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ABSTRACT

Water hammer or flow transients occur due to a sudden variation (over time) in flow properties that can lead to pipe system failure or
damage. In addition, research on wave propagation and signal processing theories has developed different ways to detect anomalies in pipe
systems. The two developments concerning pipe system safety and damage localization are of essential need in viscoelastic (VE) pipes, as
their application in various industries is growing, given their favorable mechanical properties. With no literature review focusing on the
topic, this paper aims to fill the current literary gap on transient waves in VE pipes. It highlights developments in the research field and
elaborates on relevant water hammer concepts in VE pipes, including mathematical modeling, experimental setups, numerical solutions,
parameter calibration, defect detection, and surge control. The comprehensive review concludes that a reliable transient wave model in
viscoelastic pipes is yet to be fully confirmed despite the significant progress in the recent two decades.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155708

I. INTRODUCTION

While the study of classical water hammer began in the mid or
late nineteenth century, the research on water hammer in viscoelastic
(VE) pipes has just started gaining popularity since the early 2000s with
the increasing use of viscoelastic pipes such as polyvinyl chloride
(PVC), high-density polyethylene (HDPE), polyethylene (PE), and
other viscoelastic pipes. Despite its relatively young age, there have been
many advancements in this research field over the past decades, as dis-
played in Fig. 1. With the topic being an increasingly popular research
area, a literature review shall be prepared to highlight and explain the
great discoveries in the field of water hammer in viscoelastic pipes.

In this paper, the developments and recent findings of water
hammer in viscoelastic pipes are described, along with the relevant
concepts such as its mathematical representation, experimental stud-
ies, numerical solution, calibration of viscoelastic parameters, time-
domain, frequency-domain analysis, defect detection, and surge
control based on viscoelastic properties. Vital publications on the
topic, listed in Table I, are elaborated later in this paper. This review
paper considers only research on water hammer in pipes made of

viscoelastic materials. Transient behavior in the non-Newtonian fluid
is not discussed in this paper.

In the analysis process, some typical assumptions are as follows.
The fluid is assumed to have a constant density with space. The system
is an isothermal system with no heat transfer during transient. Surface
tension is presumed to be neglectable relative to the transient pres-
sure." Water flow is considered uniaxial and axisymmetric during the
transient occurrence.” During turbulence, the eddy viscosity term for
steady-state pipe flow remains applicable for water hammer flow.
These assumptions are justifiable as the Mach number in a transient
occurrence is significantly less than 1 (low Mach number approxima-
tion)."” The viscoelastic effect in the pipe wall is assumed to be lin-
ear,'” and the total strain in the pipe wall is representable by the
superposition of static and dynamic strain.”

Il. METHODOLOGY

In performing the literature review, four key steps are observed:
the planning stage, the paper sourcing and screening stage, the knowl-
edge enhancement stage, and the review stage. In the planning stage,
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Trend of Publications Related to Water Hammer in
Viscoelastic Pipe
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FIG. 1. The trend of research papers on water hammer in viscoelastic (VE) pipes over the past decades.

the scope of the study and preliminary paper structure is initially
decided. Then, 250 research papers are sourced from the PolyU library
database and Google Scholar. The collected research papers are not
limited to the recent publication years to ensure a holistic review of the
overall research development. Afterward, the papers are categorized
and screened according to their relevance to the corresponding seg-
ment in the initial paper structure. The screening process is performed
in a multi-staged manner with the sequence of title screening, abstract
and introduction screening, and whole paper screening.

