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Abstract

This paper presents a mathematical model of the hydraulic hammer phenomenon. The model
incorporates the momentum and continuity equations, the construction of the system layout, and the
junctions within the pipeline network. Potential scenarios during system operation are analyzed
using the Water Hammer and Mass Oscillation (WHAMO) software to simulate transient hydraulic
behavior. In closed hydraulic systems, a hydraulic hammer occurs when the system transitions from
a stable to an unstable state, causing the kinetic energy of the fluid to be rapidly converted into
pressure energy. This results in a powerful pressure surge accompanied by a reverse flow wave. Such
pressure fluctuations can lead to extremely low pressures, increasing the risk of contaminant
intrusion through cracks or pipe damage. This phenomenon often accompanied by a hammer-like
sound poses a significant challenge in drinking water treatment systems. Because the governing
equations are nonlinear and hyperbolic, analytical solutions are not feasible; therefore, numerical
modeling is required. The main goal of this study is to analyze pump behavior during transient
conditions associated with the water hammer phenomenon.

Keywords: Hydraulic Hammer Phenomenon; Closed Hydraulic Systems; Node; WHAMO Software.

INTRODUCTION

Hydraulic transients are unsteady flow phenomena that occur in pressurized pipe systems
due to sudden changes in velocity or pressure [1]. Among these, the hydraulic hammer
commonly known as water hammer is one of the most significant, as it can cause severe

mechanical and operational impacts on hydraulic networks.

In this research work, the hydraulic hammer phenomenon is simulated using the
WHAMO software to evaluate potential scenarios that may occur during system
interventions [2]. In closed hydraulic systems, such as the one analyzed in this study,
hydraulic hammer typically arises when the system transitions from a stable to an unstable
state, causing the kinetic energy of the moving fluid to be abruptly converted into pressure
energy. The term “hydraulic hammer” originates from the distinctive hammer-like sound

produced during this event.
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Alongside the high-pressure wave, a counter-current wave is also generated, which is
often overlooked but can result in extremely low pressures. These low-pressure zones may
allow contaminants to enter the fluid through cracks or damaged sections of the pipeline
[3]. Water hammer represents a common yet critical issue in drinking water treatment
systems, as it can induce additional stress on pipes, joints, and other components,

potentially compromising system performance and safety.

The governing momentum and continuity equations form a set of nonlinear, hyperbolic
differential equations that cannot be solved analytically. Due to the complexity of the
phenomenon and the numerous parameters involved, specialized modeling software is
required to achieve accurate numerical solutions [4]. This paper presents a numerical
investigation of the transient behavior of pumps in closed hydraulic systems during the
occurrence of the hydraulic hammer phenomenon. Additionally, the specific objectives of

this research are as follows:

e To study the hydraulic, energy, and economic indicators associated with fluid flow
problems in hydraulic water networks, with the fundamental goal of identifying the
optimal scenario for managing water hammer.

e To develop a theoretical mathematical model of an industrial water transport
system.

e To determine and analyze the key parameters influencing the occurrence and
intensity of the hydraulic hammer phenomenon.

e To perform both steady-state and unsteady-state analyses of the industrial water
transport model using WHAMO software.

¢ To investigate the factors contributing to abnormal pump operation during transient
conditions.

e To propose possible intervention scenarios during the water hammer process aimed

at mitigating or eliminating its negative consequences.

CASE STUDY: HYDRAULIC SYSTEM STARTING AT NODE 0
(ELEVATION 544.53 m above sea level).

Figure 1 illustrates the system that serves as the object of study in this paper, along with
a description of the system in terms of nodes and pipe data. The system starts at node 0, a
water intake points 544.53 m a.s.l. The length of the pipe from the water intake to the
pumping station in Miloshevo is 8941.17 m, while from the pumping station in Miloshevo
to the water treatment plant "Shkabaj" is 4523.88 m. The entire length of the DN1200 pipe
DCI from the intake point to the water treatment plant in Shkabaj is 13465.05 m.

The level difference between node 0, the water intake site, and the pumping station,
node 17, is 11.56 m, while the level difference between the pumping station, node 18, and
the water treatment plant, node 28 is 65.26 m

In 2023, the parameters of the Johnson—Cook and GISSMO damage models were
developed and optimized using advanced finite element methods (FEM) to predict the
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failure behavior of dual-phase steels (DP600 and DP800) [5]. The numerical simulations
showed strong agreement with experimental test results, confirming the effectiveness of
the combined modeling approach in accurately simulating damage initiation and fracture

progression in advanced structural materials [6].

The entire water treatment system of the SHKABA] factory is designed to operate in
two phases [7].
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Figure 1. System diagram [7].
The first phase produces drinking water with a production capacity of Q =321 +
7701/s.

The second phase will produce drinking water with the factory's production capacity
of: Q = 5731/s + 13751/s.

Additionally, the water hammer phenomenon is analyzed using WHAMO 3.0 software,

based on the pump flow conditions presented in the preceding section.

