comparison. This paper comprises three main parts: (1) a brief
introduction to the two partitioning schemes; (2) a comparative analysis of three aspects of
DMA performance; (3) and a summary of some general engineering construction opinions.

2. Brief Introduction to Two Partitioning Methods

The first method, marked as Scheme A, involves clustering all nodes using the modi-
fied Fast-Newman algorithm while considering elevation uniformity, water demand simi-
larity, and the trunk mains’ participation in the partitioning process. The Fast-Newman
algorithm can divide the systems into sub-systems with stronger internal than external
connections [20]. The algorithm is based on the concept of “modularity”, which guides and
determines the overall partitioning procedure. Usually, Q > 0.3 indicates a good division
into communities. The adjacent DMAs are connected. As shown in Figure la, water in
DMAZ2 may come from DMA1 and DMAS3. The boundary pipes between the DMAs must
be fitted with gate valves or flowmeters. Their main purpose is to ensure that the DMAs
are not independent of each other.

In the second method, marked as Scheme B, trunk mains do not participate in the
partitioning procedure. The optimal trunk mains will be selected first using three reference
indicators, and then the remanding distribution network will be partitioned using a modi-
fied Fast-Newman algorithm. All of the DMAs are independent of each other because they
are supplied directly by the trunk mains, and there is no water exchanged between them.
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Gate valves must isolate the connections between the DMAs. As shown in Figure 1b, the
pipes [6,7,9,10] must be closed to ensure that only DMA?2 is connected to the trunk mains.

DMA3

|
2

i

Y

3

Trunk mains

/\
8

B

DMA1

@)

(b)

Figure 1. The Schematic diagrams of Schemes A and B: (a): Scheme A; (b): Scheme B.

For more details about the modified Fast-Newman algorithm and the optimal selection
method of trunk mains adopted in this paper, please refer to Zhang et al. [19].

3. Introduction to Case Network

This paper uses the H-Town network as a case network, as shown in Figure 2. The
WDN consists of 4245 nodes and 4841 pipes and has three gravity water sources. The
average total water demand is 2882.49 L/s, and the water demand per unit user is fixed at

0.036 L/s/user.

Figure 2. H-Town partitioning schemes: (a) Scheme A and (b) Scheme B.
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Figure 2a shows the partitioning results of the H-Town network using the method
that the trunk mains participate in the partitioning process, which includes 28 DMAs and
100 boundary pipes. Figure 2b shows the partitioning results using the method wherein
the trunk mains do not participate in the partitioning process, including 20 DMAs and
160 boundary pipes. It should be stressed that the two schemes are the most economical
in their respective methods. That is to say, the 500-5000 connections in each DMA exceed
the number of DMAs, but a comparison between the two mehod can illustrate their
relative performance.

After the node clustering, the paper uses a multi-objective genetic algorithm to isolate
the DMAs in these two partition schemes (that is, to optimize the positioning of the
flowmeter and valve in the boundary pipes). The following two objective functions were
adopted [19]:

Nf N
f1 =min| Cost = Zkl + Zb] @)
i i

M (g T (P — P
fo=min| CVP = 2 \/N'" 1 J;l( m,j m) o
m

m=1

where Cost is the total cost of scheme implementation, Ny is the number of flowmeters in the
scheme, N is the number of gate valves in the scheme, k; is the cost of the i-th flowmeter,
and b; is the cost of the i-th gate valve. Table 1 shows the purchase costs of flowmeters
and gate valves with different pipe diameters. CVP is the cumulative pressure variation
coefficient of the DMAs, that is to say, the sum of the pressure variation coefficients of the
nodes of all the DMAs in the WDN; M is the number of DMAs; N, is the number of nodes
contained in the m-th DMA; Py jis the pressure of the i-th node of the m-th DMA; D, is the
average pressure of the m-th DMA.

Table 1. The price of the flowmeter and gate valve.

