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Abstract

This study investigates the optimal placement of a surge tank to mitigate pressure fluc-
tuations induced by water hammer in a complex, real-world water distribution network
(WDN). A transient-flow numerical model was developed using the Method of Character-
istics (MOC) integrated with surge tank theory, applied to a simplified and skeletonized
representation of the target network. To determine the most effective installation site,
Particle Swarm Optimization (PSO) was employed across 32 candidate nodes. Transient
events were simulated through valve closure and reopening operations at the terminal
nodes of the network. The results indicate that Node 41 is the optimal location for mini-
mizing head fluctuations. Specifically, the maximum head fluctuation was reduced from
64.32 m in the unprotected system to 51.79 m with the surge tank at Node 41, representing
a 19.48% improvement in hydraulic stability. These findings emphasize the critical role of
strategic surge tank positioning and provide a robust technical framework for the design
and operation of surge protection systems in complex WDNSs.

Keywords: method of characteristics; particle swarm optimization; surge tank; transient
analysis; water hammer impact assessment

1. Introduction

Water distribution networks (WDNSs) are essential infrastructure systems that demand
high operational stability and reliability to ensure a consistent water supply. However,
within building plumbing systems and terminal service lines, rapid valve closures or the
sudden cessation of water-use appliances can trigger abrupt fluctuations in flow rates
and pressure. These rapid hydraulic shifts induce water hammer—a transient pressure
phenomenon. Frequent water hammer events pose a significant threat to network in-
tegrity, potentially leading to pipe fatigue, leakage, service interruptions, and escalated
maintenance costs [1].

To enhance the operational stability of WDNSs, extensive research has been dedicated
to the design and implementation of water hammer protection devices. However, the
majority of existing literature has focused on surge mitigation within single pipelines or
long-distance transmission mains [2-7]. In contrast, real-world WDNSs feature intricate
topological structures with numerous interconnected pipes and nodes, which limits the
direct transferability of findings from linear, single-pipe studies. In such complex systems,
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the propagation, reflection, and interference of pressure waves are highly sensitive to
branch configurations and diverse boundary conditions. Consequently, the efficacy of
protection devices—determined by their type, spatial allocation, and design parameters—
can vary significantly even under identical transient events. A systematic investigation
into these factors is therefore imperative for ensuring robust water hammer mitigation in
complex network environments.

In complex WDN:Ss, the vast number of nodes and intricate connectivity render manual
comparative analyses of surge tank efficacy across multiple candidate sites both computa-
tionally prohibitive and labor-intensive. To address this challenge, this study implements a
modeling framework integrated with Particle Swarm Optimization (PSO). This approach
enables the efficient evaluation of head fluctuation attenuation at each candidate node to
identify the optimal location for a single surge tank. Due to its streamlined algorithmic
structure and robust search performance, PSO has become a well-established heuristic for
solving non-linear optimization problems. Its efficacy is further supported by its successful
application in previous studies concerning the design of WDNS and the optimization of
transient protection devices [8-12].

This study performs a transient numerical analysis on a real-world complex water
distribution network (WDN) in Y District, D Metropolitan City, to identify the optimal
installation location for a surge tank. Utilizing a skeletonized representation of the target
network, the numerical model incorporates a surge tank and employs PSO for a quantitative
evaluation of head fluctuation mitigation. To simulate realistic transient events—such as
abnormal operations or sudden demand fluctuations—transient conditions were generated
by converting terminal reservoir boundary conditions into valve-operation nodes. Surge
tanks were selected as the primary protection device due to their proven efficacy in regulat-
ing water levels and preventing negative pressure through targeted water supply [3,13].
By constructing random valve-operation scenarios with varying sequences and closure
times, this study comprehensively evaluates the mitigation performance at each candidate
node. The identified optimal location aims to enhance the hydraulic stability of the WDN,
providing a methodological foundation for the future implementation of combined surge
protection systems.

