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Abstract: Air pockets can become trapped at high points in pipelines with irregular profiles,
particularly during service interruptions. The resulting issues, primarily caused by peak
pressures generated during pipeline filling, are a well-documented topic in the literature.
However, it is surprising that this subject has not received comprehensive attention. Using
a model developed by the authors, this paper identifies the key parameters that define
the phenomenon, presenting equations in a dimensionless format. The main advantage
of this study lies in the ability to easily compute pressure surges without the need to
solve a complex system of differential and algebraic equations. Numerous cases of filling
operations were analysed to obtain dimensionless charts that can be used by water utilities
to compute pressure surges during filling operations. Additionally, it provides charts
that facilitate the rapid and reasonably accurate estimation of peak pressures. Depending
on their transient characteristics, pressure peaks are either slow or fast, with separate
charts provided for each type. A practical application involving a water pipeline with
an irregular profile demonstrates the model’s effectiveness, showing strong agreement
between calculated and chart-predicted (proposed methodology) values. This research
provides water utilities with the ability to select the appropriate pipe’s resistance class
required for water distribution systems by calculating the pressure peak value that may
occur during filling procedures.

Keywords: entrapped air pockets; dimensionless equations; filling operations; hydraulic
installation; pressure peaks

MSC: 45-11

1. Introduction
Understanding air–water interactions in pressurised hydraulic systems is critical for

preventing pipeline failures caused by pressure surges [1–3]. Water utilities must pay
particular attention to filling operations, as large air pockets often remain trapped within
hydraulic systems before the process begins [4]. The water column can compress the air
phase as the system is filled, leading to rapid or slow pressure surges. These operations
must be accurately predicted to prevent undesirable pressure peaks [5,6]. Air pockets
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tend to accumulate at high points in hydraulic systems with irregular profiles, making the
installation of air valves at these locations a common and effective recommendation [7–9].

Other factors requiring careful consideration include the operation of regulating valves,
which should be manoeuvred as slowly as possible to minimise pressure surges [10], and
the energy source driving the system [5]. Interestingly, smaller air pockets along hydraulic
installations increase the risk of pressure surges, necessitating thorough drainage during
emptying operations to mitigate this effect [4,11].

In reference [12], the development of predictive curves for pressure surges is presented,
as cited by reference [10]. Reference [12] presented a chart that overestimates pressure
peaks in practical scenarios due to its inability to account for the movement of blocking
columns. Additionally, the chart fails to predict pressure surges in pump-powered systems.
Other works, including those by reference [13] and reference [14], further examine this
phenomenon, highlighting its potential dangers and advocating for the installation of air
valves to vent the air phase.

Based on these studies, in reference [5], the development of a mathematical model
that incorporates the movement of blocking columns in water pipelines with irregular
profiles is presented. This approach employs the rigid water-column model, as air elasticity
far exceeds the combined elasticity of the water phase and pipeline. References [6,15]
presented a comparable solution to this issue, utilising the elastic water-column model.
Both models yield similar predictions for key variables, including air-pocket pressure, the
location of air–water interfaces, and water velocity, making them suitable for scenarios
where air valves are absent or fail due to maintenance issues.

More recently, Coronado-Hernández et al. (2019) [16] and Zhou et al. (2019) [17]
proposed enhanced models for air expelled through air valves, employing rigid and elastic
water-column frameworks. These models have been validated using diverse experimental
setups in recent years. Additionally, the problem can now be addressed using Computa-
tional Fluid Dynamics (CFD) models, which allow for detailed simulations of real-world
scenarios in existing installations and experimental facilities [18–20]. However, CFD simu-
lations can take months to complete. To avoid this problem, water utilities must acquire
quantum computing technology [21]. Nevertheless, modelling the internal geometries of
air and regulating valves presents inherent complexities, introducing certain uncertain-
ties into simulations. During filling operations, it is of utmost importance to identify the
polytropic evolution (typically considered as an intermediate evolution with an exponent
coefficient of 1.2) [4], pipeline characteristics (such as absolute roughness, pipe length,
internal pipe diameters, and longitudinal slopes) [22], as well as the definition of initial
conditions for starting up, using recommended values suggested by the American Water
Works Association (AWWA) [9], local regulations, or existing publications [23].