The gathered research papers are then read to enhance the
authors” knowledge, specifically on modeling water hammer in vis-
coelastic pipes, e.g., using the method of characteristics (MOC) in
the time domain and its closed-form numerical solutions. In this
stage, several papers with significant contributions are identified.
Considering the importance, these papers are then read multiple
times to ensure an accurate understanding of the concept. Despite
passing the screening stage, some papers are later found irrelevant

to the topic and must subsequently be removed. The review stage is
then started by explaining the general concepts related to the topic,
followed by highlighting and comparing the critical contributions of
various papers. The main challenges in reviewing the papers are fig-
uring out the relevance and synthesizing some contrasting concepts.
There are also papers in the literature, which have multiple contri-
butions in various aspects. To accurately identify the linkage and
contributions of the papers, the authors are required to read the
paper in more detail. An overview of the methodology is shown in
Fig. 2.

lll. MATHEMATICAL MODEL

In modeling water hammer in viscoelastic pipes, the most impor-
tant aspect is to integrate pipe-wall viscoelasticity into the classical
water hammer equations. One method to model viscoelasticity is by
introducing an additional viscoelastic term in the continuity equation
based on the material behavior. When viscoelastic material is stressed,

TABLE I. Top ten most cited articles of water hammer in viscoelastic pipes based on Scopus accessed on June 3, 2022.

Article title

Authors

The dynamic effect of pipe-wall viscoelasticity in hydraulic transients: Part I—Model development,

calibration, and verification

The dynamic effect of pipe-wall viscoelasticity in hydraulic transients: Part [—Experimental analysis and

creep characterization

Covas et al.’

103
Covas et al.

Fluid structure interaction with pipe-wall viscoelasticity during water hammer

Parameters affecting water hammer wave attenuation, shape, and timing: Part I—Mathematical Tools
Analysis of PVC pipe-wall viscoelasticity during water hammer

Water hammer pressure waves interaction at cross-sectional changes in series in viscoelastic pipes
Parameters affecting water hammer wave attenuation, shape, and timing: Part II—Case studies
System response function-based leak detection in viscoelastic pipelines

Keramat et al.”
Bergant et al.”’
Soares et al."*"
Meniconi et al."*’
Bergant et al.
Duan et al.'®

An investigation of pressure transients in viscoelastic pipes Gally et al.
Water hammer control in pressurized-pipe flow using an in-line polymeric short section Triki' "
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it experiences both elastic and viscoelastic responses. The total strain
experienced by the viscoelastic system can then be represented by a
superposition of both elastic and viscoelastic strains, refer to Fig. 3.
Viscoelastic representation based on material rheological behavior is
achieved with the use of mechanical models. One prominent mechani-
cal model is the Kelvin-Voigt (KV) model, as displayed in Fig. 4. In
the figure, J,, represents the creep compliance of the n-th element
spring, while 7, represents the viscosity of the n-th element dashpot.
The KV model is elaborated in more detail in Sec. III B 1. When the
viscoelasticity effect is neglected, a significant discrepancy in the
modeling result is encountered, as seen in Fig. 5.

Another method is by adopting a frequency-dependent wave
speed in the transient model because a significant manifestation of vis-
coelasticity on the wave propagation attributes to the wave speed.
When a wave propagates in a viscoelastic material, wave speed changes
with time or frequency. Consequently, wave speed can be represented
as a time-dependent function that implicitly accounts for the creep
behavior, unlike elastic consideration of the material’s modulus of elas-
ticity. Given this brief introduction, methods to take this time depen-
dency of the water hammer response into consideration are elaborated
in Sec. I1T A.

>
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A. Classification based on the spatial coordinate
system

Considering the spatial coordinate system, water hammer flows
can be modeled in 1D, 2D, or 3D coordinate systems. A specific math-
ematical presentation is considered for the fluid flow for each coordi-
nate system. In the 1D model, fluid flow is considered only in the axial
direction. Due to this simplification, only laminar flow can be accu-
rately represented, although promising approximations for turbulent
flow have also been developed in the 1D model context. In 2D and 3D
models, the 1D model can be extended to include fluid flow in the
radial and azimuthal directions, respectively. With this arrangement,
the prediction of the flow and pressure profile in 2D and 3D is more
robust, allowing for the modeling of not only laminar flow but also
turbulent flow effects with greater accuracy.