The technical characteristics of the pumps are:

e Flow Q = 343.001/s,

e Geodetic height H = 84m,

e Media Water 100%,

e Density p =998.20 kg/m3
e Neto positive section head NPSH 6.01m,

e No. of pump rotations n = 1485rpm

The information received on 18.12.2019 for the Miloshevo station and the Shkabaj plant

is as follows:
e The minimum inlet pressure has the value of 11.4 m.
¢ The maximum inlet pressure has a value of 18 m.
e The minimum outlet pressure has a value of 94.9 m.
e The maximum outlet pressure has the value of 97.6 m.

The statements above and accompanied with chart characteristics of the pumps

operating are shown in the Figure 2.
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Figure 2. Characteristics of pumps operating alone and in parallel concerning rpm. (a)- Photo of the
SCADA system screen PS Miloshevo, (b)- Photo of the Variable Frequency Drive (VFD), (c)- Photo
of the SCADA system screen (d)- Chart characteristics of the pumps operating
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In Figure 2, we present the characteristics of the pumps when operating with a single

pump and when two pumps are running in parallel at different motor speeds of 1190 rpm,

1320 rpm, and a maximum motor speed of 1485 rpm.

Furthermore, Table 1 contains essential information regarding this data. Table 2 depict

the comparison of flow and geodetic height of pumps.

Table 1. Characteristics of pumps depending on the number of revolutions

A pump n=1485 rpm Q1+Q2 A pump n=1320 rpm Q1+Q2 A pump n=1190 rpm Q1+Q2
WILO (1 pump) 1485 WILO (1 pump) 1320 WILO (1 pump) 1190
rpm rpm rpm
Q H P M (I/s) Q H P M (U/s) Q H P M (I/s)
(I/s)  (m) (kW) (Nm) (I/s) (m) (kW) (Nm) I/s (m) (kW) (Nm)
0.0 957 1974 1,2700 0.0 00 756 138.6 1,0034 0.0 00 614 1015 8155 0.0
70.1 93.0 203.1 1,306.7 1402 623 734 1426 1,0324 1246 561 59.7 1045 839.1 1123
125.7 916 2248 14463 2514 1117 723 1578 1,142.7 2234 1007 58.8 1156 928.7 2014
1976 915 2658 1,7100 3952 1756 723 186.6 1,351.1 351.2 1583 58.7 136.7 1,0981 316.6
2509 912 3014 1,939.1 501.8 223.0 720 2116 15321 4460 201.0 585 1551 11,2452 402.1
308.5 872 3288 21154 617.0 2742 689 2309 16714 5484 2472 56.0 169.2 1,3584 4944
3470 843 351.1 22588 6940 3084 66.6 2465 17848 6168 278.0 541 180.6 1,450.5 556.1
384.0 81.1 367.0 23611 7680 3413 640 2577 1,865.6 6826 3077 52.0 1888 15162 6154
436.7 753 3914 25181 8734 388.1 595 2748 1,989.6 7763 3499 483 2014 1,617.0 699.9
4983 63.7 413.0 26571 996.6 4429 503 290.0 2,0994 8858 3993 409 2125 1,706.3 798.6
Table 2. Comparison of flow and geodetic height of pumps
Q 0 200 300 400 500 600 700 800 900 1000 1100
Hc 55.27 5598 56.86 58.11 59.71 61.66 63.97 66.63 69.65 73.03 76.75

SELECTED SCENARIO: DUAL PUMP OPERATION WITH CLOSED
SECTOR VALVE

In this scenario, the pumps operate at a speed of n=1320 rpm with a total flow rate of

700 1/s. The water transport system runs continuously until the 6th second, when the valve

of sector V1, located at node J28, is closed, see Figure 3.

The pump station is equipped with an expansion tank, and the pumps maintain a flow

rate of approximately 700 [ /s, also at a rotation speed of 1320 rpm. The pumps are stopped

after 25 seconds. Water is sourced from the village of Mihaliq and is transported by gravity

to the pump station in Miloshevo. The pumps convey water through a 1200 mm pipe to

the SHKABA]J factory reservoir.
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Figure 3. System diagram, scenario

Furthermore, the input parameters for the first simulation are summarized in Table 3.

Table 3. Input parameters for this scenario

Geodetic Pump  Speed Friction Number of Pipe Closing  Producer
elevation flow v(m/s) losses Rotations of the diameter time of V1 of Pumps
H (m) Q 1/s) (m) pump (rpm) (mm) t (s)
84.00 700 1.219 0.028 1320 1200 6 WILO

The water transport system outlined in Figure 4 operates by taking water from an

altitude of 544.53 m above sea level.
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Figure 4. Comparison of water pressure at joints in the main pipe, without expansion vessel with

number of rotations n=1320 rpm.

The water is conveyed by gravity through a ductile cast iron (DCI) pipeline with a

diameter of 1200 mm (DN 1200) and a pressure rating of 12 bar (PN12) over a total length

of

approximately 9.5 km, reaching the “Miloshevé” Pump Station situated at an elevation
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of 533 m. From this station, the water is pumped to the “SHKABAJ” Water Treatment Plant
via another DCI pipeline of the same diameter (DN 1200), rated for 16 bar (PN16) and
extending approximately 4.5 km.