The authors have been working for many years on hydraulic transients involving
entrapped air, particularly focusing on the study of filling and emptying processes in
pressurised hydraulic systems [4], developing mathematical models to analyse these phe-
nomena, which have been validated through various experimental measurements. These
mathematical models consist of a set of differential equation systems whose resolution is
not straightforward.

This study’s innovation lies in accounting for the mobility of air–water interfaces,
which closes the gap between theoretical models and real-world behaviour. The model
employs a system of equations that can describe the motion of the filling column and
blocking columns.

This study, based on the model above, aims to (i) identify the key parameters influ-
encing pressure peaks, (ii) advance the theoretical understanding of the problem, and
(iii) create charts to predict pressure surges in practical installations with reasonable accu-
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racy. This research presents a tool that water utilities can use to compute pressure surges
that occur during filling operations in irregular profile pipelines, since it provides a novel
scheme for computing the maximum peaks of absolute pressure without solving complex
equations of this issue [5,24].

2. Materials and Methods
The authors have developed a system of differential–algebraic equations to examine

the evolution of air–water interfaces during the filling operations of a pipeline with an
irregular profile, accounting for n entrapped air pockets [5,16,25]. The flow is supplied by
an energy source, such as a reservoir or pump, and includes a valve to regulate the flow
rate. It comprises 2 + 3n equations, matched by the same number of unknown variables:
three for each entrapped air pocket with their corresponding blocking columns (air–water
interface position, xi , air-pocket pressure, p*

i , and water velocity in the blocking column, vi),
as well as two additional variables for the filling column (its length, L, and water velocity,
v). Figure 1 presents the scheme for a filling operation, which contains the main parameters
and variables of the issue.

Figure 1. The pipeline scheme for a filling procedure.

Figure 2 illustrates the methodology employed in this research. This research’s first
stage involves converting physical equations into dimensionless forms, as detailed in
Section 2. Based on this analysis, the second stage focuses on practical charts that aid
in predicting the filling process with entrapped air pockets. Section 3 elaborates on the
development of these charts, which are crucial, as the parametrisation provided can be
applied to any water installation to determine the maximum pressure surges. Finally,
Section 4 addresses the third stage, showcasing a practical application to a water installation.

Figure 2. Methodology used in this study.
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2.1. Dimensionless Variables

The reference scales used in the non-dimensionalization of this set of equations are
presented in Table 1. These dimensionless variables are obtained by dividing the studied
variable by a reference value.

Table 1. Dimensionless variables.

Dimensionless Variable Variable Scale

Pressure head:

H∗
e =

p∗e
γ = Hr + H∗

atm + Hp(Q = 0), (11)
h∗ =

p∗0
p∗e

=
H∗

0
H∗

e
, (1)

Air-pocket pressure head i:
h∗i =

p∗i
p∗e

=
H∗

i
H∗

e
, (2)

Filling-column velocity:

ve =
√

2g(H∗
e − H∗

atm), (12)
v = v

ve
, (3)

Blocking-column velocity i:
vi =

vi
ve

, (4)

Filling-column length:

Le = Lair1,0, (13)
l = L

Le
, (5)

Position of a blocking column i:
Xi =

xi
Le

, (6)

Gravity term of the filling column:

Equation (11)
∆ζ = ∆z

H∗
e

, (7)

Gravity term of a blocking column i:
∆ζi =

∆zb,i
H∗

e
, (8)

Air-pocket volume i: ∀e = ∀1,0 = (x1,0 − L0) · A, (14)
Le = Lair1,0, (15)φt =

∀i
∀e

=
Lair,i
Le

, (9)

Time: Te =
Le
ve

=
Lair1,0√

2g(H∗
e −H∗

atm)
, (16)

τ = t
Te

, (10)

2.2. Dimensionless Parameters

The dimensionless parameters were considered to establish a set of dimensionless
equations, presented in Table 2. The dimensionless equations are formulated in terms of
the dimensionless variables, where the parameters appear by deriving the equations.