2. Materials and Methods
2.1. Transient Analysis

Transient flow analysis within the WDN is performed based on the continuity and
momentum equations, which describe the propagation of unsteady pressure waves. The
governing equations, expressed in terms of the pressure head h and the discharge Q, are
defined as follows [14]:

oh 2 3Q
Li= g+ 2Aam =" Q)
_ 99 oh | fIQIQ _
Ly= 57 +gA5_+ 55 =0 @)

where t and x are time and distance. In Equations (1) and (2), c denotes the wave speed, g
the gravitational acceleration, D the pipe diameter, A the pipe cross-sectional area, and f
the Darcy—Weisbach friction factor. Since the governing equations for transient flow are
partial differential equations in time and space, a direct analytical solution is difficult to
obtain. The Method of Characteristics (MOC) was employed in this study to transform
them into ordinary differential equations for numerical analysis. Although the method
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provides a systematic framework for transient analysis, it generally requires the use of a
uniform time step.

0 2L o oh Aodh
gA dt A

Equation (3) represents the characteristic form obtained by combining the partial
differential equations in Equations (1) and (2). In this equation, R is defined as f/(2DA),
where f, D and A denote the Darcy—Weisbach friction factor, pipe diameter, and pipe cross-
sectional area, respectively. In addition, A is given by £¢A/c according to Equation (4).
Each term in Equation (3) can be expressed as the total differentials of Q(x, ) and H(x, t),
allowing the governing partial differential equations to be transformed into ordinary
differential equations along the characteristic lines.

aQ dh
EiAE+R|Q|Q=0 ®)

Equation (5) is the ordinary differential form of Equation (3) obtained using the MOC.
Here, A = +gA/c denotes the characteristic line in the downstream direction, whereas
A = —gA/c denotes the characteristic line in the upstream direction. This equation is used
to calculate the head and discharge at each node on the time-space grid and serves as the
fundamental equation for numerically analyzing unsteady pressure waves in the network
under transient conditions. It also forms the basis for evaluating the effects of installing
protection devices such as surge tanks.

2.2. Surge Tank Theory Based on Transient Flow Analysis

Under transient conditions, the surge tank model was incorporated into the existing
transient flow model. The surge tank analysis was based on the conceptual diagram shown
in Figure 1 [14].

~Z
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Figure 1. Schematic diagram of the surge tank. Arrows indicate the flow directions and geometric
reference dimensions used in the surge-tank formulation.

As shown in Figure 1, the flow rate in the main pipeline, Qy, is divided into the
downstream flow rate, Qy, and the flow rate entering the surge tank, Q3. In this formulation,
Qs is defined as positive when the flow enters the surge tank from the main pipeline
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through the connector pipe. Therefore, the mass conservation equation can be written as
Equation (6).
Q=0+ (6)

For the connector pipe, a lumped inertia model incorporating inertial effects was
adopted. The relationship between the pressure head in the main pipeline, H, and the head
at the surge tank junction, H3, can then be expressed as Equation (7).

H— H3 = C1 + C2Q3 (7)

Here, C; and C; are defined by Equations (8) and (9), respectively.

2L
— Hd —H — c /
C 3 gACAtQ3 (8)
2L L
G = “— + feLc Q5| ©9)

B gACAt gDcAc2

In Equation (8), C; represents a correction term associated with the head difference and
flow variation from the previous time step, whereas C; in Equation (9) denotes a coefficient
including the inertia and friction loss terms. Here, L., D., and A represent the length,
diameter, and cross-sectional area of the connector pipe, respectively, and f. denotes the
friction factor of the connector pipe. The head at the surge tank junction is then calculated
using Equation (10).

Hs = H3' 4+ By(Q3 + Q3') (10)

In addition, the water level inside the surge tank, L, is defined as Equation (11).
L = H3 — Zpottom 11)

Here, By is defined as At/ (2A;) and is determined by the time step At and the cross-
sectional area of the surge tank, A;. Overall, by coupling the surge tank equations with
the existing transient flow analysis framework, the six unknowns Q1, Qz, Qs, L, H, and
Hj3 can be solved simultaneously, thereby enabling analysis of surge tank behavior under
transient conditions.