For the classical water hammer case, the governing equations
were derived by Joukowsky,” Chaudhry,” and many other researchers.
An extended work on the classical water hammer was also proposed
by Skalak to account for additional damping and dispersion of the
water hammer, which then became a pioneering study on fluid-
structure interaction (FSI),” as elaborated later in Sec. 111 F.

non-viscous response

retarded response

FIG. 3. Viscoelastic system response dur-
ing creep test.”

time, t

time, t
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(2)

FIG. 4. Configuration of (a) one K-V element and (b) generalized K-V model.

Ghidaoui summarized the previously proposed sets of equations
with Egs. (1) and (2) for 1D, (3)-(5) for 2D, and (6)-(9) for 3D water
hammer flow,’
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where x, r, and 0 as the distance along axial, radial, and azimuthal
direction, respectively; u and « as the dynamic and bulk modulus; p as
the fluid density; f as the body force along the concerning direction; p
representing pressure; u, v, and w representing velocity along the axial,
radial, and azimuthal directions, respectively; H as piezometric head;
representing shear stress; D/Dt as the material derivative in cylindrical
coordinate; and V? as the Laplace operator in the cylindrical coordi-
nate. Under this framework, research studies on 1D, 2D, and 3D
modeling of water hammer with a special focus on the viscoelastic
pipes are presented in the following.

1. 1D

While there are numerous papers regarding the 1D modeling of water

hammer, some models are formulated to investigate other water hammer-
related phenomena, such as pipe leakage, blockage, or fluid-structure inter-
action. Only the papers with the main contribution on 1D water hammer
modeling in viscoelastic pipes are elaborated in this segment.

The earliest research of the 1D water hammer viscoelastic model

dated back to 1970. Kokoshvili derived a numerical model of a one-
dimensional unsteady flow in a single horizontal pipeline. The water
hammer behavior in the viscoelastic pipes was described using the
Boltzmann model as a linear combination of elastic and retarded strain
whose solution using the Fourier transform was derived.

(b)

100 100
E 50l E
] ]
8 of g
-50 : . - : : : -
0 1 2 3 4 ) 6 7

time (s)

time (s)

FIG. 5. Modeling result of (a) classical water hammer and (b) water hammer with viscoelasticity effect. The red dashed line in (b) represents the classical water hammer

results.”
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While the research on transients in viscoelastic pipes had become
relatively stagnant over the extended period of approximately 30 years,
the pioneering research that raised interest in the topic was conducted
by Covas et al.” This study offered vast progress in the research of water
hammer in viscoelastic pipes. However, new questions emerged in
Covas et al.” work; for example, why various calibration parameters
could be found for different steady-state flow rates. In parallel to this
work, Pezzinga and Scandura'’ and Pezzinga et al.'' found that visco-
elasticity could result in far more damping in comparison with unsteady
friction (UF), according to several experimental studies. More precisely,
Brunone et al."” pointed out that it was impossible to simulate pressure
damping in an HDPE without including a further term in the continuity
equation. Even by considering an extremely large value of unsteady fric-
tion term in the momentum equation, the main features of transients in
VE pipe could not be accurately captured. The mathematical contribu-
tions of these studies are discussed later in this section.

The viscoelastic impact in the continuity equation was repre-
sented by differential equations (10)-(12), according to Covas et al.,

OH aé 0Q 2ay? Oe,

ot Toaox ?5207 (10)
oD [ 9J(s)
b,—EL[p(tfs)fpo} B ds, (11)

N t

10 =1+ —e %), (12)

k=1

with a, as the elastic wave celerity; g as gravitational acceleration; Q as
the volumetric flow rate; ¢, as retarded strain; A as the cross-sectional
area; o as the pipe wall coefficient; p as the pressure at a specific time;
D and e as the pipe dimensions related to the diameter and wall thick-
ness, respectively; J as the creep compliance with ], for the first spring
and Ji for k-th number of KV elements; 7| as the ratio between the
dashpot’s viscosity and spring’s elastic modulus; and s as the integral’s
dummy variable.