Throughout the pipeline system, there are more than 10 air valves, along with 7
sectional valves and 7 overflow valves. Notably, valve V1 serves as a sectional valve and

is located near Node No. 28 at an elevation of approximately 590 m.

The entire water transmission process was monitored and analyzed using WHAMO
software, which simulates hydraulic transients and water hammer effects within
pressurized conduits. The analysis specifically focused on the main DN 1200 pipeline,
approximately 14 km in total length. In the simulation, the pumps operated under normal
conditions for the first 25 seconds. Subsequently, a transient event was introduced: the

pumps were stopped after 25 seconds, and valve V1 was closed six seconds later.

Following pump shutdown at the inlet of the pumping station, the non-return valve

closed automatically.

MATHEMATICAL MODEL OF WATER HAMMER
WHAMO is a computational tool developed by the Hydrologic Engineering Center

(HEC) of the U.S. Army Corps of Engineers for simulating water hammer and mass
oscillations in pressurized water conveyance systems [6]. The software is widely applied
to evaluate the operational safety and dynamic behavior of hydraulic infrastructure such
as pressure pipelines, tunnels, reservoirs, pumps, and turbines. The principal modelling

capabilities of WHAMO can be summarized as follows:

* Hydraulic shock simulation: Calculates the pressure changes caused by stopping or
starting pumps, closing valves, and changes in flow [8].

e Transient analysis: Simulates pressure waves and unsteady flows over time.

* [ntegration with other programs: Compatible with additional modeling platforms, such
as HEC-RAS and other water system analysis tools, enabling comprehensive system-
level evaluations [9].

* Numerical methods: Use differential equation techniques, such as characteristics and
integration, to describe fluid movement.

* Practical applications: Supports pipeline design and sizing, specification of surge
protection devices, assessment of turbine and pump stability, and evaluation of

hydraulic system resilience under transient loading [10].

Momentum Equation

Transient flow in closed conduits can be described using the fundamental continuity
and momentum equations derived from the conservation of mass and Newton’s second
law of motion. Consider a one-dimensional flow in a pipe segment of constant diameter
oriented along the x-axis, having a length Ax and a cross-sectional area A. The analysis of
this control volume allows the derivation of the momentum equation through the

equilibrium of pressure, inertial, and gravitational forces acting on the fluid element.
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As shown in Figure 5, the flow direction is defined from left to right, with the dashed
line representing the Hydraulic Grade Line (HGL), which indicates the actual energy
distribution along the pipeline. It illustrates the moment when a pressure (shock) wave
travels in the opposite direction of the primary flow as a result of a sudden disturbance,
such as pump shutdown or valve closure.

These wave propagation phenomena are fundamental to the study of hydraulic
transients and form the basis for modeling unsteady flow conditions in pressurized pipe

systems.
o
— = = )
HGL — 3
ow
—
( ) g
4 i 1
X X+ Ax

Figure 5. Tube with instant HGL [11].

At position x, the flow is Q and the piezometric head is H, which is the working pressure
plus the static pressure (i.e. the pressure head plus the elevation head). At position x + Ax,
the flow is Q + 0Q/0x Ax and the piezometric head is H + 0H/0x Ax. Here, 0Q/0x and 0H/0x
represent the partial derivatives of Q and H with respect to x, respectively, and are
assumed to increase in the positive x direction. Figure 6 shows the forces acting on the fluid
using a free-body diagram. The angle of the pipe is irrelevant for now, as the height of the
pipe is accounted for in period H.

\>

Figure 6. Free body diagram of a fluid element.

-

Fa

The full form of the equation (1) is as follows:

av av  1dp oz | flviv
dt+de+pdx+‘gdx 2D (1)
This equation, together with the continuity equation that we will discuss below, is the

basis for solving the water hammer problem in the WHAMO software.
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Continuity Equation
As the water hammer pressure wave moves through a pipe, we want to analyze the

following:

The elongation and expansion of the pipe wall due to the elasticity of the pipe wall and
the compressibility of the fluid. Authors in [12] has derived the most general form of the
control volume equation that considers both the motion and the deformation of the control
volume. Based on the continuity equation for a moving control volume, the deformation

control volume is written via equation (2) [13-17]:

a == o
Ve 52 dV + fos pVp dA + [ PV, 7idA =0 @)

Based on the hypotheses of [17, 18], the above equation in differential form is given by

equation (3):

oH , 00c? _
at ang_O ®)

Finite Difference Method

The momentum and continuity equations governing unsteady flow in pressurized
conduits constitute a coupled system of hyperbolic partial differential equations for which
no closed-form analytical solution is generally available. Consequently, several numerical
techniques have been developed to solve the water hammer equations. The hyperbolic
nature of the governing equations implies that their solutions propagate along well-
defined characteristic paths. In the context of hydraulic transients, these paths correspond
to the wave speed, which represents the defining characteristic of the system. This
observation forms the basis of the Method of Characteristics (MOC), a widely used
technique for solving hyperbolic systems. The MOC transforms the governing partial
differential equations into a set of ordinary differential equations along characteristic lines,
which can then be solved using explicit finite-difference schemes. A known limitation of
the MOC is the requirement for sufficiently small-time steps to satisfy the Courant-
Friedrichs-Lewy (CFL) stability condition, which may result in high computational effort

for large systems or fine spatial discretization [14].

