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Abstract: Starting up water installations is typically a task that falls within the purview of water
utility companies. These operations involve the presence of two separate fluids (water and air) that
can be analyzed in terms of consideration two distinct behaviors (hydraulic and thermodynamic).
During a filling process, trapped air pockets exhibit a trend of declining volume, generating pressure
surges that are typically not addressed under current worldwide regulations. This research introduces
an innovative mathematical approach based on physical equations to investigate filling operations
in water installations involving trapped air, incorporating an unsteady friction model (using the
Brunone friction coefficient), in combination with the rigid water column model. The validation
of the proposed model is carried out in an experimental facility measuring 7.36 m in length. The
proposed model is then applied to a case study involving a 460 m long pipeline with an internal pipe
diameter of 150 mm, featuring an undulating profile composed of three branches, to demonstrate
how the gravity term should be calculated in real-world water installations. The results showed that
the proposed model, considering an unsteady friction model, is suitable for simulating the start up of
water pipelines for the experimental facility analysis and the case study. The Swamee-Jain formula
yielded the best results compared to other formulations for computing the friction factor.

Keywords: filling process; trapped air; unsteady friction model; pipelines

1. Introduction

Reliability is of paramount concern in the design of hydraulic systems, largely due
to the substantial costs associated with such systems. Therefore, engineers are tasked
with a critical responsibility: the careful selection of pipe resistance classes. This selection
is pivotal in safeguarding hydraulic installations against the adverse effects of pressure
surges, as outlined by Fuertes-Miquel et al. (2019) [1]. Throughout the last decades, a
considerable amount of attention has been focused on the examination of water hammer
effects, primarily driven by incidents of pipe collapses, concentrating on monophasic
conditions involving water [2,3].

Initially, the focus of analysis centered on the behavior of the water phase and encom-
passed operations such as valve closures and pump stoppages. These hydraulic phenomena
have been subjected to extensive scrutiny through a combination of numerical simulations
and experimental studies, often employing commercial software packages such as HAMMER
(OpenFlows Hammer Edition Update 3) and Allievi (Version 3.0.0), among others.

The global landscape has responded to the challenges posed by transient flow within
hydraulic installations by adopting regulations that govern its management, a practice
observed across numerous countries. As a result, engineers and designers are capitalizing
on the wealth of knowledge accumulated in this field to craft robust and effective designs,
as articulated by Abreu et al. (1999) [4].
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In recent decades, there has been a surge in interest regarding the analysis of transient
flow phenomena involving entrapped air. This surge is driven by the recognition that air
pockets can induce more extreme absolute pressure patterns compared to transient flow
scenarios in the absence of air, as discussed in various works [1,5,6]. This peculiarity arises
from the inherent greater elasticity of air compared to that of both water and the pipes
themselves. When an air pocket undergoes a volume reduction due to water compression,
its pressure increases, and vice versa.

Modeling the transient flow with entrapped air demands the utilization of complex
formulations to faithfully represent the intricate interplay between the water and air phases.
Numerous approaches have been employed to simulate filling operations within hydraulic
installations. For instance, Zhou et al. (2002) [6] harnessed the method of characteristics,
in conjunction with polytropic laws and a steady friction factor, to model the temporal
evolution of water during a filling operation.

Advanced mathematical models have been used to analyze pipe operations involving
entrapped air in water distribution systems [1], in which the utilization of the rigid water
column model was considered, in combination with steady friction models. Computational
fluid dynamics (CFD) techniques have been utilized to periodically study maneuvers
involving entrapped air, offering insights into the evolution of various variables, such
as air pocket temperature, air pocket pressure, water velocity, air pocket density, and air
pocket size patterns [7]. CFD techniques are also utilized to examine water phenomena
when one-dimensional mathematical models fall short, particularly in scenarios in which
the water column obstructs the internal orifice of an air valve without fully expelling
the injected air pocket [8]. There is no specialized software designed for performing
one-dimensional simulations related to the analysis of transient flows with entrapped air
pockets in water distribution systems, which is a current challenge for the water sector.
Water utilities have suffered the negative effects of transient events with air entrapped in
their infrastructures over recent decades; however, they only can act considering practical
recommendations presented by the American Water Works Association (AWWA) [9]. For
pipeline filling, the manual recommends that the filling velocity should not surpass 0.3 m/s,
which can be achieved using a potable water pump or a throttled flow rate for the filling
operation. A differential pressure of 2 psi is recommended for computing the injected
air volume. A compressible flow-through equation is suggested to compute the air valve
capacity. However, the manual does not contain an extensive explanation for simulating
the hydraulic and thermodynamic behavior of the water and air phases, respectively. Thus,
water utilities cannot use the manual to determine the air pocket pressure evolution along
water installations, where it of utmost importance to confirm whether the resistance pipe
class is higher than the air pocket pressure in order to avoid a pipeline rupture.