2.3. Particle Swarm Optimization (PSO)

PSO is an optimization method originally proposed for continuous nonlinear func-
tions and derived from simulations of a simplified social behavior model [6]. Each particle
searches the solution space by iteratively updating its velocity and position using informa-
tion on its own best position and the global best position of the swarm. In this study, PSO
was applied to a numerical framework coupling the transient flow model and the surge
tank model to determine the optimal installation location of the surge tank. In PSO, the
velocity and position of each particle are updated at each iteration as follows.

ot = (05+ %O)vf +2r1(pf — xf) +2r2(g" — ) (12)

xf” =xt+ vf” (13)

In Equation (12), vf and x! represent the velocity and position of each particle i at itera-
tion ¢, respectively, while p! and ¢’ denote the personal best position of each particle i and
the global best position of the swarm. The inertia coefficient, (0.5+ ro/2), is determined
by a uniformly distributed random number ry € [0, 1], such that the inertia term varies
probabilistically within the range [0.5, 1.0]. This formulation allows particles to retain their
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previous direction to some extent while introducing diversity into the search process at
each iteration. The random numbers r; and r; are independently generated from a uniform
distribution over [0, 1], and both the cognitive and social acceleration coefficients were fixed
at 2. Equation (13) updates the position of each particle by adding the updated velocity to
the current position.

In this study, the search space was defined as one-dimensional, and the design vari-
able was defined as the index of the candidate node for surge tank installation. A total
of 32 candidate nodes were considered, and the number of particles and the maximum
number of iterations were set to 20 and 20, respectively. To ensure reproducibility of the
stochastic components in the optimization process, the random seed was fixed at —1000. At
each iteration, all particles performed MOC-based transient analysis under the assumption
that a surge tank was installed at the candidate node corresponding to the current particle
position, which was rounded to the nearest candidate node index. The objective function
was defined based on the maximum head fluctuation over the simulation period for all
evaluation nodes. For each candidate surge-tank installation node s, the head fluctuation at
evaluation node n was defined as follows:

Ahy(s) = hT%% (s) — hMin (s) (14)

In Equation (14), '™ (s) and h"(s) are the maximum and minimum heads at evalu-
ation node n, respectively, when the surge tank is installed at candidate node s. The fitness
value for candidate node s was then defined as the largest head fluctuation among all

evaluation nodes:
F(s) = max[Ahy(s)] (15)

neN

In Equation (15), N is the set of evaluation nodes. Finally, the optimal surge-tank
installation node was determined as follows:

t = in F 16
s arg min (s) (16)
In Equation (16), s* denotes the optimal surge-tank installation node, and C is the set
of candidate surge-tank installation nodes.

2.4. Random Valve-Operation Transient Scenarios

To account for the diverse abnormal operating conditions inherent in real-world
WDN:s, stochastic transient scenarios were developed based on randomized valve opera-
tions. Rather than imposing a predefined initial event, all valve-closing sequences were
determined by a consistent stochastic rule. For each event, a uniformly distributed random
number [0, 1] was generated and divided into 13 equal-probability intervals to select the
target valve for closure. To prevent the disproportionate activation of specific nodes, each
valve was restricted to a maximum of two closures per scenario. Following each closure,
the valve was programmed to reopen after a fixed duration of 1.337 s. This duration was
not intended to represent an instantaneous or abrupt valve closure, but was adopted as a
representative average valve-operation duration for the transient simulations. To ensure
the reproducibility of these simulations, the random seed was fixed, allowing for a rigorous
comparative analysis of surge tank performance under identical transient conditions.

2.5. Study Area and Simulation Conditions

The target WDNSs are illustrated in Figure 2. Figure 2a displays the QGIS-based spatial
data of the actual network in Y District, D Metropolitan City, which comprises 8605 pipes
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and 8405 nodes. To facilitate transient analysis, this extensive network was simplified and
skeletonized, as shown in Figure 2b.

Figure 2. QGIS-based maps of the water distribution network in Y District, D Metropolitan City:
(a) original network; (b) skeletonized network. Colored dots and number labels indicate network
nodes and node IDs, respectively.

The reconstructed model consists of 47 pipes and 46 nodes, focusing on major trans-
mission pipelines with diameters of 150 mm or greater. During the skeletonization process,
the actual pipe lengths and primary flow paths were strictly preserved, while terminal
service lines and secondary branch pipes (diameters < 150 mm) were removed to enhance
computational efficiency without compromising hydraulic integrity. Furthermore, reservoir
boundary conditions were initially assigned to the terminal nodes to define the network’s
hydraulic limits; these were subsequently reconfigured into valve boundary conditions to
induce the transient events required for the study.

The nodes within the simplified network were categorized based on their functional
characteristics. Specifically, all 13 nodes initially designated as reservoir boundary con-
ditions were reconfigured into valve boundary conditions. This reconfiguration was
strategically implemented to simulate potential water hammer events occurring at various
terminal points throughout the actual network. Consequently, these nodes served as the
primary locations for valve-induced transients, allowing for a comprehensive evaluation of
the system’s hydraulic response to operational fluctuations.