Table 2. Dimensionless parameters.

Parameter Equation

Inertial scale
Πi =

v2
e

gH*
e
= 2

(
1 − H*

atm
H*

e

)
= 2 − 2

Πm
, (17)

whose value tends to 2 for powerful energy sources
(

H*
e ≫ H*

atm
)
. The energy parameter is

yielding by Πm = H∗
e /H∗

atm.

Friction scale
Π f =

f v2
e Le

2gDH*
e
=

f Le
D

(
1 − 1

Πm

)
, (18)

Whose value tends to be the Martin parameter f ·Le
D [12] if H*

e ≫ H*
atm; that is, when the

energy parameter is Πm, it is big.

Parameters of water columns
(a) Blocking column i: βi =

Lb,i
Le

, (19)
(b) Filling column: β = L

Le
, (20)

(c) Filling column (initial): β0 = L0
Le

, (21)

Note that β values change over time, so they are not strict parameters and are irrelevant to computing pressure
surges. This simplification has been considered for the current analysis.
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The combination of βi, β, and β0 with friction and inertia scale parameters (Table 2),
Π f and Πi, results in the total friction and inertia parameter for the blocking columns,
as follows:

Π f ,i = Π f · βi, (22)

Πi,i = Πi · βi, (23)

In addition, the gravity terms represented by ∆ζ and ∆ζi play an essential role in
determining pressure surges. When the peak is abrupt and occurs rapidly, the influence of
∆ζ variation is minimal, making geometric similarity relatively insignificant. Conversely,
when the peak gradually unfolds more slowly, this variable becomes the primary factor of
pressure surges’ occurrence. Then, the profile parameter is defined as follows [24]:

δp =
Lp sen θp

H*
e

, (24)

Finally, the parameter αi relates the blocking-column capability versus the capacity to
store the system’s energy-blocking column/air pocket [24].

αi =
Lb,i

Lair i,0
, (25)

The parameters αi and βi are equal for the first entrapped air pocket.

2.3. Dimensionless Equations

The original equations were transformed into dimensionless equations based on
dimensionless parameters and variables [5,16]. Table 3 presents the results obtained.

Table 3. Dimensionless equations.

Original Equation * Dimensionless Equation

Filling Column (2 Equations)

1.- Rigid model equation for the filling column
dv
dt =

p∗0−p∗1
ρL − g ∆z

L − f v|v|
2D , (26) h∗ − h∗1 = (Πi β) dν

dτ + ∆ζ +
(

Π f β
)

ν|ν|, (31)
2.- Water–air interface position for the filling column

L = L0 +
∫ t

0 v dt, (27) l = β0 +
∫ τ

0 vdτ, (32)

n Blocking Columns/Air Pockets (3n equations)

3.- Rigid model equation for blocking column i (i = 1, 2, . . . , n)

dvi
dt =

p∗i −p∗i+1
ρLb,i

− g ∆zb,i
Lb,i

− f vi |vi |
2D , (28) h∗i − h∗i+1 = (Πi βi)

dνi
dτ + ∆ζi +

(
Π f βi

)
νi|νi|, (33)

Where for the last blocking column (i = n), must be replaced
h∗n+1 = h∗atm

4.- Entrapped air pocket i (i = 1, 2, . . . , n)
p∗i · (xi − xi−1 − Lbi−1)

n = pi,0 ·
(

xi,0 − xi−1,0 − Lbi−1
)n, (29) h∗i φn

i = 1
Πm

(
βi
αi

)n
, (34)

5.- Water–air interface position for the blocking column i (i = 1, 2, . . . , n)

dxi
dt = vi, (30)

dφi
dτ = vi − vi−1, (35)

being v0 = v for the first trapped air pocket (i = 1)

* Note: details of original equations can be found in reference [5].