During transient events, the friction factor should be addressed considering unsteady
friction models; therefore, numerical, and experimental approaches have been employed in
this field [10-13]. Particularly, Zhou et al. (2020) [14] leveraged the method of characteristics
as a solver for transient equations, incorporating an unsteady friction factor in the context
of starting up water pipe systems. Table 1 presents a summary of different mathematical
models used in recent years, showing the implementation of the rigid water column model
(RWCM), the elastic water column model (EWCM), and the CFD model. Both the RWCM
and EWCM provide similar results, since the air elasticity is much higher compared to that
of the water and the pipe.

This paper endeavors to develop a mathematical model tailored to the analysis of
filling operations, emphasizing an unsteady friction model and the application of the
rigid water column model, which has not been addressed in the current literature. The
proposed model can be employed to calculate the maximum air pocket pressure during the
start up of water pipelines. This calculation helps determine whether the pipe resistance
can withstand this extreme value. The proposed model introduces the Brunone friction
coefficient for simulating this operation for comparison with previous models. Notably, this
model is particularly well-suited for the small pipe diameters within hydraulic installations.



Appl. Sci. 2023,13, 11279

30f16

In addition, the current literature does not contain information regarding the use of the
rigid water column model in combination with the unsteady friction model to simulate
starting up water installations. To validate the mathematical model, experimental tests
were conducted employing a pipe with a length of 7.36 m. Subsequently, the mathematical
model, enriched by the incorporation of an unsteady friction factor, is applied to a practical
scenario to observe variations in air pocket pressure, water velocity, and the length of the
water column.

Table 1. Summary of mathematical models used for the water phase.

Author RWCM EWCM CFD
Liou and Hunt (1996) [15] v
Izquierdo et al. (1999) [16] v
Fuertes-Miquel et al. (2016) [17] v
Zhou et al. (2013) [18] v
Zhou et al. (2019) [19] v

Zhou et al. (2011) [7]
Wu et al. (2021) [20]
Fang et al. (2021) [21]

SNENEN

2. Mathematical Model

This section presents the development of a rigid water column model considering
an unsteady friction model for performing filling operations in pressurized pipelines. A
filling process begins when a regulating valve is opened; then, the initial water column
starts to fill a pipeline installation, and the air volume exhibits a reduction in size. Initially,
the hydraulic system is at rest, but the reduction of the injected air volume produces an
increase in the air pocket pressure head. The pipeline should be sized to resist the maximum
pressure during a transient flow event.

The proposed model considers the following assumptions: (i) the water movement
is simulated using the rigid water column model, (ii) an unsteady friction model, and
(iii) a polytropic law to represent the air phase; and (iv) the air-water interface is considered
perpendicular to the main direction of the flow. The proposed model can be applied to
water pipelines with small internal diameters. Figure 1 presents a scheme of water pipeline
filling. A pipeline has several branches along its chainage, which are described by the length
(L;) and a longitudinal slope (9;). The total number of pipe branches is represented by n.
Longitudinal slopes (6;) can have positive or negative values for ascending or descending
pipe branches, respectively.

Figure 1. Scheme of a water pipeline filling.