Another method to model viscoelasticity was proposed by
Landry et al."” using a system of a hydraulic resistor, an inductor, and
a capacitor. With viscoelasticity, additional dissipation existed, leading
to increased flow resistance. Thus, Landry et al. formulated hydraulic
resistance as a function of volume viscosity term representing the
equivalent viscoelastic damping of both fluid and wall

/

Ry =
veiApgdx’

(13)

with Ry, as the equivalent resistance in a viscoelastic system and u’ as
the volume viscosity term related to the damping effect induced by vis-
coelasticity. The proposed model was found capable of accurately
modeling the damping behavior in the system observed during the
experiment. However, during the first oscillation, this model slightly
overestimated the pressure head, which could then be corrected by an
empirical correction factor.

Meniconi et al.,"* Pezzinga et al,”” and Pezzinga et al'! adopted
Covas et al.” 1D mathematical model concept but proposed a different
numerical implementation for the rate of change of the retarded strain
in the continuity equation. In their work, the retarded strain and its
rate were consistent with the constitutive equation of each Kelvin-
Voigt element, as follows:

REVIEW pubs.aip.org/aip/pof

&= &k, (14a)
=1
dep 1 pgHD
T _ 2 p 14
a1, <l// 2¢E, o) (14b)

with 1/ = dimensionless parameter based on pipe section dimension
and constraint.

More specifically, Meniconi et al.'* investigated their proposed
VE formulations with an in-line valve as a boundary condition and
assessed its impact on the water hammer pressures in VE pipes.

Several researchers corroborated the use of a single Kelvin-Voigt
element that applied only one dashpot and spring arranged in parallel
to make up for the time lag between the water hammer pressure and
deformations in the pipe wall.'"'”'° Intuitively, such a model intro-
duced a new variable being the retarded strain &, to the continuity
equation, for which a simple first-order ordinary differential equation,
Eq. (14b), was adopted to close the formulation. The Italian group fur-
ther demonstrated that a single KV element could provide theoretical
results that were in good agreement with the experimental find-
ings.'""'” By using a single KV element, the continuity equation was no
longer an integrodifferential equation, as seen in Egs. (10) and (11). In
other words, no summation was required over the solutions of several
ordinary differential equations, as shown in Eq. (14a). Furthermore,
contributions of Pezzinga et al.'""” to 2D modeling of water hammer
waves are discussed later.

Another contribution to the modeling in the context of the gen-
eralized Kelvin-Voigt VE model aimed to include the impacts of
deformations rather than the hoop or circumferential direction in the
1D model. Ilustrated by Keramat et al,>*'"” the retarded strain (g,) in
Eq. (10) also had contributions from radial and axial deformations
owing to the Poisson ratio of the pipe wall material. In these works,
the three-directional stress—strain relations for the VE pipe were con-
sidered, while the axial deformation was ignored to eliminate the
fluid-structure interaction. This correction in the hoop strain, which
was neglected in previous works, eventually led to an improved pre-
sentation for the retarded strain term in Eq. (11) as follows:

- %J [p(t =) = po I

0

ds,

T
0 (15)
2 2e

tanch = (1 — v?) +o0(l +0) =,
D
anch = coefficient relating to the anchors’ action, and o, = averaging
factor (1/2, or 3/4 according different reports; see Keramat and
Haghighi for further details)."” Eq. (15) offered a theoretical correction
factor oy that accounted for the effects of deformations in other
directions.