2.4. Dimensionless Initial and Boundary Conditions
2.4.1. Initial Conditions (t = 0)

Under the system consideration, the following initial conditions were defined:

(a) Filling column:

v(0) = 0 , l(0) =
L0

Le
= β0 , (36)
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(b) Blocking column i/entrapped air pocket i:

vi(0) = 0 , h*
i (0) =

H*
i (0)
H*

e
=

H*
i,0

H*
e
=

H*
atm

H*
e

, φi(0) =
∀i(0)
∀e

=
∀i,0

∀e
, (37)

2.4.2. Boundary Conditions

Equation (38) represents the energy source, which is the origin of the movement. It
greatly influences the development of fast peaks, while it gives way to gravitational effects
as far as slow peaks are concerned. Two parameters define their characteristics:

At x = 0 h*
1 =

Hr + H*
atm + Hp(Q)

H*
e

, (38)

At x = xn + Lb,nh*
n+1 = h*

atm , (39)

- Boundary energy (motor) parameter

Πm =
H*

e

H*
atm

, (40)

- The boundary shape parameter, µ, which considers the relationship H − Q character-
ising the source of energy. For a pump, for which Hp = Ap − CpQ2, µ is defined as:

µ =

√√√√√ Ap
H0

Ap
H0

− 1
=

√√√√√ Cp ·Q2
0

H0
+ 1

Cp ·Q2
0

H0

, (41)

where H0 and Q0 are the steady-state delivery head and flowrate, respectively. For a
reservoir, Cp = 0 or, equivalently, µ = ∞.

3. Pressure Surges and Characteristics Parameters
3.1. Parametrization for Slow and Rapid Air-Pocket Pressure Peaks

The set of Equations (31)–(35), the initial conditions (Equations (36) and (37)) and their
boundary conditions (Equations (38) and (39)), together with the remainder of data, especially
the pipeline profile defined by Equation (24), completely define the problem under consideration.
Since the variables are dimensionless, the results obtained for specific parameters are universally
valid. The exceptions are the gravitational terms ∆ζ, which cannot be considered in this
parametric study since they characterise each profile. Nevertheless, their behaviour in extreme
cases of interest is perfectly defined and does not pose unique difficulties in solving the problems.
Thus, the parameters that define the pressure peaks for a given air pocket depend on its position
within the system (i = 1, 2, . . ., n). For a generic i, they are:

• Filling-column parameter β0, Equation (32).
• Two parameters for each blocking column upstream of air pocket i, Equation (4): Πi,i

and Π f ,i, defined by Equations (22) and (23).
• One parameter (observe that βi is included in Πi,i and Π f ,i) for each air pocket up-

stream of air pocket i, Equation (34): αi.
• One parameter standard to all the air pockets: the polytropic coefficient n.
• Two parameters characterising the source of energy, Πm and µ, and one parameter for

every reach p with no zero slope, δp, forcing the layout. Geometry constitutes the drawback
of an utterly general study. As seen later, considering only the corresponding δp to the
reach where the air pocket descends gives reasonably good accuracy. Thus, as far as
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boundary and geometric parameters are concerned (parameters not included explicitly in
the equations of the system), three parameters are enough for our study: Πm, µ, and δp.