A complete modeling of a filling process can be achieved using the formulations
described as follows:

(a) Mass oscillation equation: the Euler equation describes the water movement along a
pipeline installation, which considers the inertia system with the term dv/dt. The
equation must be applied between the upstream end of the water installation and the
pipe branch where the tail water column is located. In addition, the Euler equation
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contains both steady and unsteady terms for computing the friction factor. The
equation is applied as shown:

d * _ x d RygA2
dof _Po—P1 Az <fvf|vf|+k57’f>_ 08 A"vg|vy| 1)

dt ~ pals Sl 2D g dt Ly

where pj = upstream pressure supplied by a tank or pump, vy = water filling velocity,
pw = water density, p] = air pocket pressure, ¢ = gravitational acceleration, f = friction
factor, Az = difference elevation between two points of a pipeline, D = internal pipe
diameter, Ly = filling column length, R, = resistance coefficient, A = cross-sectional area,
and ks = Brunone friction coefficient. The Brunone friction coefficient (k;) [22] depends on
the Vardy’s shear decay coefficient (C*), which is a function of a laminar or turbulent flow
condition. For a laminar flow condition, it takes a value of C* = 0.00476, and for a turbulent
7.41

o . . .
regime, it can be computed by the expression C* = raiog 143/ The Reynold number is

calculated as Re = v¢D /v, where v = kinematic viscosity.

(b) Gravity term: for making calculations, it of utmost important to determine the gravity
term (Az/Ly), which varies depending on where the water filling is located in regards
to the pipe branch i. The general expression of the gravity term is expressed as follows:

A T Lising T (Lf —yid L,-)sin 0,
Ly Ly

@

where b = the position of a water filling column. Equation (1) must be applied, considering
the negative and positive values of the longitudinal slopes. For a negative longitudinal
slope, the sign “—" must be used, and for a positive value, the sign “+” is used. For a
single pipeline, the gravity term can be computed as:

A
221 _ +sing, ®)
Ly

(c) Friction factor: this is used for describing friction losses along a hydraulic installation.

For a laminar regime (Re < 2000), the Hagen-Poiseuille [23,24] equation can be used.

f= Re (4a)

For transition and turbulent zones, the Swamee-Jain equation [25] was utilized, which
is applicable for Reynold numbers varying from 3 x 10% to 3 x 108, and for absolute
roughness (k) in a range between 107 and 2 x 1072 mm.

0.25
lou [ ks | 574 2
B\37D " Re"?
(d) Piston-flow model: this formulation is used to describe the air-water interface, which

is considered perpendicular to the main direction of a pipeline. This equation can be
applied for small pipe diameters.

f= (4b)

dLy
o Y ©

(e) Polytropic law: the air pocket volume, which is produced by the water movement
during the filling operation, changes over time. The air pocket starts at rest (at
atmospheric condition, p},,,), but when the regulating valve is opened, the air pocket
pressure increases in value. The pipeline must be sized by considering a suitable pipe
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resistance for the maximum pressure attained during a transient event. The polytropic
law for describing the air pocket behavior is given by:

pixk = p’{roxlé = constant (6)
where k = polytropic coefficient, x = air pocket size, and the subscript 0 refers to the initial
condition of an air pocket. The air pocket size is computed as x = Lt — Ly, where Lt = total
pipe length.

The numerical resolution of the differential-algebraic system composed by Equations (1),
(2), (4a), or (4b)—(6) is solved to find the unknown variables (pj, v s L £ X, Az, and f). The
numerical resolution was performed using the method ODE23s in Simulink of Matlab.
The system begins at rest; then, the initial conditions are v¢(0) = 0, pjy = puyy, and
Xg = Lt—L £,0:

The numerical resolution of the main variables can be addressed using the flowchart
shown in Figure 2.

Start

Read

Dr ﬂZ, g, LT: P Rw Xo, pax k: k.s': Lir and
A.

Y

Definition of initial conditions att =0

Xo =Ly —Lfo; Ve = 0; and pi o = Darm

‘

Solve the set ot algebraic-difterential system composed by
Equations (1), (2), (4), (5), and (6)

X

Numerical resolution for
Uy, pIJ Lf.r ﬂZ/Lr, andf

.