For temporal discretization of the transient flow model, the Courant number was
defined as aAt/Ax. A wave speed a of 1175 m/s and a time step At of 0.00426 s were
adopted, and the pipelines were discretized at spatial intervals of 8-10 m to satisfy a
Courant number of 0.5. Surge tanks were installed at 32 of the 46 nodes, excluding reservoir
and valve boundary nodes, and their performance was evaluated.

In this study, the surge tank was integrated into the system via a connector pipe.
To isolate and focus specifically on the impact of the installation location, the design
parameters of the connector pipe and the surge tank were maintained as constant values
rather than optimization variables. The surge tank diameter was fixed at 0.2 m based on a
preliminary diameter-sensitivity analysis conducted for the same skeletonized network.
In the preliminary analysis, several surge tank diameters were compared under selected
transient scenarios, and 0.2 m showed an effective reduction in head fluctuation. In addition,
preliminary tests showed that changes in the connecting pipe diameter and length had
only a limited influence on the head fluctuation and did not significantly affect the optimal
installation location. Therefore, in the present study, the surge tank diameter and connecting
pipe parameters were fixed to focus on installation-location optimization. Based on the
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minimum pipe diameter within the target network, the connector pipe’s diameter and
length were set to 0.075 m and 0.5 m, respectively. As illustrated in Figure 1, the initial
water level in the surge tank, z, was assigned to match the steady-state hydraulic head at
the respective installation node. Additionally, the friction factor for the connector pipe was
defined as 0.0362 to account for minor losses during transient transitions. No additional
orifice or damping device was considered in the present surge tank model.

3. Results and Discussion
3.1. Transient Analysis in a Complex Water Distribution Network

Prior to evaluating the mitigation efficacy of the surge tank, the baseline water hammer
characteristics under the no-surge-tank condition were analyzed. To establish this baseline,
the reservoir boundary nodes were reconfigured into valve nodes. Transient events were
then simulated by independently applying scenarios in which each valve was closed and
subsequently reopened using a fixed valve-operation duration of 1.337 s. This duration was
applied consistently to all valve-operation events according to the predefined simulation
protocol. The pressure wave speed (a) within the network was defined as 1175 m/s. This
value represents the arithmetic mean of the theoretical wave speeds (ranging from 1054 to
1326 m/s) calculated based on the elasticity of water and the pipe material, as well as the
specific diameter and wall thickness of the pipelines.

Table 1 summarizes the reservoir nodes designated for transient generation, including
their respective flow rates in the pipe and hydraulic head values. These parameters
represent the steady-state initial conditions derived from a prolonged simulation (200 s)
under static boundary conditions to ensure hydraulic stability prior to the water hammer
analysis. All subsequent transient scenarios were initialized based on these stabilized
values to ensure consistency and numerical convergence.

Table 1. Transient-generation nodes.

Transient in Reservoir Flow in the Pipe (m3/s) Head (m)
Transient in reservoir 11 0.00331 78.09
Transient in reservoir 18 0.00087 80.62
Transient in reservoir 20 0.00378 80.61
Transient in reservoir 22 0.00064 80.60
Transient in reservoir 24 0.00063 80.60
Transient in reservoir 25 0.00056 80.60
Transient in reservoir 28 0.01325 78.60
Transient in reservoir 30 0.01038 78.42
Transient in reservoir 32 0.00578 78.44
Transient in reservoir 38 0.00828 76.23
Transient in reservoir 42 0.00562 76.22
Transient in reservoir 44 0.00168 78.12
Transient in reservoir 46 0.00392 78.11

Figure 3 illustrates the hydraulic response following the conversion of the 13 reservoir
boundary conditions into valve nodes, specifically highlighting the maximum, minimum,
and steady-state heads at each node. Figure 3a,b display the maximum and minimum head
distributions, respectively, with the red line denoting the steady-state head at each location.
The analysis reveals that the most significant head fluctuations occurred during transient
events at Nodes 38 and 42, with the most pronounced difference between maximum and
minimum heads observed at Node 43. When a transient was induced at Node 38, the
steady-state head at Node 43 (76.5 m) escalated to a maximum of 113.48 m and dropped
to a minimum of 49.16 m, resulting in a total fluctuation range of 64.32 m. Similarly, a
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—Steady state
—Transient Case 11
—Transient Case 18
—Transient Case 20
—Transient Case 22
—Transient Case 24
—Transient Case 25
—Transient Case 28
—Transient Case 30
—Transient Case 32
—Transient Case 38
—Transient Case 42
—Transient Case 44
Transient Case 46