Summing up, including the geometric parameter δp for the simplified layout, three
boundary parameters, Πm, µ, and δp, two system parameters, β0 and n, together with three
characteristic parameters of each blocking column/air pocket upstream of air pocket i
under study, Πi,i, Π f ,i, and αi, must be considered. So, to study the first air pocket, eight
parameters are needed, eleven for the second, and so on. Nevertheless, after solving the
complete problem, only a few have significance regarding the pressure peak under study.
The main criterion for their selection is the velocity of the transient generating the peak.
Therefore, these parameters can be organised according to three cases:

a. The case of very fast peaks, which is only possible for the first air pocket (i = 1). They
are generated by short transients, requiring high sources of energy (say Πm ≥ 5) that,
acting violently due to the sudden opening of the delivery valve (Figure 2), must
overcome low initial inertia (β0 → 0). This makes the gravitational effects irrelevant
so that δp has negligible contribution.

b. The case of slow peaks is generated after the compression of an air pocket in the
range of minutes. They are typical of air pockets far away from the source of energy
(i ≥ 2), but also possible for the first air pocket if Πm is small (around Πm ≤ 1.5) or β0

big (significant initial inertia). With Πm being so small, it loses relevance in front of δp.
c. The intermediate pressure peaks, which value both effects, the driving source of energy

(Πm, µ) and the gravitational effects induced by the profile (δp), contribute significantly.

In what follows, we will refer to the extreme cases a and b, since they offer the possi-
bility of a more straightforward analysis and, at the same time, are susceptible to excellent
physical interpretations. Case a is nevertheless the most relevant, due to the importance
of the peak pressures generated. The maximum pressures for case b are frequently lower
than the steady-state pressure, since they occur at the geometrical minimum of the pipeline,
where steady-state pressures take their maximum.

3.1.1. Parameters for Fast Air-Pocket Pressure Peaks

Fast peaks are generated in a few seconds by an essential source of energy (Πm ≥ 5)
that drives a liquid column of low initial inertia ( β0 → 0). The short time in which the
transient develops does not allow the blocking column to move significantly, so Πi,1 y Π f ,1

become irrelevant. The same happens with the gravitational parameter; consequently, δp

can also be ignored. Thus, only five out of the eight parameters deserve consideration:
β0, n, β1 = α1, Πm, and µ.

If the filling column initially has a short length, then it is verified β0 ∼= 0 (the most
critical scenario). In this case, the most significant parameters that influence the value H*

max
is yielded by:

H∗
max

H∗
e

= F(Πm, β1, µ, n) , (42)

3.1.2. Parameters for Slow Air-Pocket Pressure Peaks

If the transient is long, in the order of minutes, the air is slowly compressed, allowing
the blocking column to move. Typically, this is the case of the air pockets from the second
one on (i ≥ 2), because of the high inertia of the compressed blocking column upstream
of the air pocket. As said before, the first pocket can also be compressed slowly if β0 is
large and the initial power of the source of energy is small (Πm ≤ 1.5). The solution to
the problem shows that the peaks occur at the instant the blocking column immediately
upstream of the air pocket under consideration reaches the geometric relative minimum,
after descending the reach p. In this case, the relevant driving parameter is the profile
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parameter ( δp
)

instead of Πm and µ; though, in some instances, their contribution cannot
be neglected. This simplification, among others, is responsible for the lower accuracy of
predictions for slow peaks, on average, concerning those for fast peaks.

Since the number of parameters necessary to assess slow peaks for an air pocket is
significant (inertia and friction parameters of the upstream and blocking columns), performing
an analysis without neglecting some of them is not feasible. Such an analysis, depending
on the velocity of the columns and the rapidity of the transient, cannot be accurate enough.
Parameters αi corresponding to the air pockets upstream of the one under study are also
neglected, since, once established, the movement is transmitted with negligible pressure
fluctuations. In summary, only three parameters, namely n, αi, and δp, are considered to assess
slow peaks. The results obtained are much less accurate than those for fast peaks, which can be
reasonably estimated since their hypotheses are acceptably valid.

After all these simplifications of the problem posed, the most significant parameters
that influence the value H*

max,i are expressed as follows:

H∗
max,i

H∗
e

= F
(
αi, δp, n

)
, (43)

3.2. Parametric Analysis

Once the parameters characterising the problem are identified, elaborating charts to
assess their magnitude is a straightforward task, since as many simulations as necessary,
using the complete model, can be performed. In all cases, the influence of the polytropic
coefficient, n, is important. Although the charts have been developed for n = 1.2 [5,12],
laboratory tests are underway for a more precise value. The ordinate axis corresponds to
the value H∗

max
H∗

e
, from which it is straightforward to determine the maximum pressure.