An alternative approach is the Finite Difference Method (FDM), in which the partial
derivatives in the governing equations are replaced with finite-difference approximations.
The implicit form of the method yields a system of algebraic equations that can be solved
simultaneously at each time step. The primary advantage of the implicit finite difference
approach is its enhanced numerical stability, allowing the use of relatively large time steps.
However, for extensive hydraulic networks, this method requires solving a substantial
number of nonlinear equations simultaneously, which increases computational complexity

and solution time.
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WHAMO software applies the implicit finite difference method, converting equations
to a linear form for solution [15]. The solution space is discretized in the x-t plane, assigning
specific values of H and Q at each grid point, H (x, t) and Q (x, t).

_t
H“+j Qn"l ntl _n+t
H Q

. J. J Jr1 7
ot
n n n n
| oHe HLE,
X
I ox |

Figure 5. Finite Difference Network.

Some nodes in the solution network would represent a node in the system or a
computational node within a pipe. The most common connection between two nodes in
the computational network is a pipe, and the two equations of water hammer describe the
relationships between energy and flow in the x- and t-directions. Other elements that

connect nodes, such as valves and pumps, will be examined further.

To approximate the partial derivative with respect to time, take the average of the
values of the function at the next time step, minus the average of the values at the current

time step, all divided by the time step.
oH
Py (Hn+1,j+1 + Hn+1,j - Hn,j+1 - Hn,j)/(ZAt) 4)
And similarly, for the partial derivative of Q:

2 o Querer + Qi = Qnjar — Qnj)/(2A0) )

E_

Approximation of partial derivatives with respect to the average of the next position

step minus the average of the current position steps.

oH 0 (1-6)

7 = Hnsjur = Hpsa ) + 5 Hp jiq — Hy ) (6)
and

0Q

Py (Qn+1,j+1 + Qn+1,j - Qn,j+1 - Qn,j)/(ZAt) (7)
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. o 2 a
The two equations for the approximations of 6—P: and ﬁ are as useful as those above,

however, the variation method used by WHAMO includes an additional factor for
calculating stability 0, and a value of 0.6 is used. With this additional factor, the equations

become:
OH _ (1 9)
6x (Hn+1 J+1 T n+1 ]) += Hn]+1 n,j) (8)
and
OH 2 (1 0)

ax = Ax (Qn+1,j+1 - Qn+1,j) T Q”J+1 Qn,j) (9)

Now, with the approximations for partial derivatives, we can substitute them into the
momentum and continuity equations. After the substitution, the two equations are no

longer differential equations but algebraic equations.

The momentum equation is as follows:

(1- 9)
2g6A (Qn+1]+1 +Qn+1] Qn,j+1 _Qn,j)+ (Hn+1,j+1 n+1]) +— (Hn,j+1 _Hn,j) +
Axifi
4-gel]) ;2 (Qn]'Qn]|+Qn]+1|Qn]+1|) =0 (10)

Where Q|Q| is approximated (@, j|Qn, j| + Qnjs1 |Qn‘ 1 |)/2, thus linearizing the
equation, greatly reducing the computational cost of solving it.

The continuity equation is as follows:

2Atc 6 ZAtc (1-6)
94jAx; (Qn+1]+1 Qn+1,j) 94;hx; (Qn}+1 Qn}) =

0 (11)

(Hn+1,j+1 + Hn+1,j - Hn,j+1 n])

These equations can be represented in a shorter form by introducing the following
coefficients for the known values in a system. Using the same notation as the WHAMO

program the coefficients are as follows:

_ ZAthZB 12
i gAijj ( )
(a- 9)

ﬂj = (Hn,j+1 n}) + aj(Qn,j’Qn,j+1) (13)
=8

Yi= 29640t (14)

(1-6) Ax;f
6j Z_(Hn,j _Hn,j+1) 4—g9; ;2 (Qn;'Qn;' +Qn1+1|Qn1+1| (15)

All parameters for the coefficient must be known from the properties of the pipe or from
the values of pressure and flow in step with the elapsed time. With the coefficients, the
momentum and continuity equations of the j** pipe segment becomes®:
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Moment: —Hpjy1 + Huyrj41 175 (Qn+1,j + Qn+1,j+1) = 5j (16)

Continuity:  Hy jyq + Hpyqje1 + @ (Qnirji1 — Qnerj) = Bj 17)

The initial conditions provide power and flow at the locations in the system. Now, there
are four unknowns for the power and flow in the next step and two equations. This is why
boundary conditions are needed. A boundary condition at each end of a branch is needed
so that there are as many equations with unknowns as possible to solve the system [16].
There are three external boundary conditions that WHAMO uses the fixed reservoir
pressure of the pumps, where Hi = Hreslosses, at the fixed flow where Qi = QBC, and the
reservoir. There are internal boundary conditions, as well, at each node in the system. The
energy equation and the continuity equation must be satisfied at each node. The node

equations are as follows:

Power: H ;= H;— loss;; (18)
Hi = Hk - lOSSik (19)
Continuity Q;i+Q;+Q,=0 (20)

u ”

The energy equation states that the energy at node “i” is equal to that at node j minus
the energy loss between the nodes. The continuity equation states that the sum of the flows
into and out of a node is equal to zero. Other important features or elements in the system
are small losses, valves, and pumps. The mathematics of representing a pump in the system
is complicated.

lele

Local losses in the pipe a are represented by the term C 4447 2087 and are simply added

to the loss formulas in the momentum equation, where C .4, is the small loss coefficient.