Computation of
Re, kg, and C*

Y

End

Figure 2. Flowchart for the application of the proposed model.
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3. Validation Model

A specialized experimental setup was established in the hydraulic lab at the University
of Lisbon in Lisbon, Portugal, with the primary aim of validating the governing equations
outlined in Section 2. These experimental measurements have been previously reported [26].
This setup comprises several essential components: a hydropneumatic tank capable of
providing various initial pressure heads, a 7.6-m long PVC pipe, a pressure transducer
situated at the highest point within the setup, a manual valve (referred to as MV) designed
to isolate the pipeline from the hydropneumatic tank, and four electro-pneumatic valves
(from BV and BVy). It should be noted that BV; and BV, are kept open during the entire
filling operation.

Air pockets are introduced by injecting them into the highest point in the system.
For all experimental tests, a consistent initial air pocket size (denoted as x() of 0.517 m
is configured. Throughout the experiments, the right water column is maintained at a
constant level, serving as a blocking water column (see Figure 3). To facilitate the filling
operation, a total left branch pipe measuring 3.867 m in length is employed, encompassing
both the inclined and vertical sections (refer to Figure 3). The commencement of the filling
process is initiated by opening BV.

225m 205m
Conventions|
' Hydro-pneumatic tank === Pipe filled with water ," Boundary condition
&, Electro-pneumatic valve —— Pipe filled with air Pressure transducer

Manual valve

Figure 3. Experimental facility.

A synthetic maneuvering of BV} is incorporated, adhering to the manufacturer’s speci-
fied opening time of 0.2 s, and accounting for a resistance coefficient (R,) of 1.7 x 10° ms? /m®
for full opening. As BV, opens, the left water column begins to fill the hydraulic system, con-
currently causing the compression of the injected air pocket. Simultaneously, BV3 is promptly
closed to induce rapid compression of the trapped air. The blocking water column serves as
a crucial boundary condition, effectively replicating the behavior of a single pipeline.

Considering this setup and the observed processes, the filling operation within this
configuration is simulated using Equations (1) to (6). The hydropneumatic tank is meticu-
lously configured to comprise two distinct initial absolute pressure heads (referred to as
pj), measuring values between 175,000 and 125,000 Pa. A summary of the initial conditions
for the experimental runs is provided in Table 2.

Table 2. Initial conditions for experimental runs.

Run Initial Condition

No. 1 pg = 175,000 Pa; xp = 0.517 m
No. 2 pg = 125,000 Pa; xg = 0.517 m
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The air pocket pulses were conducted twice to ensure the accuracy and reliability of the
measurements for the two separate experimental runs. The pressure head pattern of the air
pocket for Run No. 1 is illustrated in Figure 4. Remarkably, both experimental repetitions
exhibited a consistent and similar trend across both experimental runs. Therefore, an
average of the experimental data was computed to further validate the mathematical
model, as depicted in Figure 5. Analysis of the experimental results revealed that the
maximum air pocket pressure head reached 32.02 m at 0.36 s for Run No. 1 and 50.42 m at
0.33 s for Run No. 2. For all experimental runs, a total time of 1.2 s was considered, since
the air pocket pressure peaks are found during this interval. The initial values of air pocket
pressure patterns increase rapidly until the maximum value is achieved; after that, these
oscillations start to dissipate. It is of utmost importance that the pipe class can resist the
maximum value in order to avoid a pipe rupture, as occurred during experimental analysis.

50

30 //\
/
20 | //
d

10 o ——

pl ;E:/’Y\\ (lTl)

_/ N

0.0 0.2 0.4 .6 8 1.0 1

to

t(s)

Experiment Repetition No. 1 Experiment Repetition No. 2

Figure 4. Experimental repetition for Run No. 1.
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Figure 5. Average of experimental air pocket pressure head fluctuations for Runs No. 1 and No. 2.

The gravity term can be computed as Az/ Ly = sin30°, considering the analyzed water
installation. Unsteady friction models prove to be more suitable than their steady friction
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p" "1y, (m)

(a)

counterparts when it comes to accurately portraying filling operations involving entrapped
air, primarily due to the involvement of a variable friction factor during transient events.
To assess this evolution, the Brunone friction coefficient was employed. Additionally,
the Swamee-Jain equation (as outlined in Equation (4b)) was utilized to calculate the
fluctuation in the friction factor during steady flow conditions. This choice was made
based on the similarity of results compared to those obtained using the Colebrook-White
formula, which is founded on a physical formulation. Reynolds numbers ranging from
0 to 2000, indicative of laminar flow, were effectively modeled using Equation (4a). For
the remaining Reynolds number conditions, the Swamee-Jain formulation was employed,
since it is well-suited for values situated within the critical and turbulent flow zones.