3.2.1. Charts to Determine Fast Air-Pocket Pressure Peaks

Having fixed the polytropic index (n = 1.2) and considering β0 ∼= 0, three parameters are
relevant for fast peaks: β1 = α1, Πm and µ. Figure 3 presents three charts corresponding to
Πm = 10, 20, and 30 for α1 values within the interval 0–48 and shape factors µ = 2, 5, 10, 15, 20,
and ∞.

Figure 3. Charts for fast peaks with n = 1.2 and β0 ∼= 0 for: (a) Πm = 5; (b) Πm = 10; (c) Πm = 20;
and (d) Πm = 30.
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3.2.2. Charts to Determine Slow Air-Pocket Pressure Peaks

Taking n = 1.2 again, this chart gives the relationship between αi and H*
max/H*

e * for
different values of δp. Figure 4 presents the chart to determine pressure peaks H*

max/H*
e for

values of αi in the interval 0–16 and profile parameter values δp = 0.2, 0.5, 1, 1.5, 2, 3, and 5.

Figure 4. Chart for slow peaks with n = 1.2 and β0 ∼= 0.

3.3. Boundary Between Fast and Slow Air-Pocket Pressure Peaks

Defining a boundary between the two types of pressure peaks is essential. The types
of air-pocket pressure peaks depend on air-pocket size (characterised by the parameter β1),
and the parameters Πm and µ, presented in Figure 5. A polytropic coefficient n = 1.2 has
been selected, since it is used in many practical applications.

Figure 5. The boundary between fast and slow air-pocket pressure peaks.
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After identifying the most significant dimensionless parameters for estimating pres-
sure peaks, numerous cases were processed to generate these dimensionless charts (see
Figures 3–5). This information can be used to calculate the maximum pressure peaks
occurring during transient events in filling manoeuvres.

The use of Figures 3–5 involves calculating the values of α and δp, from which the
ratio H∗

max
H∗

e
is obtained. Once H∗

e is determined, H∗
max can be calculated.

4. Practical Application
The proposed dimensionless equations were employed considering the installation

dataset in Figure 6. The installation has an upstream reservoir with a different water
elevation of 50 m from the downstream reservoir. The total length of the water installation
(LTotal) is 1430 m, with an internal pipe diameter (D) of 150 mm and a friction factor of 0.018.
Water installations with similar characteristics pertain to operations that water utilities
are required to manage in municipalities. The filling operation is conducted in this water
installation. The steady-state condition is reached with a water velocity of 2.38 m/s.

Figure 6. The characteristics of the analysed water installation.

4.1. Numerical Resolution Using the Physical Equations

Employing the physical formulations developed by the authors (see Equations (30)–(36)),
results concerning air-pocket pressure, filling-column velocity, and blocking-column velocity 1
were obtained, as shown in Figure 7.

Figure 7. An analysis of the transient flow employing the physical equations.
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Based on the results, the steady-state condition is reached at t =553.5 s. The filling
column reaches the downstream reservoir at 33.2 s, while the blocking columns 1 and 2
reach this reservoir at 82.4 and 370.4 s, respectively. Table 4 summarises the main results of
the analysed installation.

Table 4. A summary of the results of the transient event using the physical equations.

Variable Value Time

Air-pocket pressure 1 H*
1,max = 70.70 m t = 69.1 s

Air-pocket pressure 2 H*
2,max = 88.33 m t = 167.8 s

Maximum velocity of the filling column vmax = 6.613 m/s t = 1.1 s
Maximum velocity of blocking column 1 v1,max = 2.767 m/s t = 69.1 s

4.2. Results Employing the Proposed Methodology

This section presents the appication of charts developed in Section 3.2. In this case, a

slow air-pocket pressure peak is obtained, since Πm = H*
e

H*
atm

= 5+10.33
10.33 = 1.48. Considering

the chart for slow air-pocket pressure peaks (see Figure 4), then the relationship between
H*

max,1/H*
e is computed. After that, values of H*

max can be computed using this relationship.
Table 5 presents the calculations conducted in this scenario.