Another leap in modeling transients in VE pipes was accom-
plished by Ferrante and Capponi by incorporating a fractional deriva-
tive model for the stress—stress relation induced by waves."® Their
model adopted

2e  d
t)="ky—5 16
P ( ) D 0 dtH 3 ( )
where 0 < 0 < 1ret. represents as the derivative order and kg repre-
sents as the creep parameter. The mechanical description of such a
model may be called a “springpot,” also referred to as fractional

Phys. Fluids 35, 081302 (2023); doi: 10.1063/5.0155708
Published under an exclusive license by AIP Publishing

35, 081302-5

€€:0€:90 G20z Aenuer ¢|


pubs.aip.org/aip/phf

Physics of Fluids

element, implying that a spring and dashpot are somehow mixed
together.

For an accurate 1D model that is more consistent with the physical
water hammer behavior, Keramat et al."” considered the time depen-
dency of the Poisson ratio. The variation of Poisson’s ratio with time was
a known property of the VE materials that previous works neglected in
their formulations. To this end, Keramat et al’s model derived a more
complete (but sophisticated) description of the hoop strain, leading the
continuity equation to the following integrodifferential equation:

10Q, g OH _ 3pgDOly | 1 pghOL;
A0z ag? Ot 4 e Ot 36;<127 e Ot
c ' d]
I 7J~0H(t s) p (s)ds
Ngv J t i Ngv
= <—kJ I:I(ts)e(Tk)ds) = ZI;"HN (17b)
=1 \TkJo k=1
. aG
I = LH(t — s)z(s)ds
Nkv Gy t N Nkv
= Z —A—J H(t—s)e s | = Zlgk, (17¢)
k=1 Tk Jo k=1

where G is the relaxation function whose parameters Gy and 7 are
obtained using the creep coefficients through solving a nonlinear sys-
tem of equations.

2. 2D

The 2D models are characterized by the flow types as either tur-
bulent or laminar models. The quasi-2D modeling of transients in vis-
coelastic pipes is motivated by quasi-2D models in elastic pipes that
are tested by ultrasonic Doppler velocimeter to predict velocity pro-
files, as implemented by Brunone and Berni.”’ While 2D models are
mostly dominated by techniques for turbulent flow simulation,
Wahba’s*' model is an exception. He developed a 2D numerical model
to simulate the laminar transient behavior in viscoelastic pipes.
Viscoelasticity was represented similarly to Meniconi et al."* proposi-
tion for the change of retarded strain with time. The derived set of gov-
erning equations was represented with Eq. (10) for the continuity and
Eq. (18) for the momentum equation

Ou  Ou OH 1 0(r1)

ot ox T Sox Tor or

du

I (18)

with 7,x = pv
For turbulent modeling of 2D water hammer, one of the earliest mod-
els was suggested by Pezzinga.”” The proposed model was a quasi-2D
model with the governing equations as follows:

dH  al 0Q
G Ao (19)
oU  OH 2710(rt) _ N 20)

ot S ox p OA

Pezzinga et al."” modified the previously proposed quasi-2D model to
include the effect of viscoelasticity. They also compared their proposed
2D model against experimental results in terms of pressure variations
and velocity profiles and identified the significant discrepancies

REVIEW pubs.aip.org/aip/pof

between elastic and viscoelastic pipes. Their updated continuity equa-
tion is shown in Eq. (21), with the rate of change of retarded strain
defined similarly to Meniconi et al.,"*

=0. (21)

The momentum equation remained the same, refer to Eq. (20), with
shear stress based on Newton’s law coupled with the mixing length
model, as seen in Eq. (22),

Ou
or

Ju
or

r= 2 pp
N par p

with

I=yye ¥R and  =0.374 +0.0132In (1 + 83Rl 00). 22)
o

Other than modeling contribution, several studies on 2D modeling are
targeted to increase understanding of the transient phenomenon. The
effect of unsteady flow and viscoelasticity is found to be generally com-
parable. However, as time progresses, the viscoelastic effect becomes
more dominant, especially in the case of viscoelastic retardation time
being less than wave travel time along the pipeline.”” With turbulence
modeling, different phases of water hammer and their predominant
feature can also be observed. However, when it comes to the compari-
son of velocity profile between elastic and viscoelastic pipes, which is
the key manifestation of 2D modeling, a flatter profile is observed in
viscoelastic pipes for a specific time and flow rate."” At wave accelera-
tion and deacceleration phase, the major phenomena are the creation
of shear waves near the pipe wall boundary and propagation of a pre-
viously constructed shear wave, respectively.”*