The calibration of the polytropic coefficient (k) was performed across three distinct
types of evolution: (i) an isothermal process characterized by k = 1.0, (ii) an intermediate
process with k = 1.2, and (iii) an adiabatic process denoted by k = 1.4. Figure 6 offers a
comparative analysis of these polytropic coefficients for both Run No. 1 and No. 2. Notably,
the most favorable outcome was achieved when employing an isothermal evolution, as
it allowed the mathematical model to closely track fluctuations observed in the average
experimental results. For Run No. 2, the utilization of a polytropic coefficient of k = 1.0
(representing an isothermal process) yielded a peak air pocket pressure head of 50.00 m.
In contrast, the employment of intermediate and adiabatic processes resulted in values
of 48.14 and 47.19 m, respectively. Consequently, a polytropic coefficient of k = 1.0 was
selected for the analysis, aligning closely with the measured peak air pocket pressure head
of 50.42 m. Additionally, the mathematical model for unsteady friction models (UFM)
demonstrated its capacity to accurately depict oscillations within the measured air pocket
pressure patterns. The root mean square error (RSME) was computed for Run No. 1 and
No. 2, yielding values of 1.36 and 1.34 m, respectively.

The Brunone friction coefficient and the Vardy’s shear decay coefficient depend on
the Reynolds number. Figure 7 shows the evolution of these variables. The Reynolds
number varies from 0 to 110,625 (for Run No. 1) and from 0 to 149,910 (for Run No. 2). The
maximum value of the Reynolds number is found at 0.25 s and 0.24 s for Runs No. 1 and
No. 2, respectively. The Brunone friction coefficient (k;) and Vardy’s shear decay coefficient
(C*) presented a cycle behavior, with an increasing trend for both numerical runs, with
maximum values of 0.034 and 0.0047, respectively.

/0N
W\ =
\ /’ N
3\ N
7 N o
AN 7
/ A ; 4 a o - < 7
J . -
// \\~——-—’, s-‘-"
0.2 0.4 0.6 0.8 1.0 1.2
1(s)
= = = Average experimental Mathematical model k=1.0
Mathematical model k=1.2 Mathematical model k=1.4

Figure 6. Cont.
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Figure 6. Comparison of different polytropic evolutions with regards to average experimental air
pocket pressure pulses using the UFM: (a) Run No. 1; and (b) Run No. 2.

To analyze the behavior of other friction models during the filling operations, the
formulas of Moody, Wood, Hazen-Williams, Blaissus, and von Karman-Prandtl were
considered. These formulas have been used instead of Equation (4b) (Swamee—-Jain). The
application of the Moody equation [27] is justified for a relationship of ks /D > 0.01; the
Wood equation [28] for Re > 10,000 and 1075 < ks /D < 0.04; and the Hazen-Williams [29]
equation is employed fora D > 75 mm and vy <3 m/s.

The Moody equation is described as shown:

k 106 1/3
f=0.0055|1+ (20000Ds + ) (7)

Re

The Wood formulation is:

0.225 0.44 0134
f= 0.094(;‘;) +0.53(;‘;> +88<’;) Re~162(35) (8)
and, the Hazen-Williams equation is given by:
133.89
f= ClEs1 D0'017U?;15Re0'15 ©)

where, Cyw = the Hazen—Williams coefficient.
The Blaissus equation can be used for smooth pipes (ks < 0.3056’), where ¢’ = the
boundary layer thickness.

0.316
f= Re06 (10)

Finally, the von Karman—Prandtl formula was used for rough pipes (ks > 6.105")
1

= [2log %5 + 1.14]2 o

The presented formulations were employed to conduct a sensitivity analysis, as de-
picted in Figure 8. It is evident that all of these formulations yielded results comparable to
those obtained by the Swamee-Jain equation, which is deemed the most suitable choice for
computing filling operations. The Moody and Wood equations offer a good representation
of the friction model. Conversely, the Blaissus and Hazen-Williams equations produced
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less favorable results in comparison to the experimental measurements; however, their
results are close those obtained from the experimental tests.