Table 5. Air-pocket pressure peaks computed using the proposed methodology.

Air Pocket Dimensionless Parameters H*
max/H*

e H*
max (m)

1 δp =
Lp senθp

H*
e

= 155 m−80 m
15.33 m = 4.89 4.9 75.0

α1 = Lb.1
Lair1,0

= 280 m
198 m = 1.41

2 δp =
Lp senθp

H*
e

= 110 m−50 m
15.33 m = 3.91 5.5 84.0

α1 = Lb.2
Lair2,0

= 825 m
125 m = 6.6

5. Discussion
5.1. Comparision

The results obtained using the proposed methodology are compared to those calcu-
lated using the physical equations (Section 4.1), as shown in Table 6. A discrepancy lower
than 6.08% was obtained for the maximum air-pocket pressure, showing that the proposed
methodology is suitable for making calculations. In this sense, the proposed methodology
can be employed by water utilities to compute extreme air-pocket pressure peaks during
filling operations.

Table 6. A comparison between the proposed methodology and the physical equations.

Air Pocket
H*

max (m)
Discrepancy (%)

Proposed Methodology Physical Equations

1 75.0 70.7 6.08
2 84.0 88.3 4.90

5.2. Classification of Pressure Peaks

The boundary between fast and slow pressure peaks cannot be precisely defined in
real water networks. An intermediate situation involving pressure surges cannot be defined
with precision [10]. However, the most important aspect is the calculation of fast peaks, as
this is where the highest pressure surges occur, which the installation must withstand.

Nevertheless, solving the complete model shows that significantly fewer factors con-
tribute to the final value of the studied pressure peak. To this end, the fundamental criterion
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is the speed of the transient that generates it, which makes it necessary to group them
into three categories: (i) fast pressure peaks, which are only possible in the first air pocket
(i = 1), which can be generated by transient events of a short duration and require signifi-
cant energy sources (Πm ≥ 5) that, acting abruptly due to the instantaneous opening of
the valve, must overcome small initial inertias ( β0 → 0); (ii) slow pressure peaks, which
are generated after the compression of an air pocket over minutes, which are character-
istic of pockets far from the energy source (2i ≥ 2), although they may also occur in the
first air pocket if the parameter Πm is small or β0 is large (significant initial inertia); and
(iii) moderate pressure peaks, whose final value is significantly influenced by the source of
energy (Πm, µ) and the gravitational effects induced by the profile (δp).

6. Conclusions
The dimensionless treatment of the 3n + 2 equations modelling the behaviour of n

entrapped air pockets within a pipeline with an irregular profile shows the dependence
of an essential number of dimensionless parameters. To withdraw irrelevant parameters
while maintaining the relevant ones, two types of pressure peaks, classified as fast and slow,
have been considered. Fast peaks occur within seconds and slow peaks within minutes.
The following conclusions can be drawn:

(a) Fast peaks, which occur at the first air pocket when Πm ≥ 5 and β0 → 0 are charac-
terised by the system parameter α1 = β1 and two boundary parameters Πm and µ.
Geometric contribution can safely be ignored.

(b) Slow peaks are typical of second-to-last air pockets. Slow peaks are mainly influenced
by gravitational forces, which must be considered through the single parameter δp

corresponding to the reach where the air pocket under study is descending. This
parameter, together with parameter αi, allow for the estimation of slow peaks.

The present dimensionless analysis helps us to gain insight into the physics of the prob-
lem, giving more accurate knowledge of the most relevant factors. These, independently of
the transient velocity, are:

(a) The intensity and characteristics of the source(s) of energy, Πm, µ, and δp.
(b) Parameter αi, i.e., the air-pocket capacity to store energy related to the inertia of its

blocking column.