Diameter (mm) Gate Valve ($) Flowmeter ($)
150 95 177
200 134 256
250 186 356
300 250 535
400 373 891
450 481 1117
500 506 1160
600 835 2023
700 1196 2903
800 1535 3953
850 1874 4066
900 2214 4842
1000 3191 7122
1200 5693 12,355
1400 8986 18,458

After the dividing phase in Scheme A, a total of 35 boundary pipes need to be equipped
with flowmeters, and the remaining 65 boundary pipes need to be equipped with gate
valves and closed. In Scheme B, it is necessary to install flowmeters in 33 boundary pipes
and install gate valves in 127 boundary pipes and close them at the same time.

4. Performance Comparison

In this section, based on the above two different partition schemes, we compare and
evaluate these two partition methods” economy, water quality, and leakage control.
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4.1. Economy

After the regions are partitioned, flowmeters or boundary valves must be installed
in each boundary pipe section to achieve “physical isolation” between the DMAs. The
implementation cost mainly comes from the purchase of these hydraulic devices. Gener-
ally speaking, the higher the number of boundary pipes between DMAs, the higher the
implementation cost of the WDN partition will be. At the same time, under the premise
that the number of boundary pipes is certain, the distribution of the number of flowmeters
and boundary valves and the pipe diameter value of the corresponding boundary pipes
have become the main factors affecting the implementation cost of WDN partitions [21,22].

Table 2 shows the comparison of the cost of the two partitioning schemes. It can be
seen that even though the number of DMAs in Scheme B is less than that of Scheme A, the
total project cost is 15.34% higher because the separation of the trunk mains and the water
distribution system in Scheme B produces many boundary pipes. In addition, it can be
seen from the table that the acquisition cost of the flow meter in the two schemes is not
considerably different. However, the purchase cost of the gate valves in Scheme B is twice
that of Scheme A, so it can be seen that the cost increase in Scheme B is mainly due to an
increase in the number of gate valves.

Table 2. The implementation costs of two DMA partition schemes ($).

Schemes A B
Flowmeters 100,230 91,398
gate valves 55,364 88,060

Sum 155,594 179,459

In terms of the economy of WDN partitioning, the method wherein the trunk mains
participate in the partitioning process is better than the method wherein the trunk mains
do not.

4.2. Water Age

After the regions are partitioned, the closure of some boundary pipes will cause
changes in the hydraulic path, causing changes in the water age of the WDN as a whole.
In addition, WDN partitioning may generate a large amount of stagnant terminal water,
resulting in poor water quality and microbial growth. In this section, we compare and
analyze the water age status of the original pipe network and two DMA partitioning
schemes using the water age data from the eighth day of the operation in the EPA software
as a sample. Figure 3 shows the water use pattern diagram of the case network for 24 h.
The peak water consumption is 8-9 a.m., and the water demand is 3766.07 L/s. The valley's
peak water consumption is 34 a.m., and the water demand is 1627.19 L/s.

Figure 4 and Table 3 give the distribution of the water age. It can be seen that the
percentage of water in age 0-24 h after partitioning (especially Scheme A) is significantly
higher than the original WDN, which is also the main reason why the average water age of
nodes in the WDN after the partitioning is lower than the original WDN. The percentage of
water in age 2448 h of Scheme A decreases sharply (only two-thirds of the original WDN
and Scheme B). The percentage of water in age 2—4 days (i.e., 48 h-96 h) of Scheme A is
significantly higher than that of the original WDN and Scheme B. However, the percentage
of water in age 12-96 h of Scheme B is slightly lower than the original WDN. For the water
with a water age of more than four days, the proportion in schemes A and B are almost
twice as large as the original WDN, which confirms that the WDN will produce a large
amount of stagnant terminal water after the partitioning process, thus causing water quality
to deteriorate. In general, the water age of Scheme B is closer to the original WDN and
better than Scheme A.
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Figure 3. The water demand pattern of case WDN.
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Figure 4. Water proportion statistics of each age period in the three scenarios.
Table 3. Water proportion statistics of each age period in the three scenarios.
Water Age (h)
Percent (%)
0-12 12-24 24-36 3648 48-60 60-72 72-84 >96
Original 19.6 219 18.1 19.7 9.0 5.3 2.5 1.6
Scheme A 28.5 234 12.3 11.9 10.6 6.2 24 27
Scheme B 25.6 20.8 18.0 17.3 8.7 4.1 2.3 2.6

To sum up, in both scheme A and scheme B, the amount of water with an age of less
than 24 h and more than 96 h is much more than in the original scheme. However, in
general, the distribution of water age in scheme B is better than that in scheme A (due to
none of the trunk mains being closed in scheme B).