The total head loss term in the momentum equation is:

Ax]f]+C add

Cogonyiz " (@nil@nsl+ Cnjirl@njsaD (21)
For a valve, the flow is based on the formula:
Q = C,D*VgAH (22)
Rearranging the formula to the form after the substitutions we have:

1
Hn+1,j - Hn+1,j+1 = _%Qrwl,jl Qn+1,j| (23)

The notation Qn+1’j| Qn+1’j| is used instead of Q,.,; to allow for sign change.

Linearizing the equation then becomes:

2|Qn,|
Hn+1,j - Hn+1,j+1 CZD4 Qn+1] CZD4 Qn1| Qn1| (24)
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The continuity equation for valves is simple: the flow on one side of the valve is equal
to the flow on the opposite side of the valve [17].

Qj+1=0Q; (25)

The discharge coefficient, Cq, can be related to the pressure loss coefficient by the

following expression:
U

= @)
and
Ah
Ch = 020g 27)

Now, using the equations for all the connections and nodes in the system, the initial and
boundary conditions, a matrix of a linear system of equations can be constructed that will
solve for pressure and flow simultaneously for the first time. The procedure is repeated for

the next step and again for the next step, until the specified end of the simulation [19].

Various real physical characteristics are converted into mathematical modeling blocks, and
then the system is assembled and simulated in different scenarios using the WHAMO

computer program [20].

Table 4 depicts all the data for nodes in the main pipe.
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Table 4. Data for nodes in the main pipe
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The Outcomes of the Work

Figure 6 depict the water flow comparison at selected nodes in the main pipe by using
an expansion vessel.
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Figure 6. Water flow comparison at selected nodes in the main pipe, using an expansion vessel.
Pump speed is set to n=1320 rpm, total flow rate is Q=700 1/s, and valve V1 is closed. (a)- Water
pressure in the joint p (bar), (b)- Water flows at node Q (1/s)

In this simulation, the pressure at the inlet of the pump station is 0.84 bar, and at the
outlet of the pump station is 6.94 bar, while the pump flow is 614.48 1/s. The pump operates
at a speed of 1320 rpm. The power of the pump's electric motor consumes 265.02 kW of
energy while it is operating. We close the V1 Valve at second 6 and the pumps continue to
operate until second 25. The pumps are switched off at 25 seconds, and we have the
following situation.

The most critical point in the system occurs at node 17, where a pressure change of 1.3
bar is observed at second 25, accompanied by a flow of 614.48 1/s. This is caused by a wave
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traveling in the opposite direction, which subsequently generates a reverse pressure of -4.7
bar at second 40, along with a reverse flow of -543.68 I/s.

These oscillations continue over time. At second 55, the system records a flow of 521.03
and a pressure of 6.68 bar. At second 67.5, the flow reversed to -495.54 1/s, followed by a
pressure of -4.09 bar at second 72.5. The pressure and flow values at node 17 continue to
decrease thereafter, as illustrated in Figure 6a.

The risk of cavitation is present until the second 100, because we have the pressure -
3.74 bar and the flow is -450.29 1/s, the system does not calm down even after the second
200.

This situation is very dangerous, and here, the possibility of cavitation is very high, and

with it, the destruction of the pipe at this junction is possible.

The WHAMO software does not consider the change of phases, so the simulation with
the WHAMO software produces opposite pressures that exceed the vapor pressure, and
the software only warns of the possibility of the occurrence of the cavitation phenomenon,

and with it, the possibility of the destruction of the water pipe.

Regarding the flow at these nodes, the following situation occurs at node 28, where the
valve of the closed sector is located: we have a flow, but not after this time, i.e., after 6
seconds. While at node 181, we have a flow of 583.33 I/s until the pumps start working at
second 25. After this moment, we have a decrease in flow until second 34 when the flow
drops to 0 I/s. The situation is the same at node no. 17, which can also be seen in Figure 6b
and in Table 5 [7].