3. 3D

Unlike the 3D modeling of classical water hammer, the number
of research papers on the 3D modeling of water hammer in viscoelas-
tic pipes is still relatively limited. Louati and Ghidaoui studied the
propagation of high-frequency waves (HFWs) in which radial and azi-
muth modes experience excitation.”” In this study, HFW was assumed
to be inviscid, slightly compressible fluid in a rigid, unbounded, circu-
lar conduit. The result showed that the injected waves with a cutoff fre-
quency experience significant wave dispersion behavior with a varying
group velocity over a wide range of speeds, resulting in a large reduc-
tion in amplitude. Louati and Ghidaoui also analyzed the different fac-
tors affecting the HFW propagation range.”” From this research,
HFW’s propagation range decreased with the increase in mode num-
ber due to the longer traveled path during the high mode.

Lai et al”’ generally studied the effect of leaks during a high-
frequency wave using computational fluid dynamics (CFD). The
authors modified a 2D flow and applied a 3D equivalent area to present
a representative 3D leak model, which was then validated. This paper
also presented a depiction of wave propagation during transients.

With 2D water hammer modeling in viscoelastic pipes being suf-
ficiently representative even for turbulent water hammer flows, the
formulation of a 3D mathematical model with viscoelasticity becomes
less preferable due to its complexity. However, referring to the classical
water hammer case, a 3D model is found to yield superior conformity
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with the physical transient phenomenon compared to a 2D model.””

Additionally, Siba et al.”’ suggested that when strong swirling exists
within the system, 2D axial and radial pressure analysis is insufficient,
and the water hammer problem shall be analyzed as a 3D flow. While
there are some papers on 3D modeling of CFD in pipes,””""" there is
currently no paper on 3D CFD modeling specifically for viscoelastic
pipes. This research gap shall be filled in the future, given the need for
more accurate water hammer modeling in viscoelastic pipes.

B. Material models

Material models refer to formulations developed based on the
rheological behavior of material stress and strains, represented through
the different configurations of springs and dashpot. In modeling water
hammer in viscoelastic pipes, one can identify three adoptable material
models, namely, Kelvin—Voigt, Maxwell, and standard solid model.

1. Kelvin-Voigt model

Kelvin-Voigt (KV) model is the most adopted material model.
The generalized KV model consists of a spring and a series of n-number
of KV elements representing elastic and retarded responses, respectively.
A KV element is formed by the parallel configuration of spring and
dashpot. During water hammer flow in viscoelastic pipes, peak pressure
drops with time due to damping behavior accounted by pipe material
viscoelasticity. When the generalized Kelvin-Voigt model is applied
with the correct approximation of KV elements, this model is capable of
modeling pipe wall viscoelasticity with a high agreement with the exper-
imental result, including the pressure damping phenomena. This mate-
rial model is commonly adopted by many researchers such as Covas
et al,” Wahba,”' Shamloo and Mousavifard,”* Pezzinga et al,"”” Duan
et al,”” and many others. The arrangement of the Kelvin-Voigt element
and general Kelvin-Voigt model can be seen in Figs. 6(a) and 6(b),
respectively.

(a)

pubs.aip.org/aip/pof

2. Maxwell rheological model

In the Maxwell model, springs and dashpots are connected in
series. Generally, the Maxwell model is more commonly used to model
viscoelastic fluid. However, Morvarid et al.” applied the Maxwell
model to model the viscoelastic response in VE pipes. In this model,
with constant applied strain, the stress decreases exponentially with
time, displaying a similar behavior to stress relaxation in polymeric
and viscoelastic pipes. While Morvarid et al.”* study did not specifi-
cally compare the performance of the Maxwell model relative to the
commonly adopted KV model, pressure fluctuation dampening was
observed in the numerical result, similar to the KV model. The
arrangement of the Maxwell model is shown in Fig. 6(c).