—Steady state
—Transient Case 11
—Transient Case 18
—Transient Case 20
—Transient Case 22
—Transient Case 24
—Transient Case 25
—Transient Case 28
—Transient Case 30
—Transient Case 32
—Transient Case 38
—Transient Case 42
—Transient Case 44
Transient Case 46

transient event at Node 42 caused the head at Node 43 to fluctuate between 110.79 m and
60.22 m, representing a range of 50.57 m. Table 2 summarizes the six nodes experiencing
the highest magnitudes of head fluctuations for each simulated scenario.

115 (a)
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Figure 3. Node-wise maximum, minimum, and steady-state heads under individual valve operation
transient scenarios: (a) maximum head; (b) minimum head.

Table 2. Top six nodes with the largest head fluctuations under individual valve operation tran-
sient scenarios.

Observed Node  Steady (m) Max Head (m) Min Head (m) Difference (m)

Node 10 78.20 94.64 61.76 32.87
Node 10 78.20 94.68 54.80 39.88
Node 33 78.47 90.23 70.29 19.94
Node 43 76.56 113.48 49.16 64.32
Node 43 76.56 110.79 60.22 50.57
Node 45 78.11 89.28 69.13 20.15

As summarized in Table 2, the six transient scenarios exhibiting the most significant
head fluctuations were identified from the 13 initial cases. In conventional pipeline systems,
the maximum pressure rise typically occurs at or near the valve location immediately
following a valve-closure event [15]. However, the results from this complex network
demonstrate a different behavior: the propagation, reflection, and superposition of pres-
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sure waves are highly influenced by the network’s intricate topology, including multiple
branches, reservoirs, and junctions.

Consequently, as evidenced by the simulation results, maximum head fluctuations
frequently manifest at nodes distant from the transient-generation source rather than at
adjacent points. The abrupt and severe head fluctuations detailed in Table 2 simultaneously
subject the system to extremely high-pressure loads and precarious low-pressure conditions.
Such hydraulic instability poses significant risks to infrastructure integrity, potentially
leading to pipe bursts, joint leakage, structural damage to supports, and intensified levels
of vibration and noise [16-18].

Furthermore, severe low-pressure or negative-pressure transients pose a significant
risk of drawing external contaminants into the pipeline via cracks or deteriorated joints,
thereby severely compromising water quality and overall system reliability [19]. Conversely,
the hydraulic response across the network proved highly heterogeneous; while certain
regions experienced drastic pressure variations, others exhibited only marginal fluctuations.
For instance, an induced transient at Node 24 resulted in a minimal fluctuation at Node
26—shifting from a steady-state head of 80.6 m to a maximum of 81.44 m and a minimum
of 79.56 m, representing a range of just 1.88 m. Although such low-amplitude fluctuations
might appear benign compared to extreme surges, the cyclic loading from repeated minor
transients accelerates fatigue damage. Over time, this cyclic stress exacerbates existing
micro-defects or corrosion pits, ultimately leading to unexpected leaks. Moreover, due
to complex wave reflection and superposition, even small-amplitude pressure waves can
unpredictably amplify localized stress, compounding the risk of structural failure [20-23].
Consequently, mitigating head fluctuations of all magnitudes is imperative for preserving
the long-term structural integrity of the network, robustly validating the necessity of
strategically placed surge protection devices.

3.2. Comparative Evaluation of Candidate Surge Tank Locations

Randomized transient scenarios were generated based on the predefined valve opera-
tion conditions, followed by a PSO-based search to identify the optimal spatial allocation of
the surge tank. The total simulation duration was established at 780 s, a timeframe selected
to accommodate the sequential closure of 13 valves at an average interval of 30 s, with each
valve constrained to a maximum of two operations.

For the PSO algorithm, both the swarm size and the maximum number of iterations
were set to 20, resulting in a total of 400 transient simulations. To examine the effect
of computational budget, preliminary sensitivity tests were conducted by increasing the
number of simulations beyond the 20 x 20 configuration. The results showed that the
top-ranked candidate group remained stable and that the objective-function values showed
only limited differences, whereas the computational cost increased. Therefore, the 20 x 20
configuration was adopted as a practical setting for identifying major candidate locations
while maintaining computational efficiency.