Table 5. Maximum and minimum static pressure and maximum and minimum flow rates of

pumps

Name Stationing Position Maximum Time Minimum Time Maximum Time Minimum Time
(m) height liftenergy (s) lift-off  (s) flow (s) Flow (s)

(m) (m) energy (I/s) (I/s)
(m)
Node 0 0 54453  544.53 0 544.53 0 614.48 0 -549.35 41
Node 1 203.5 528.79 55099 325 540.26 46 614.48 0 -549.35 41
Node 2 367.35 528.67 556.08 325 536.84 46 614.48 0 -549.35 41
Node 3 499.17 518.17 560.04 325 534.13 46 614.48 0 -549.35 41
Node4  1054.83 516.60 57479 325 523.22 46 614.48 0 -546.52  40.5
Node5 1114.93 513.50 576.13 325 52212 46 614.48 0 -546.52  40.5
Node 6 1504.4 518.45 583.60 325 515.33 46 614.48 0 -543.68  40.5
Node7 158257 513.96 584.85 32.5 514.05 46 614.48 0 -543.68  40.5
Node8  2651.79  522.95 595.67 32 500.27 46 614.48 0 -529.53 40
Node9  3664.09 532.03 60046 325 493.11 46 614.48 0 -512.53  39.5

Node 10  4387.55  533.61 602.38 33 490.36 46 617.31 13,5 -492.71 39
Node 11  4577.23  534.74 602.83 33 489.84 46 617.31 13,5 -489.88 39
Node 12 4634.47  530.45 602.96 33 489.69 46 617.31 13 -487.05 39
Node 13  4700.19  535.25 603.08 33 489.54 46 617.31 13 -484.22 39
Node 14 523822  522.87 604.14 335 48835 46,5 61731 125 -464.40 39
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Node 15
Node 16
Node 17
Node 18
Node 181
Node 182
Node 19
Node 191
Node 20
Node 21
Node 22
Node 23
Node 24
Node 25
Node 26
Node 27
Node 28

6964.55
7591.42
8359.53
8980
9531.16
9531.16
10082.32
10087.32
10734.65
11613.12
12284.78
12417.31
12676.37
12877.59
12971.74
13225.01
13465.05

528.31
533.57
532.97
534.54
535.90
535.90
537.34
540.69
545.12
580.61
566.19
568.66
564.37
570.80
566.80
586.58
599.79

606.22
606.80
607.44
609.14
609.14
609.08
642.37
675.56
673.18
673.18
668.67
672.39
672.79
673.58
673.61
674.07
674.67

34
34.5
34.5

35

28

32

9.5
10

7.5

12.5
12.5

485.70
485.18
484.97
604.54
604.54
605.06
582.20
605.03
604.81
604.48
604.48
604.33
604.27
604.17
604.11
604.08
604.02

47
47.5
47.5

S O O O O O O o o Oo

617.31
620.14
620.14
311.49
620.14
858.00
614.48
614.48
614.48
614.48
614.48
614.48
614.48
614.48
614.48
614.48
614.48

11.5
10.5
10

-283.17  39.5

-167.07  39.5
-2.83 34.5
-2.83 34.5
-2.83 34.5
-16.99  34.5
-8.50 8
-8.50 8

-11893 8.5
-93.45 9
-59.47 9.5
-53.80 9.5
-39.64 9.5
-25.49 9.5
-16.99 9.5
-14.16 6.5
-14.16 6.5

Node number 5 is identified as the most critical node. Additionally, we observe

significant fluctuations in water flow, ranging from 614.48 1/s at the 30th second to -543.68

1/s at the 40th second. These flow variations, characterized by oscillations, persist as

illustrated in Figure 6b and do not stabilize even after 200 seconds, although the intensity

of the flows gradually diminishes.

Table 6 depict the power of electric motors with maximum and minimum flow rates of

pumps.

Table 6. Power of electric motors with maximum and minimum flow rates of pumps

Time  No. of Pump Pump No.of Pump Pomp Expansion Opening Flowsin
(s) rotations of motor flow P: rotations motor Flow P Vessel the Valvethe valve
the pump P1 power P1  (I/s) of the powerP. (I/s) Flows (I/s) Vi Vi
(rpm) (kW) pump P2 (kW) (%) (I/s)
(rpm)

0 1320 0.00 308.65 1320 0.00  308.65 0.00 100 614.48
0.5 1320 265.02 308.65 1320 265.02 308.65 0.00 92.5 608.81
1 1320 265.02 308.65 1320 265.02 308.65 0.00 80 597.49
1.5 1320 265.02 308.65 1320 265.02 308.65 0.00 70 583.33
2 1320 265.02 308.65 1320 265.02 308.65 0.00 60 563.51
2.5 1320 265.02 308.65 1320 265.02 308.65 0.00 50 538.02
3 1320 265.02 308.65 1320 265.02 308.65 0.00 40 504.04
3.5 1320 26495 308.65 1320 264.95 308.65 2.83 29.4 441.74
4 1320 26495 308.65 1320 264.95 308.65 8.50 20 336.97
4.5 1320 264.80 308.65 1320 264.80 308.65 19.82 14.4 220.87
5 1320 264.72 305.82 1320 264.72  305.82 39.64 10 87.78
5.5 1320 264.57 305.82 1320 264.57 305.82 70.79 3.8 11.33
6 1320 264.35 305.82 1320 264.35 305.82 113.27 0 -14.16
6.5 1320 264.05 305.82 1320 264.05 305.82 172.73 0 -14.16
7 1320 263.60 30582 1320 263.60 30582  260.51 0 -5.66
7.5 1320 263.01 30299 1320 263.01 302.99 385.11 0 -2.83
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8 1320 262.26 30299 1320 262.26 30299  555.01 0 0.00
8.5 1320 262.04 300.16 1320 262.04 300.16 739.07 0 0.00
9 1320 263.16 30299 1320 263.16 30299  858.00 0 0.00
9.5 1320 265.39 308.65 1320 265.39 308.65  812.69 0 0.00
10 1320 266.36 31149 1320 266.36 31149 637.13 0 0.00
10.5 1320 26525 308.65 1320 265.25 308.65  478.55 0 0.00
11 1320 263.75 305.82 1320 263.75 305.82  421.92 0 0.00
11.5 1320 26249 30299 1320 26249 30299  461.56 0 0.00
12 1320 261.44 300.16 1320 261.44 300.16  580.50 0 0.00
12.5 1320 261.59 300.16 1320 261.59 300.16 707.92 0 0.00
13 1320 262.78 30299 1320 262.78 30299  758.89 0 0.00
200 0 0.00 0.00 0 0.00 0.00 0.00 0 0.00