3. Standard solid model

The standard solid model is a recently proposed mechanical
model specifically developed for high-density polyethylene (HDPE)
pipes. In this model, two branches work in parallel, with one branch
consisting of only one elastic element and the other branch with a
combined configuration of elastic and damping elements arranged in
series. Refer to Fig. 6(d) for the arrangement of the standard solid
model. When subjected to stress, the elastic branch represents the
instantaneous response, while the branch with elastic and damping
elements represents the long-term response. While this model can rep-
resent long- and short-term responses along with the stress relaxation
in material, this model is only applicable within the pipe wall’s elastic
deformation limit.””

4. Consideration of the time dependency of Poisson’s
ratio

In addition to the previously mentioned mathematical models,
Keramat et al."” suggested a mathematical model, which considered
the effect of time-varying Poisson’s ratio for viscoelastic pipes. The

(b)

d
—'vv—ﬂ—

FIG. 6. Material model of (a) one Kelvin-Voigt element, (b) generalized Kelvin-Voigt model, (c) Maxwell model, and (d) standard solid model.
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proposed model was expressed as the combination of the relaxation
function and constant bulk modulus, with the relaxation function as a
function of the specific creep function based on the viscoelasticity of
the pipe material. By incorporating the time-dependent Poisson’s ratio
and unsteady friction models, a relatively more precise water hammer
analysis was achieved without additional calibration. Likewise, the
creep function obtained from measurements was closer to the experi-
mental creep function when compared to the previous viscoelastic
models.

C. Unsteady friction models

The velocity profile at each cross-section in the water hammer
transforms over time. With the changing velocity profile, it is then
expected that the induced friction is changing unsteadily over time, as
the pipe—fluid friction is a function of the fluid’s changing velocity pro-
file. In the case of water hammer in viscoelastic pipes, the coupled
effect of viscoelasticity (VE) and unsteady friction (UF) complicates
the transient analysis. A comparison between classical water hammer,
transients with unsteady friction, and water hammer in viscoelastic
pipes with unsteady friction is shown in Fig. 7. Compared to the classi-
cal water hammer, the inclusion of unsteady friction dampens the
pressure distribution, with additional consideration of pipe wall visco-
elasticity further increasing the head dissipation during transients. The
VE effect is typically modeled in the continuity equation, as shown in
Sec. I1T A, while UF is integrated into the momentum equation. For an
accurate representation of the water hammer dynamics, both UF and
VE effects must be modeled in the system.”

Over the years, many researchers have proposed different
approaches to unsteady friction. The most straightforward unsteady
friction representation assumes that it only depends on the instanta-
neous mean flow velocity, as adopted by Hino et al.”* and Brekke.”
However, this method severely oversimplifies the complexity of
unsteady friction and is often considered insufficient for modeling
purposes.

Several researchers also suggested that unsteady friction
depended on the instantaneous average velocity V and local accelera-
tion dV/dt,”* " governed by the equation as follows:

D dv

Brunone et al.”’ "' proposed another unsteady friction equation based

on the fluid’s average velocity V, local acceleration 0 V/0 t, and con-
vective acceleration 0 V/0 x. Brunone’s model was then modified by
Vitkowsky to account for the changing velocity direction in the case of
the water hammer phenomenon by introducing a new function sign
(V)=(+1 for V>0 or —1 for V<0).”” Brunone’s model and
Vitkowsky’s formulation are shown in Egs. (24) and (25), respectively,

kD (0V ov
fu *fquasifsteady + W <E —do a) s (24)

kD [0V . ov
VIV (E + ag sign(V) E) . (25)

