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Abstract. This paper examined the effectiveness of the inline re-design strategy
used to mitigate the cavitating flow into an existing steel piping system. This
strategy is based on substituting a short-section of the transient sensitive region
of the existing main pipe by another one made of (HDPE) or (LDPE) plastic
material. The (1−D) pressurized pipe flow model based on the Ramos formu-
lation was used to describe the flow behavior, along with the fixed grid Method
of Characteristics being used for numerical computations. From the case studied,
it was shown that such a technique could mitigate the undesirable cavitating
flow onset. Besides, this strategy allowed positive-surge magnitude attenuation.
It was also found that pressure rise or drop attenuation was slightly more
important for the case using an (LDPE) inline plastic short-section than that
using an (HDPE) one. Furthermore, results evidenced that other factors
influencing the surge attenuation rate were related to the short-section
dimensions.

Keywords: Design � HDPE � LDPE � Method of characteristics � Plastic
material � Ramos formulation � Viscoelasticity � Water-Hammer

1 Introduction

Water-hammer is a common phenomenon that hydraulic designers and engineers have
to face in pressurized piping systems. This phenomenon generates pressure–rise and-
drop and even sub-atmospheric pressure, which can produce the collapse of the system
depending on the conditions of the installation.

Among the various available classical design tools taken to control water-hammer
surges, we distinguish: (i) the “passive measures”, which are based on the selection of
pipe-wall material, pressure classes and thicknesses, according to the ultimate allow-
able transient pressure. Albeit, this alternative allows good hydraulic performances, it
may significantly increase the cost of the piping systems, if used separately; (ii) the
“active measures” which influences the operational procedures of the system by
equipping the hydraulic systems with protective devices to absorb excessive pressure
rise or drop [3, 12, 14, 21, 24]. Aside from the analysis of the used technologies in the
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available protective devices, it must be delineated that none of these technologies is a
panacea that can be used inherently for all piping system; the adequate protective
strategy is specific for each system case and depends upon the initiating transient event
type. Oftentimes, a combination of multiple devices may prove to be the most desirable
[22]. Nonetheless, this method exhibits some drawbacks arising from technical
implementation constraints and the requirement of system shutdowns or partial load
operation of hydraulic machineries ([16, 20]). In addition, due to the complex nature of
the transient behavior, a device intended to attenuate a transient condition could even
result in the worsening of another condition if the device is not adequately selected
and/or located in the system [15].

In this regards, several researches (e.g.: Ghilardi et al. [7–9, 15–20]) addressed the
inline-based design strategy, in order to address the forgoing drawbacks. Namely, the
authors examined the efficiency of adding a plastic short-section in-line to the sensitive
region of the original piping system (or substituting a short-section of the sensitive
region of existing steel-piping system by another one made of plastic material) to
attenuate both positive and negative hydraulic-head surge. The authors observed that
the employed plastic short-section reduced the first pressure-surge peak and crest.
Nonetheless, the authors noticed increasingly effect of pressure-wave oscillations
period into the protected piping system; which may have adverse effect on the oper-
ational procedure of the hydraulic system. Physically, this result is attributed to the
viscoelastic behavior of plastic materials which have a retarded deformation component
in addition to the immediate one, observed in the case of elastic materials [1, 4, 6, 11,
25].

Considering the aforementioned discussion, the main intention of this paper is to
explore the efficiency of the inline strategy to mitigate a cavitating flow onset induced
into an existing steel piping system. Special focus is given for the hydraulic-head
attenuation rate and the wave oscillation period spreading effects.

The next section outlines the numerical procedure used for solving the transient
flow problem.

2 Materials and Methods

According to Ramos et al. [13], the one dimensional (1−D) transient flow equations
accounting for pipe-wall viscoelasticity and unsteady friction effects, may be expressed
as follows:
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where, H is the hydraulic-head; Q is the flow discharge; A is the cross sectional area of
the pipe; g is the gravity acceleration; a0 is the wave speed; x and t are the longitudinal
coordinate along the pipeline axis and the time, respectively; the quasi-steady head loss
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component per unit length hfs is computed for turbulent and laminar flow, respectively,
as follows: hfs ¼ RQ Qj j and hfs ¼ 32mQ

�
gD2Að Þ where, R ¼ f = 2DAð Þ is the pipe

resistance; v is the Poisson ratio; kr1 ¼ 0:003 and kr2 ¼ 0:04 are two decay coefficients
[13].