The static pressure measurements at the study nodes reveal some notable trends.
Pressure was recorded at 544.31 m on the 25th second, increasing to 606.58 m by the 35th
second before decreasing to 485.09 m at the 45th second. This oscillatory pattern continues,
as illustrated in Figure 7. These oscillations suggest a moderate level of risk to the water
transport system at node 17. In contrast, other nodes display a low level of risk as they do
not experience significant oscillations. The large oscillations at node 17 are primarily
caused by the V1 valve closing at the 6th second. Furthermore, pressure fluctuations at this

node are also due to the movement of a large volume of water in the DN 1200 main pipe

[12].
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Figure 7. Comparison of static pressure at several joints in the main line, with expansion tank and

pump speed n=1320 rpm, Qtot=700 1/s, V1 closing.

In this simulation, the inlet pressure at the pump station is 0.84 bar and the outlet
pressure is 6.94 bar, with a pump flow of 614.48 1/s. The pump operates at a speed of 1320
rpm. The power of the pump's electric motor consumes 265.02 kW of energy while it is
operating. We close the V1 Valve at second 6 and the pumps continue to operate until
second 25. The pumps are switched off at 25, and we have the following situation.

Node 17 is the most critical point in the system. At the 25-second mark, there is a
pressure change of 1.3 bar and a flow rate of 614.48 1. A reverse pressure of -4.7 bar is
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generated by a wave travelling in the opposite direction at second 40, with a flow of -543.68
1/s against the flow.

Afterward, at second 55, we have a flow of 521.03 I/s and a pressure of 6.68 bar. At
second 67.5, the flow is -495.54 1/s and the pressure is -4.09 bar. This continues. The pressure
and flow continue to decrease at node no. 17, as shown in Figure 6b.

The risk of cavitation remains until second 100, when the pressure is -3.74 bar and the
flow is -450.29 1/s. Even after second 200, the system does not calm down.

This situation is extremely dangerous, with a high risk of cavitation and pipe
destruction at this junction.

The WHAMO software does not handle phase changes, so simulations using WHAMO
produce opposite pressures that exceed the vapor pressure. The software only warns of the
possibility of cavitation and pipe destruction. Figure 8 depict the Comparison of the

percentage of opening V1 during 6s, and the amount of water entering the expansion

vessel.
Pump flow Q=f(t) and valve position Av= f (%)
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Figure 8. Comparison of the percentage of opening V1 during 6s, and the amount of water entering

the expansion vessel

In the Figure 8, the closing of valve V1 over a period of 6 seconds is illustrated with a
full red curve, representing the percentage of the valve closing. The full blue curve shows
the flow through valve V1 as a function of time, while the full black curve depicts the flow
in the expansion vessel. As observed in Figure 5, until the 6th second when valve V1
closes—the expansion vessel experiences a water flow of 113.27 1/s. At the 9-second mark,
the flow in the expansion vessel increases to 858 /s, followed by an oscillation where the
flow drops to 421.92 I/s. This flow continues until the 25-second mark, then at 27.5 seconds,
it decreases to 62.30 1/s, ultimately dropping to 0 1/s by the 50-second mark.

In the Figure 9, the water flow through Valve V1 is time-dependent, and we have
included the percentage of Valve V1's opening over a duration of 6 seconds.



Modelling Transient Hydraulic Hammer Behaviour in Pumped Systems Using WHAMO Software

Comparison between Q and %
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Figure 9. Comparison of the percentage of opening V1 for 6s, and the water flow through Vale V1.

It is noteworthy that, up until the 6th second, the valve remains open at the percentages

indicated in the following table 7.

Table 7. Percentage of Valve V1's opening over a duration of 6 seconds.

Time (s) .00 1.00 2.00 3.00 4.00 5.00 6.00

Percent (%) 100 80 60 40 20 10 .00

At second 0, the valve is fully open at 100%, allowing 614.48 1/s of unobstructed water
flow. At second 1, the valve is open to 80%, resulting in a flow of 600 1/s. At second 2, the
valve opening has decreased to 60%, and the water flow through valve V11is 563.511/s. The
valve continues to close, and at Second 3 its opening is 40%, with a corresponding flow of
504.04 1/s. At second 4, the valve is now only 20% resulting in a flow of 336.97 1/s through
V1. At second 5, the valve is reduced to 10% open, and the water flow through valve V1
has dropped to 87.78 I/s. Finally, at second 6, the valve is completely closed, resulting in an
implied negative flow of -14.16 1/s.