Furthermore, to rigorously compare the mitigation performance across the top can-
didate locations under uniform hydraulic stress, a specific representative scenario was
isolated. The scenario exhibiting the highest frequency of valve-closing events (26 discrete
events) was selected. This scenario was selected as a conservative high-disturbance condi-
tion because it produced the maximum number of valve-closure events within the same
simulation duration. If a randomly generated scenario includes only a small number of
valve closures or mainly involves valves that induce weak transient responses, the result-
ing head fluctuations may remain relatively small and may not sufficiently represent the
hydraulically vulnerable conditions of the network. The longer the simulation period, the
greater the demand for computational cost in conjunction with the metaheuristic approach.
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We assumed that two valve maneuvers for each transient location sufficiently address the
worst possible transient generations during 780 s. Therefore, the 26-event scenario was used
to compare candidate surge-tank locations under the most severe valve-operation condition
considered in this study. The magnitude of head fluctuations at each candidate node was
subsequently evaluated and compared under this maximized transient loading condition.

Table 3 summarizes the top-ranked optimization results derived from the most se-
vere transient scenario, which involved the maximum frequency of valve-closing events
(26 events). Specifically, Table 3a ranks the best computational solutions based on the
minimized head fluctuation differences, while Table 3b presents the final hierarchy of
candidate surge tank locations by excluding duplicate nodal outputs. An analysis of the
400 simulations revealed that installing a single surge tank at Node 41 was the most effec-
tive strategy for mitigating head fluctuations across the target network. The subsequent
optimal locations were identified as Nodes 40, 39, and 9, respectively. To rigorously val-
idate these findings, the mitigation performances of the top four candidate nodes were
re-evaluated under the same transient-loading scenario, while varying only the surge-tank
installation location. The transient-loading scenario used for this comparison corresponds
to the selected 26-event valve-operation scenario under which Node 41 was identified
as the most effective installation location. The detailed composition of this scenario is
summarized in Table 4, including the valve node, operation sequence, closure time, and
reopening time for each event.

Table 3. Top 4 surge tank locations under the selected transient scenario. (a) Top 4 solutions including
duplicates. (b) Top 4 candidate surge tank locations excluding duplicates.

(a)
Node of Maximum Head Max-Min Head Difference
Surge Node .
Difference (m)
Node 41 Node 37 51.78635
Node 41 Node 37 51.79692
Node 41 Node 37 51.79885
Node 41 Node 37 51.80103
(b)
Node of Maximum Head Max-Min Head Difference
Surge Node .
Difference (m)
Node 41 Node 37 51.78635
Node 40 Node 37 54.29550
Node 39 Node 41 62.6857
Node 9 Node 41 63.7505

To validate the optimization results, Figure 4 evaluates the mitigation performance of
the top four candidate locations (Nodes 41, 40, 39, and 9) under the representative severe
transient scenario. As depicted in Figure 4a-d, solely varying the installation site confirms
that the relative ranking of these nodes remains highly consistent with the preliminary
findings in Table 3. The peak-to-peak head differences showed negligible deviation; for
example, locating the surge tank at Node 40 yielded a head fluctuation of 54.28 m at Node
37, nearly identical to the 54.30 m reported in Table 3b. Crucially, Node 41 maintained
its superior mitigation capacity with minimal performance variation, despite the shift to
the extreme 26-event scenario. This robustly confirms Node 41 as the definitive optimal
installation point. The detailed maximum head fluctuation ranges for each tested location
under this representative scenario are quantitatively summarized in Table 4.
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Table 4. Detailed composition of the selected 26-event valve-operation scenario.