The numerical solution of momentum and continuity Eqs. (1) and (2), within a
multi-pipe system framework, is typically performed using the Fixed-Grid Method of
Characteristics (FG-MOC) [5, 8, 10, 13, 15, 19].

Briefly, the compatibility equations, corresponding to the finite difference dis-
cretization of Eqs. (1) and (2) along the set of characteristic lines of the computational
grid, may be expressed as follows:
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The relationships between the hydraulic-head and discharge parameters along the
characteristics lines may be deduced directly from Eq. (3) as follows:

C j
þ : Qj

i;t ¼ c0jp � c00jp H
j
i;t

C j
� : Qj

i;t ¼ C0j
n þ c00jn H

j
i;t

(
ð4Þ

in which: c0jp ¼ Qj
i�1;t�1 þ c00jp H

j
~i�1;t�Dt

� c000jp

.
1þ kr1; c00jp ¼ gA j

�
Bja j

þ ;

c000jp ¼ f jDtð Þ= 2Djð Þf gQj
i�1;t�1 Qj

i�1;t�1

��� ���; c0jn ¼ Qj
iþ 1;t�1 þ c00jn H

j
iþ 1;t�Dt þ c000jp

.
1þ kr1;

c00jn ¼ gA j
�
Bja j

�; c
000j
n ¼ f jDtð Þ= 2Djð Þf gQj

iþ 1;t�1 Qj
iþ 1;t�1

��� ���; Bj ¼ gA j
�
a j
0; the indices
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s
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; n j

s designates the number of
sections of the jth pipe, respectively; the indices i� 1 refer to the characteristics nodes,
in the characteristics grid, at the left and right sides of node i; Dt and Dx correspond to
the time and space-step increments, respectively.

The numerical procedure, outlined above, allows hydraulic parameters computa-
tion, for a single-phase flow. For the cavitating flow onset, the discrete gas cavity
model (DGCM) may be included in the (MOC) procedure assuming that cavities are
lumped at the computing sections [10, 26, 27].

Using the perfect gas law, the isothermic evolution of each isolated gas cavity can
be written as:

8tgi Ht
i � zi � Hv

� � ¼ H0 � zi � Hvð Þa0ADt ð5Þ

where H0 is the reference piezometric-head; a0 the void fraction at H0; zi the pipe
elevation; and Hv the gauge vapor hydraulic-head of the liquid.
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The equation calculating cavity volume 8g, at a given cross-section, is derived from
the discretization of local continuity equation using the FG-MOC:

8tgi ¼ 8t�2Dt
gi þ w Qt

i � Qt
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� �� ð1� wÞ Qt�2Dt
i � Qt�2Dt

ui

� �	 

2Dt ð6Þ

where, 8gi and 8t�2Dt
gi correspond to the cavity volumes at the current time step and at

2Dt time steps earlier, respectively, and w is a weighting factor, chosen in the range:
0:5�w� 1 [2].

It is worth noting that the cavity collapses inasmuch as 8g � 0. In this case, and
hence, the liquid phase is re-established and the one-phase water-hammer solver is
valid again.
Series Junction
A common hydraulic grade-line elevation and no flow storage assumptions are made
for calculating the flow parameters at the series section [15, 17, 23].

Qj�1
ns j;t ¼ Qj

1;t andQ
j�1
ns j;t ¼ Qj

1;t ð7Þ

where, the right and left hands of Eq. (7) correspond to the hydraulic parameters
estimated at the up- and down-stream sides of the junction.