Figure 10 shows the steady state condition when two pumps operate at a speed of n =
1320 rpm with a total flow in the pipeline Qwt = 614.48 1/s. Thus, the blue line (solid)
represents the potential energy of the position (i.e. the height of the pipeline — m.a.s.l) at
the nodes along the length of the pipeline that we have selected for study (supply pipe
nodes 1, 5, 17 and pressure pipe nodes 181, 28). In Figure 7, the red pipeline line (solid)
represents the total potential energy at the nodes along the length of a pipeline with a
steady state operation of two pumps.

From this curve, the change in static pressure at each point of the pipeline can be read.
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Comparison between max. potential energy and min. potential energy

4 H=1f(L) )
675.56 674.67 | 850

670 750
650 650
30 550

609.14 450
610 604.48

350

£59 | 544.53 604.5% 582.20 250 )

+ 570 150 =

fnsso Y e
‘—V /V— =0

£ 530
-150
510
et ELEV (m) -250
490 350
——e— MAXIMUM ENERGY ELEV. (m
470 484.97 (M 450
450 MINIMUM ENERGY ELEV. (m) | -550
0 750 1500 2250 3000 3750 4500 5250 6000 6750 7500 8250 9000 9750 10500 11250 1200012750 13500
\_ Stationing (m) Y.

Figure 10. Comparison of pressure at several joints in the main pipe, with expansion vessel and

pump speed n=1320 rpm.

CONCLUSION

This research work provides a comprehensive assessment of the hydraulic performance,
operational efficiency, and technical characteristics of the DN 1200 water transmission
pipeline, which forms an integral part of the regional supply system serving Prishtina,
Obilig, Fushe Kosove, and several surrounding municipalities. The system includes the
main pipeline, the pump stations (nodes 17 and 181), and the water treatment plant (node

28), all functioning together to ensure the reliable delivery of drinking water to the region.

The transmission pipeline is constructed from cast iron pipes in accordance with the DIN
EN 545 standard, protected externally with zinc-aluminum and bitumen coatings and
internally lined with cement mortar. The hydraulic roughness values considered for the
analysis were [21]:

e k=0.85 (average for cement-lined cast iron),
e k=115 (maximum for cement-lined cast iron), and
e k=3.00 (representative of corrosion conditions).

According to the manufacturer, the use of these pipe materials yields several significant
advantages, including reduced raw water intake, lower hydraulic losses, minimized staffing
needs at pumping facilities, decreased risk of physical damage, and reduced environmental
impact.

A comparison between the measured pump flow rates and the design performance test
results revealed a decline in pump efficiency from the expected 86% to 61.8% in operation
[22]. This reduction has a direct impact on energy consumption, resulting in higher
operating costs for delivering the same quantity of water. Calculations indicate that a single
pump operating under optimal conditions could save approximately 727,605.6 kWh
annually. At an electricity cost of €0.08/kWh, this translates into an annual saving of
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€58,208.44 per pump. Given that two pumps typically operate simultaneously, the
potential savings could reach €116,416.89 per year.

The hydraulic analysis also highlights the importance of preventing pump dry running
[23, 24]. When water losses exceed 300 1/s, the pipeline cannot sustain flows above 1,250 1/s,
potentially endangering pump operation. Installing a dry-running protection system would
provide immediate shutdown under unsafe conditions and significantly reduce the risk of

mechanical damage.

Based on the outcomes of this research work, the following actions are recommended for
the Regional Water Supply Company "PRISHTINA" to minimize unnecessary operational

costs and enhance system reliability:

e Replacement of inefficient pumps;

o Correction of errors in pump selection and sizing;

e Impeller trimming or other performance-optimizing interventions.

These measures represent both technically sound and economically justified solutions,
and it is anticipated that, within a three-year period, investments in new pumping

equipment or improvements to existing units would generate substantial financial and

operational benefits for the utility.

NOMENCLATURE
H —hydraulic head,
] — spatial index (pipe node),
N — time step duration,
H, ;-head at time step n, nodej,
Hp.1 j-head at time step n+1, node j,
Q - flow rate (discharge) in the pipe,
t— time,
0Q /0t Partial derivative of Qwith respect to time (rate of change of Qin time),
n— time step index,
Jj—spatial index (an integer identifying the position in space on the numerical grid),
Qn,j— value of Qat time step nand spatial index j,
Qn+1,j—value of Qat the next time level n + 1at the same spatial position j,
Qn,j+1—value of Qat the same time n, but at the next spatial location j + 1,
Qn+1,j+1— Value of Qat the next time step and the next spatial position,
At— Time step size (the difference between time levels t,,,,and t,,),
Q(n,j) - flow rate at time step n and node j,
Q(n,j + 1) - flow rate at time step n and the next spatial node j+1,
|@| - absolute value of flow rate (express flow-dependent friction terms),

Axj - pipe segment length between nodes j and j+1,
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fJ - Darcy—Weisbach friction factor for the pipe segment,

0 (theta) -angle factor or correction term (often 1 for horizontal pipes,
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