Event Valve Closed Opened Event Valve Closing Opened

No. Node Time (s) Time (s) No. Node Time (s) Time (s)
1 42 1.337 2.674 14 28 350.844 352.181
2 30 4.733 6.070 15 32 364.976  366.313
3 42 16.283 17.620 16 25 417.826  419.163
4 46 46.223 47.560 17 32 420.872  422.209
5 38 75.260 76.597 18 24 440.618  441.955
6 20 88.140 89.477 19 46 485.404 486.741
7 28 114.416  115.753 20 20 533.720  535.057
8 38 158.420  159.757 21 11 576.887  578.224
9 44 207.465  208.802 22 11 620.021 621.358
10 18 217924  219.261 23 25 648.841 650.178
11 44 239.168  240.505 24 30 664.650  665.987
12 18 298.383 299.720 25 22 674.620 675.957
13 24 332562  333.899 26 22 728.053  729.390

) |0

*HMHWHWHH‘ i *MHH’”'HHHMMH“"H

o ‘@

qm;H’mmm}}mw },;HMHMHHMHJ

6 7 8 9101213 141516171921 23 26 27 29 31 33 34 35 36 37 39 40 4] 43 45
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Figure 4. Comparison of steady-state heads and min—max head ranges at the top 4 surge tank
locations under the representative transient scenario: (a) Node 41, (b) Node 40, (c¢) Node 39, and
(d) Node 9.

Table 5 quantifies the peak-to-peak head variations for the top-tier candidate locations
evaluated under the representative severe transient scenario. The results establish Node
41 as the definitive optimal site for a single surge tank, consistently providing superior
and stable mitigation regardless of the specific valve-closure sequence. Node 40 ranks as a
strong secondary alternative, exhibiting a mitigation profile nearly identical to Node 41,
with only a 2.5 m variance in the peak-to-peak head difference.
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Table 5. Top 4 surge tank locations under the representative transient scenario.

Node of Maximum Max-Min Head

Rank Surge Node Head Difference Difference (m)
1 Node 41 Node 37 51.79
2 Node 40 Node 37 54.28
3 Node 39 Node 41 62.68
4 Node 9 Node 41 64.75

In contrast, positioning the surge tank at Nodes 39 or 9 provided markedly inferior
protection. Under these configurations, critical head fluctuations still manifested; for
example, relative to a 76.4 m steady-state baseline, the head fluctuated between 38.64 m and
101.32 m for the Node 39 setup, and between 48.72 m and 110.67 m for the Node 9 setup.
Based on these findings, Nodes 39 and 9 are relegated to low-priority status due to their
constrained hydraulic dampening capabilities. Therefore, for securing network stability
with a single surge tank, Node 41 is conclusively identified as the optimal installation point,
closely followed by Node 40.

3.3. Mitigation Effect of the Surge Tank at the Optimal Location

Having established Node 41 as the optimal installation site for a single surge tank,
the overall mitigation efficacy was quantitatively evaluated. This was achieved by directly
comparing the hydraulic response of the unprotected baseline system (no surge tank)
against the optimized configuration (surge tank installed at Node 41). Employing the
identical representative valve-closure scenario utilized in the preceding analyses, the
resultant head fluctuations for both conditions are comparatively illustrated in Figure 5.

Figure 5 illustrates the comparative head fluctuations between the unprotected base-
line and the optimized configuration (surge tank at Node 41) under the identical multi-valve
closure scenario. Figure 5a depicts the baseline condition, while Figure 5b shows the hy-
draulic response with the surge tank in operation; red markers in both panels denote the
steady-state heads.

As shown in Figure 5a, without surge protection, the most severe head fluctuation
manifested at Node 41. Deviating from a steady-state head of 76.74 m, the pressure surged
to a maximum of 113.48 m and plummeted to a minimum of 49.16 m, yielding a peak-to-
peak differential of 64.32 m. Notably, while Node 43 experienced the largest fluctuation
during individual valve closures (as previously shown in Figure 3), the critical node shifted
to Node 41 under the repeated, multi-valve operations of this complex scenario. This
spatial shift highlights the intricate propagation, reflection, and superposition of pressure
waves across the network topology, which significantly alter transient behaviors compared
to isolated events [24-26].