3 Application, Results and Discussion

The original hydraulic system layout, considered in this study, consists of a sloping
pipe system connecting two pressurized tanks and equipped with a ball valve at its
inlet. The main steel pipeline characteristics are: Esteel

0 ¼ 210 GPa; D ¼ 44:1 mm;
L ¼ 100 m; and a0 ¼ 1302:5 m=s. The downstream pipe axis is taken as the horizontal
datum level zd ¼ 0 mð Þ and the upstream reservoir level is zu ¼ 2:03m. The gauge
saturated hydraulic-head of the liquid is equal to: Hg ¼ �10:2 m. The initial steady-
state regime was established for a constant flow velocity a static hydraulic-head values
set equal to V0 ¼ 1:04 m=s and HT2

0 ¼ 21:4 m, respectively; prior to a transient event
corresponding to the fast and full closure of the upstream valve. The boundary con-
ditions associated with such an event may be expressed as follows.

Q x¼0j ¼ 0 and H x¼Lj ¼ HT2
0 ðt � 0Þ ð8Þ

In such a situation, the inline technique consists in substituting an upstream short-
section of the main steel pipe by another one made of plastic pipe-wall material
(Fig. 1).

As a starting step, the inline plastic short-section length and diameter are selected
equal to: lplasticshort�section ¼ 5m and dplasticshort�section ¼ 50:6mm, respectively.
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The input parameters of the FG-MOC embedding the DGCM procedure are: time
step Dt ¼ 0:034 s; Courant numbers csteel�pipe

r ¼ 0:9841 and cplastic short�section
r ¼ 1,

corresponding to the main steel-pipe and the plastic short-section; and w ¼ 0:5.
Figure 2 compares the upstream hydraulic-head signals, versus time, involved by

the hydraulic systems with and without applying the inline technique. Jointly, the main
features of the wave curves, plotted in Fig. 2, are enumerated in Table 1.

As can be seen from Fig. 2, such a transient event leads to the occurrence of the
unfavorable cavitation phenomenon, into the original system case. However, if instead
a plastic short-section inline technique is implemented, the cavitation phenomenon may
be palliated.

A detailed analysis of Fig. 2 and Table 1 reveals that, for the original system case,
the change in the upstream boundary condition triggered a series of positive and
negative surge waves. In addition, the hydraulic-head profile, corresponding to this
case, illustrates a short-duration pulses resulting from the superposition of surge wave
involved by the valve-closure and the wave generated by the collapse of the vapor
cavity. Besides, this hydraulic-head pulses exhibit a downward gradual attenuated trend
due to friction losses.

Basing on Fig. 2, the hydraulic-head fluctuations are characterized by a drop to the
saturated hydraulic-head of the liquid (HSteel pipe

min ¼ �10:2 m); followed by a subse-
quent pressure rise HSteel pipe

max ¼ 63:7 m
� �

. For instance, the positive and negative surge
magnitudes evaluated in the original system case are equal to: DHSteel pipe

up�surge ¼
HSteel pipe

max � H0 ¼ 47:1 m and DHSteel pipe
down�surge ¼ H0 � HSteel pipe

min ¼ 32:2 m, respectively,
above the initial steady-state value.

Nonetheless, analysis of the hydraulic-head signals depicted into the protected
hydraulic system, shows a hydraulic-head rise or drop magnitude equal to: DHHDPE

up�surge ¼
11:1 m or DHHDPE

downsurge ¼ 20:9 m for the case involving an (HDPE) plastic short-section
(Table 1). Moreover, a lower hydraulic-head rise or drop is observed for the case
involving a (LDPE) plastic short-section (DHLDPE

up�surge ¼ 5:4 m or

Fig. 1 Definition sketch of the hydraulic system
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DHHDPE
downsurge ¼ 14:7 m). This in return implies that the positive or negative pressure

attenuation ratio obtained using a short section made of (HDPE) are equal to

gHHDPE
up�surge ¼ DHHDPE

up�surge

.
DHsteel

up�surge ¼ 9:27% or gHHDPE
downsurge ¼ DHHDPE

downsurge

.
DHsteel

downsurge ¼ 26:15%, respectively; and more important ratios are involved by the

(LDPE) short-section material case (i.e.: gHLDPE
up�surge ¼ DHLDPE

up�surge

.
DHsteel

up�surge ¼
64:91% or gHLDPE

downsurge ¼ DHLDPE
downsurge

.
DHsteel

downsurge ¼ 45:65%, respectively).