160,000.000

Run No.1
140,000.000

----- Run No.2

120,000.000

100,000.000

Y 80,000.000
M s

60,000.000
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20,000.000

0.000
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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(b) ©

0.0060

Run No.l ==--- Run No.2
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[/
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(©) t(s)

Figure 7. Analysis of pulses for experimental runs: (a) Reynolds number; (b) Brunone friction coefficient;
and (c) Vardy’s shear decay coefficient.
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Figure 8. Sensitivity analysis for different friction factor equations.

4. Practical Application

In this instance, a scenario featuring three pipe branches, as depicted in Figure 9, is
suggested. More intricate systems can be tackled in an identical manner, given that the
model is utterly universal. The analysis to explore the dynamics of a filling operation
within a undulating pipeline installation is characterized as follows: a total length (L) of
460 m; an internal diameter (D) of 150 mm; three pipe branches measuring 200, 70, and
200 m, and longitudinal slopes of 10°, 5°, and 15°, respectively; an absolute roughness
(ks) of 0.0015 mm; a polytropic coefficient (k) of 1.2; an initial hydro-pneumatic absolute
pressure (p;) of 265,000 Pa; an initial air pocket (xo) of 40 m; and a resistance coefficient
(Ry) of 15 ms?/m® for a fully open condition.

Hydro-pneumatic tank (p;)

v

L, = 200

,Lm/zm:n

Figure 9. A scheme including three pipe branches.

The gravity term varies along the analyzed pipeline, considering its undulating profile.
Table 3 presents the evolution of the gravity term and the application range for the three pipe
branches for practical applications.
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Table 3. Evolution of the gravity term.

Pipe Branch (b) Gravity Term Application Range
1 g:sint91 Lo <Ly <L
Ly
2 % _ Llsinf?]—(éi—Ll)sinﬂz Ll S Lf < Ll +L2
f
3 % _ L]Sil’\e-l—LzSinez-IL*JgLf—L]—Lz)Sil’l93 Ll + L2 S Lf < Ll + L2 + L3
f

where 0 =10°, 6, =5°, and 63 = 15°.

The ODE 23 s solver method employing the Simulink tool in Matlab was used for
the numerical resolution of differential-algebraic formulations included in Equations (1),
(2), (4a), or (4b)—(6) in all simulations, in which the air pocket pressure is changing over
time (p]). Equation (2) must be computed considering the three equations presented in
Table 3. The unsteady friction model (UFM) was employed, with calculations based on
the Swamee—Jain equation, and the results are visualized in Figure 10. These data reveal
an initial sharp increase in the onset of the hydraulic event, as shown in Figure 10a. At
61.35 s, the air pocket absolute pressure head reaches its maximum value of 115.60 m,
representing an 11-fold increase compared to the initial air pocket pressure of 10.33 m (at
atmospheric conditions). Subsequently, oscillations occur, with the air pocket pressure
stabilizing around 95.4 m from 400 to 1000 s.

140
120

100

80

60

p; /¥, (m)

40

20

0 200 400 600 800 1000
a

Figure 10. Cont.
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Figure 10. Hydraulic and thermodynamic variable evolution: (a) air pocket pressure head; (b) water
velocity and water column length; and (c) gravity term.