4.3. Leakage Control

Nowadays, pressure management based on DMAs has become an indispensable way
to achieve low-consumption operations of WDNs because of its efficiency and convenience
compared with traditional methods. In this section, we implement pressure management



Water 2022, 14, 3876

7 of 11

for the two partitioning schemes and compare the advantages and disadvantages of the
two schemes by analyzing the leakage amount and pressure distribution of the WDN.

The overall pressure of the WDN is regulated by the method of joint scheduling of
pumps and valves. To facilitate the calculation, we simulate the adjustment of the pump
and pressure-reducing valves [23] by adjusting the pipe diameter value of the outlet pipes
of the water sources and the inlet pipes of each DMA. The minimum service water pressure
of 18 m was guaranteed at each demand node.

The following is the formula for calculating the average daily leakage of the WDN:

T N v
x CLLip;
t=1i=1

e ()

where C; is the leakage constant of the unit pipe length, the unit is m%18 §236 kg=018 and

it is used as 107° in this study [23]; L; is the subsidiary pipe length of node i, which is
equal to half the sum of the lengths of all pipes connected to node i; p; is the water pressure
at node i; 7y is the leakage index, used as 1.18 in this study; T is the number of hydraulic
simulation periods.

Figure 5 shows the leakage for 24 h in three scenarios. In the original WDN, the
maximum leakage of the pipe network occurred at 3-4 a.m. (869.31 L/s), while the smallest
leakage occurred at 8-10 a.m. (796.08 L/s). However, in Schemes A and B, the maximum
leakage of the pipe network occurs around 8-9 a.m., and the minimum leakage occurs
around 3-4 a.m., which is contrary to the original scenario. The primary cause is the
ineffective regulation of nodal pressures in the original WDN, which led to higher pressure
at night and more leakage than during the day. The pressure was lower throughout the
day for schemes A and B. The pressure was higher than at night because of the increased
water usage during the day, resulting in more leaks during the day than at night. This will
be discussed in the following section.

900 9

H(i{).. 31
850 N
v -
. - L — .
SR, -

Z 800 6.8 -
= =~ Original
g)o Scheme A
_2 750 ‘ Scheme B
<
! 712,78

oooooo

- 395 292 o o o0 "0 o
700 o o0 §95,22 _ e

650

600 t+——7——T7—"——T— 7T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

Figure 5. Statistics of leakage loss in three scenarios.

Compared with the daily average leakage rate of 829.89 L/s of the original WDN,
Scheme A reduced it to 704.40 L/s, a decrease of 15.12%, and Scheme B reduced it to
668.36 L/s, a decrease of 19.46%. However, Scheme B’s depressurization and leakage
reduction effect are still significantly better than Scheme A’s. It is primarily due to the
sequential relationship between the DMAs upstream and downstream in Scheme A.

To further compare the advantages and disadvantages of the two DMA schemes in
pressure control, we selected the valley demand period at 34 a.m. and the peak demand
period at 89 a.m. for further analysis.
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Figure 6a shows the distribution of weighted nodal pressure during the valley demand
period. It can be seen that the pressure of the nodes in the original WDN is mainly
concentrated in the range of 25-35 m, and the redundant pressure is large. After pressure
management, the node pressure in the two partition schemes is controlled. However,
the proportion of low-pressure nodes in Scheme B is significantly higher than that of
Scheme A, and only a small proportion of node pressures in Scheme B are greater than
27 m, while there are still some nodes in Scheme A with pressures in the range of 26-31 m.
In addition, the nodal pressure is shown in Figure 7. In comparison to Figure 7a, the
pressures in Figure 7b,c are almost at the minimum service head in the area far from the
water source. However, the high-pressure region in Figure 7c is significantly smaller than
that in Figure 7b, demonstrating that the parallel connection between DMA partitions
benefits further control leakage.