Conversely, Figure 5b demonstrates that installing the surge tank at Node 41 sub-
stantially reduced the head fluctuations at the major vulnerable nodes located near the
installation point. In particular, the head fluctuation at Node 41 decreased from 64.32 m
to 0.49 m, indicating a strong local mitigation effect of the surge tank. However, this
mitigation effect was not uniformly distributed throughout the network. At Node 37, the
head fluctuation was not reduced but increased from 45.22 m without the surge tank to
51.78 m after surge tank installation. This quantitative comparison indicates that the surge
tank effectively attenuated the transient response near the installation node, especially at
Nodes 41 and 40, whereas its mitigation effect was relatively limited at Node 37. Therefore,
the shift in the maximum-fluctuation node from Node 41 to Node 37 can be reasonably
attributed to the localized attenuation effect of the surge tank and the remaining transient
response at Node 37, resulting from the redistribution of pressure-wave transmission,
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reflection, and superposition patterns within the network. Consequently, the maximum
system-wide fluctuation after surge tank installation occurred at Node 37, where the head
varied between 103.21 m and 51.43 m against a steady-state head of 77.10 m, corresponding
to a fluctuation range of 51.78 m. Finally, Table 6 provides a comprehensive comparison of
the hydraulic heads at major vulnerable nodes before and after the surge tank installation.
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Figure 5. Comparison of steady-state heads and max-min head ranges under the selected valve-
closing transient scenario: (a) no surge tank condition and (b) surge tank installed at Node 41.

Table 6. Comparison of the top 4 most vulnerable nodes before and after surge tank installation.

Without Surge Tank With Surge Tank at Node 41
Max-Min Head Max-Min Head
Observed Node Difference (m) Observed Node Difference (m)
Node 41 64.32 Node 41 0.49
Node 40 57.32 Node 40 17.43
Node 37 45.22 Node 37 51.79
Node 39 42.17 Node 39 43.13

Table 6 summarizes the shifts in peak-to-peak head variations for the four most vul-
nerable nodes identified in the unprotected baseline condition, comparing their responses
before and after the surge tank installation at Node 41. Detailed examination reveals
highly localized mitigation effects. At Node 41, the installation yielded the most profound
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attenuation, with the head differential plummeting from 64.32 m to a mere 0.49 m. Node 40
similarly experienced a substantial reduction, dropping from 57.32 m to 17.43 m.

Conversely, the installation induced localized amplification at other locations. Most
notably, the head differential at Node 37 increased from 45.22 m to 51.79 m, superseding
Node 41 as the new critical point of maximum head fluctuation. Node 39 also exhibited
a marginal increase from 42.17 m to 43.13 m. This amplification can be attributed to the
altered transient boundary conditions and the dynamic mass oscillation between the surge
tank and the main pipeline. The introduction of the surge tank fundamentally modifies
the propagation, reflection, and superposition patterns of the pressure waves, thereby
intensifying wave interactions at specific locations such as Node 37 [25-27]. Ultimately,
these findings emphasize that a single surge tank does not uniformly dampen hydraulic
transients across a complex network; rather, it redistributes the nodal response patterns by
reshaping the system’s overall wave dynamics [25-27].

4. Conclusions

This study proposed a comprehensive numerical analysis framework integrating
transient-flow simulation and PSO to determine the optimal installation location for a sin-
gle surge tank within an actual complex WDN (Y District, D Metropolitan City). Diverging
from conventional water hammer studies—which predominantly focus on isolated pump
stations or single transmission pipelines—this research investigated transient phenomena
induced at multiple locations across a complex network topology. Specifically, the opti-
mization rigorously accounted for the intricate propagation, reflection, and superposition
characteristics of pressure waves inherent to such structurally complex systems.

By systematically evaluating the mitigation performance across 32 candidate nodes,
the results conclusively established Node 41 as the optimal installation site, providing
the most effective attenuation of head fluctuations system-wide. Node 40 emerged as a
highly viable secondary candidate, exhibiting a comparable mitigation capacity with only
marginal differences in hydraulic response. Conversely, while Nodes 39 and 9 were initially
identified as potential sites, their relatively limited dampening effects relegated them to
lower-priority options.

Crucially, the comparative analysis revealed that installing the surge tank at Node 41
substantially diminished overall head fluctuations but shifted the critical point of maximum
fluctuation from Node 41 to Node 37. This phenomenon demonstrates that the introduction
of a surge protection device does not uniformly suppress hydraulic transients across
the entire network; rather, it fundamentally redistributes the nodal response patterns by
altering the transmission and interaction behaviors of the pressure waves. Ultimately, these
findings underscore the critical necessity of strategically optimizing surge tank locations
for effective system-wide protection. This study provides significant practical value by
establishing a quantitative and robust methodology for securing actual complex WDNs
against unpredictable hydraulic transients. Future studies should explore the optimal
sizing of multiple surge tanks simultaneously or incorporate varying demand conditions
to further enhance the resilience of water distribution systems.
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