Regarding the water velocity (Figure 10b), it rapidly rises, peaking at 10.24 m/s at
4.03 s. When the air pocket pressure reaches its maximum (at 61.35 s), the water velocity
drops to zero, followed by intermittent pulses at a velocity of 0 m/s, indicating a resting
water column. The initial water column length was 40 m, but after the regulating valve was
opened, the pipe quickly filled with water, displacing the air phase (Figure 10b). The final
position of the water column length trends to a value of 364 m, which indicates that the
hydraulic system could not be drained completely, since there are no air valves along the
system. Therefore, an air pocket size of 66 m is found at the end of the transient event. The
time of the occurrence of the maximum water column length (403.9 m) coincides with the
peak air pocket pressure value (at 61.35 s). Figure 10c shows the gravity term evolution over
time. The minimum and maximum values of the gravity term of 0.129 and 0.175 m/m are
found at 27.6 and 61.35 s, respectively. The water column stays in pipe branch 1 (L) trough
from 0 to 18.96 s. It occupies pipe branch 2 (Lp) from 18.96 to 27.62 s, and finally, the water
column completes its movement in pipe branch 3. To study this kind of transient event, the
effect of the gravity term should be considered in order to obtain suitable results [30].
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The analysis presented in this section can be used by designers and engineers to
evaluate the water distribution system, considering the scenario in which air valves have
not been installed or have failed. The proposed model can be utilized not only by water
utilities, but also by other industries that require the analysis of filling operations involving
various liquids. This is the case because the proposed model is based on physical equations.

5. Conclusions

This research presented a proposed model to study the starting up of water instal-
lations, maneuvers that involve the presence of water and air. A differential-algebraic
equations system was developed using the rigid water column approach, the polytropic
law, and the piston-flow method. The rigid water column method was presented, consider-
ing an unsteady friction model, which is the most robust equation to analyze friction losses
using actual mathematical models. The mathematical model underwent validation in an
experimental facility consisting of a 7.6 m long PVC pipe, where the filling operation under
analysis was conducted slowly, resulting in an isothermal evolution. The results affirm the
suitability of the mathematical model for simulating experimental measurements of air
pocket pressure. Based on the results, the Swamee-Jain equation was the best approach
to compute the friction factor, when compared to the other formulations (Moody, Wood,
Hazen—Williams, Blaissus, and von Karman-Prandtl).

To demonstrate the practical application of this method, a water installation scenario
(total length of 460 m, and internal pipe diameter of 150 mm) was presented to observe
the responses of the main variables, such as air pocket pressure, water velocity, and water
column length. The equation was used to study a pipeline with an undulating profile,
which is of utmost importance, since actual water installations present this type of profile.

Based on the results, the following recommendations are set forth:

e Itis of paramount importance for engineers and designers to carefully monitor the
maximum pressure surges experienced during such transient events. In this context,
during the experimental measurements (Run No. 2), a maximum value of 50.42 m
was reached, significantly exceeding the initial absolute pressure head of the hydro-
pneumatic tank (125,000 Pa or 12.74 m) and the air pocket pressure of 10.33 m. This
occurred due to the compression of the air pocket during operation.

e  Water utilities can assess existing water installations using the proposed model and the
results presented for practical application involving three pipe branches, which depict
the evolution of the gravity term component in a typical scenario. As the number of
longitudinal slopes increases, more equations must be considered for evaluating the
gravity term. This scenario becomes particularly relevant when air valves are either
absent or damaged due to maintenance issues.

e Insituations where air valves have not been installed, air pockets may persist within
water installations, as observed in the experimental measurements and practical
applications. This condition poses significant risks, as it can lead to additional pressure
surges when a new filling operation is initiated to expel the air phase.

The authors suggest that future research could focus on assessing filling operations
which involves air valves, considering unsteady friction models.
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Abbreviations
The following abbreviations were used in this research:
A= cross-sectional area (m?)
BV = ball valve
b= position of a water filling column (-)
C* = Vardy’s shear decay coefficient (-)
D= internal pipe diameter (m)
f= friction factor (-)
g= gravitational acceleration (m/s?)
k= polytropic coefficient (-)
ks = absolute roughness (m)
L= filling column length (m)
L;= pipe branch length (m)
Lt = total pipe length (m)
MV = manual valve
p5=  upstream pressure supplied by a tank or pump (Pa)
p; =  air pocket pressure (Pa)
Re = Reynolds number (-)
Ry = resistance coefficient (ms?/m®)
= time (s)
vy = water filling velocity (m/s)
X = air pocket size (m)
pw=  water density (kg/m?)
ks = Brunone friction coefficient (-)
Az = Difference in elevation between two points of a pipeline (m)
0= refers to an initial condition (-)
v= kinematic viscosity (m?2/s)
0= longitudinal slope (rad)
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