301 Original -
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24 B
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— o
§ 181 é 15
g 15 8§ 12
11 =
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Figure 6. Pressure distribution: (a) valley demand period; (b) Peak demand period.

36
34
32

130

24

22

20

Figure 7. Pressure distribution in valley demand period: (a) Original; (b) Scheme A; (c) Scheme B.

Figure 6b shows the weighted nodal water pressure distribution during the peak
demand period. The nodal water pressure in the original WDN is mainly concentrated
in 23-32 m, and the redundant pressure is large. After pressure management, the node
pressure in the two schemes is significantly reduced. Moreover, the proportion of low-
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pressure nodes in Scheme B is considerably higher than in Scheme A. Figure 8 displays
the nodal pressure at the peak load period. As predicted, the high-pressure region near
the water source for Scheme B (Figure 8c) is smaller than Scheme A (Figure 8a). The high-
pressure areas in Figure 7b,c are also much smaller than those in Figure 8b,c. Additionally,
we can observe that the high-pressure areas in Figure 7b,c are substantially smaller than
those in Figure 8b,c, indicating that the water pressure in the period of peak demand is
higher than in the period of valley demand.

130

128

126

Figure 8. Pressure distribution in peak demand period: (a) Original; (b) Scheme A; (c) Scheme B.

In scheme A, in order to meet the minimum service head of each node in the down-

stream DMA, the upstream partition must maintain a certain surplus head, making it
difficult to control the leakage of upstream DMA more effectively. On the other hand, the
trunk mains keep all of the DMAs in scheme B in a parallel relationship, making it simple
to manage the leakage of upstream DMAs better; hence, the pressure reduction and leakage
control effect of scheme B is better than scheme A.

5. Conclusions

In this paper, the two partition methods of whether the trunk mains participates in

partition are compared and evaluated based on three aspects: economy, water quality
protection, and leak control effects. The main conclusions are as follows:

@

@)

For economy, the method in which the trunk mains participates in the partitioning
process (Scheme A) is better than the method in which the trunk mains does not
participate in the partitioning process (Scheme B). In Scheme B, when the trunk
mains are separated from the WDN, many boundary pipes are generated within the
remaining pipe system, increasing the cost of the DMA partition. In the case study,
even though Scheme B has eight fewer DMA partitions than Scheme A, the overall
project cost is 15.34% higher than Scheme A. Therefore, for cities with tight budgets,
it is recommended to choose the method wherein the trunk mains participate in the
partitioning process.

For water quality, Scheme B is a better choice than Scheme A. In the case study,
Scheme B has less high-age water than Scheme A. Even the percentage of water
in age 12-96 h of Scheme B is slightly lower than the original WDN. Therefore, if
water quality protection needs to be considered when partitioning the WDN, it is
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recommended to choose the method in which the trunk mains do not participate in
the partitioning process.

(3) For leakage control, Scheme B is better than Scheme A. There is an obvious upstream
and downstream relationship between DMAs in Scheme A. The impact on down-
stream DMAs needs to be considered when managing the pressure of upstream
partitions. In contrast, the trunk mains supply water to DMAs directly in Scheme B.
The DMAs are relatively independent. Therefore, in terms of its long-term leakage
control objectives, it is recommended to choose the method wherein the trunk mains
do not participate in the partitioning process.

In summary, if the local government’s financial resources are relatively insufficient, it is
recommended to choose the method wherein the trunk mains participate in the partitioning
process. However, if the long-term safe and efficient operation of the WDN is concerned, it
is recommended to choose the method wherein the trunk mains do not participate in the
partitioning process.

On the other hand, it needs to be emphasized that the above conclusions may only
apply to networks with a similar network topology and water demand distribution as the
case network, and future work will involve applying the two partition methods to multiple
types of WDN:s to verify the universality of the conclusions.
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