The charts corresponding to fast peaks are highly accurate, since the simplifications
performed are justifiable. This is not the case for slow peaks, since after simplifying the
geometric influence to a single parameter and neglecting friction and inertia, their chart,
despite giving values within the same order of magnitude, can contain essential errors.

The proposed methodology offers reliability for computing rapid pressure peaks
(through the developed charts), which are of utmost importance, as water utilities can use
this methodology without solving the complex system of differential–algebraic equations.
The proposed methodology provides a very close estimation of pressure surges for rapid
events. For practical applications, the analysis of rapid pressure peaks is more critical
compared to slow pressure surges.

The results of this study can be utilised by water utilities to address the challenges
of filling operations, ensuring that the resulting pressure peaks remain within safe limits.
These peaks can then be compared to a pipe’s resistance class to prevent pipeline ruptures.

Author Contributions: Conceptualization, V.S.F.-M., M.S. and O.E.C.-H.; methodology, M.P.-S.
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preparation, M.P.-S. and O.E.C.-H.; writing—review and editing, V.S.F.-M. All authors have read and
agreed to the published version of the manuscript.
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Abbreviations
The following abbreviations were used in this research:

A: cross-sectional cross area (m2):
Ap, Cp: pump characteristic constants;
D: internal pipe diameter (m);
f : constant friction factor (-);
g: gravitational acceleration (m/s2);
H∗

atm: atmospheric pressure head (m);
Hp: pump head (m);
Hr: reservoir water level (m);
H∗

i : air-pocket pressure head i (m);
H∗

i,0: initial air-pocket pressure head (m);
H∗

max,i: maximum air-pocket pressure head i (m);
H∗

e : pressure head scale (m);
H0: steady-state head (m) (definition of µ);
h∗: dimensionless source head (-);
h∗i : dimensionless pressure of air pocket i (-);
L : Filling-column length (m);
Lair,0: initial length of air pocket i (m);
Lb,i: length of blocking column i (m):
Le = Lair1,0: length scale or initial length of first air pocket (m);
Lp: length of reach p (m);
l: dimensionless length of the filling column (m);
n: number of entrapped air pockets (-)/polytropic coefficient (-);
p∗e : pressure scale (Pa);
p∗i : pressure of air pocket i (Pa);
Q: flowrate (m3/s);
Q0: steady-state flow (m3/s);
Te: time scale (s);
Tmax,i: time for air pocket i to reach maximum pressure (s);
v: velocity of the filling column (m/s);
ve: velocity scale (m/s);
vi: velocity of blocking column i (m/s);
xi: front end location of blocking column i (m);
xi,0: initial value of xi (m);
∀e = ∀1,0: volume scale (m3);
∆z: the elevation difference between ends of the filling column (m);
∆zi: the elevation difference between ends of blocking column i (m);
∆ζ: the dimensionless elevation difference between the end of the filling column (-);
∆ζ i: the dimensionless elevation difference between the end of blocking column i (-);
αi: the ratio between the length of blocking column i and air pocket i (-);
β: dimensionless length of the filling column(-);
βi: dimensionless length of blocking column i (-);
β0: initial dimensionless length of the filling column (-);
δp: profile parameter corresponding to reach p (-);
γw: water unit weight (N/m3);
φi: dimensionless number of air pocket i (-);
Πe: scale parameter (-);
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Π f : friction parameter (-);
Π f ,i: total friction parameter of blocking column i (-);
Πi: inertia parameter (-);
Πi,i: total inertia parameter of blocking column i (-);
Πm: boundary energy (motor) parameter (-);
θp: longitudinal slope of reach p (rad);
τ: dimensionless time (-);
Subscript
i: refers to air pockets and their corresponding blocking columns;
p: for profile reaches;
Superscripts
∗: refers to absolute pressure.
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