On the other side, based on Fig. 2 and Table 1, it is remarkable to point out that the
periods of the first cycle of hydraulic-head oscillations, predicted into a (HDPE) or
(LDPE) plastic short-section-based protected system case are: THDPE�penstock

1 ¼ 1:37 s

or TLDPE�penstock
1 ¼ 3:37 s; while the corresponding period associated with the original
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t, soriginal system (non-protected system)
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Fig. 2 Comparison of hydraulic-heads at the upstream valve section versus time for the
hydraulic system with and without implementation of the protection procedure

Table 1 Characteristics of water-hammer waves in Fig. 2

Parameters Steel main-pipe
HDPE

Plastic short-
section (LDPE)

Hmax: 1st hydraulic-head peak (m) 63.7 33.1 27.4
Hmin: 1st hydraulic-head crest (m) −10.2 1.1 7.3
T1: period of the 1st cycle
of wave oscillation

(s) 0.41 1.37 3.73
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system case is equal to Tsteel�pipe
1 ¼ 0:41 s. Thereupon, the inline technique based on a

(HDPE) or (LDPE) short-section induces a spreading of the wave oscillations period
equal to: dT1

HDPE ¼ T1
steel � T1

HDPE

�� �� ¼ 0:41� 1:37j j ¼ 0:96 s or dT1
LDPE ¼

T1
steel � T1

LDPE

�� �� ¼ 0:41� 3:73j j ¼ 3:32 s as compared with that involved by the
original system case. Furthermore, the period spreading induced by the (LDPE) short-
section–based inline technique relatively to the HDPE short-section–based inline
technique is equal to: d0T1

LDPE ¼ T1
HDPE � T1

LDPE

�� �� ¼ 3:73� 1:37 ¼ 2:36 s).
The preceding discussions argue that the (HDPE)-based inline technique allows

better trade-off, between the attenuation of hydraulic-head peak (and crest) and the
limitation of spreading of hydraulic-head oscillation period, as compared with the
(LDPE)-based one.

All the results presented thus far were obtained for a specific short-section size (i.e.:
dplasticshort�section ¼ 50:6 mm and lplasticshort�section ¼ 5 m). Additional results with respect to the
magnitude sensitivity of the first hydraulic-head crest to the size of the replaced plastic
short-section are reported in Fig. 3a and b, for several diameter and length values of the
employed short-section: dplasticshort�section ¼ 45; 50:6; 75 and 100 mmf g and lplasticshort�section ¼
5; 7:5; 10; 12:5and 15 mf g, respectively.

Figure 3a and b suggest that for length and diameter values beyond
lplasticshort�section 	 10 m and dplasticshort�section 	 44:1 mm, respectively, the variation of the first
transient pressure crests is slightly affected. Consequently, the diameter value
dplasticshort�section ¼ 44:1 mm and the length value lshort�section ¼ 10 m may be considered as
the optimal values of the plastic short-section size for the case studied herein.
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Fig. 3 Variation of hydraulic-head peaks and crests at the downstream valve section depending
on the plastic short-section: a—length, b—diameter
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4 Conclusion

In summary, the present study highlighted that the employed technique provides a large
damping of the first pressure peak and crest associated to a transient initiating event. In
addition, this pressure damping is observed to be more pronounced when using a
(LDPE) plastic material for the added short-section than an (HDPE) material. However
the former technique induces more important wave period spreading as compared with
the latter one. Furthermore, it is also shown that other factors contributing to the
hydraulic-head attenuation rate depend upon the short-section size (i.e. length and
diameter). Specifically, examination of the sensitivity of the pressure peak or crest
magnitude, with the short-section length and diameter being the controlling variables,
verifies that significant volumes of the short-section provide important hydraulic-head
attenuation. However, this correlation is not significant beyond a near-optimum
diameter and length values.

One intends that such a technique may greatly enhance the reliability and improve
the cost-effectiveness of industrial hydraulic utilities, while safeguarding operators.
Future test configurations including pipe networks may represent an extension to this
study.
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