Unsteady friction could also be derived according to the cross-
sectional distribution of the flow velocity.“”“t” The model, also known
as cylinder model, was formulated according to the mass and

fu :fquasifsteady +
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FIG. 7. Numerical modeling of (a) classical water hammer, (b) water hammer with
unsteady friction effect, and (c) water hammer with unsteady friction and pipe wall
viscoelasticity.®

momentum equilibrium as a function of mass flux in a specific pipe
shell segment. The derived governing equations are as follows:

g OH guwoH Ow 1 . .
WE @a'ﬁ-— (mj,l—mj), (26)

ox p_AJ
OH n Ou]‘ n Ouj 1 1. n
T T e (4w
$ox "ot T Hax ~ pa 127 (1 T W)
1.

— (et ) +E — B, (27)
with ag as the wave speed, H as the local pressure head, u; as the fluid
velocity along the axial direction of cylinder j, A; as the cross-sectional
area of j-th cylinder, and 7; and F; as the mass flux and local shear
force per unit length of cylinder j, respectively. )

Several researchers, such as Vennatrg™® and Svingen,"l’ presented
another method for unsteady friction by using instantaneous average
velocity V and diffusion term & V/0 x*. However, generally, a more
comprehensive approach to model unsteady friction is by considering
the fluid velocity profile through the convolution term.
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Zielke first proposed a convolution integral to model transient
laminar pipe flow.” The model was represented as a function of
dimensionless time 7, which depended on the time, kinematic viscos-
ity, and pipe radius. The proposed convolution integral allocated more
weight at a low dimensionless time of T < 0.02, which decreased with
a higher dimensionless time:

6
fort <0.02, W(1)= Z myt/2, (28)

att > 0.02, W(r) = Ze’””. (29)

Vardy et al.”’ then proposed a new model, shown in Eq. (30), by
extending Zielke’s model to account for turbulent flow at low
Reynolds number through the laminar annulus core assumption,

W(t) = ifRe Z exp (— w) (30)

k=123.. 16

The model was then improved by Vardy and Brown.” Assuming vis-
cosity variation to be linear within the thick shear layer with a uniform
velocity core (frozen viscosity assumption), a new model, dependent
on dimensionless time 7 and viscosity ratio g, was proposed to be
applied even to high Reynolds number turbulent flow. The frozen vis-
cosity assumption was validated by the authors by comparing the pro-
posed viscosity distribution with the experimental evidence by Laufer.
This assumption was found adequate to portray the turbulence occur-
rence within pipes, characterized by the linearly increasing viscosity
from the pipe radius toward the center of the pipe and the constant
viscosity within the central pipe region. The previous model by Vardy
et al.”” was found to be a case of ¢ = 1 for the proposed model:

A* —B* 1
W(t,0) = M where A" =—— and B" =f(0).

Vi 2/
G1)

Vardy and Brown discovered that their previous model underesti-
mated the amplitude of unsteady shear stress due to the uniform
velocity core assumption.”’ An improved model was then proposed by
assuming uniform core turbulent viscosity with radial viscosity
distribution.

Urbanowicz et al.”> combined Zielke’s laminar and Vardy-
Brown’s turbulent model into a universal model, which included the
effect of cavitation. The proposed universal model simulated transients
with a wide range of Reynolds number. This method successfully
removed numerical errors during flow type change from laminar to
turbulent flow and vice versa.

While convolution integral may accurately represent unsteady
friction, it is relatively cumbersome to implement with extensive time
and computational requirements. Weighting function approximation
is then developed to tackle this issue. Over the years, many researchers
strived to propose an effective weighting function approximation.
Trikha first proposed an approximation of Zielke’s laminar model as a
sum of three exponential terms.” While this method successfully
modeled Zielke’s model in most cases, several computational errors
were found for a small dimensionless time. The limitation of Trikha’s
approximation was tackled by Kagawa et al™* by approximating

REVIEW pubs.aip.org/aip/pof

Zielke’s model with ten exponential terms. Vardy and Brown then
developed a simple method based on the approach by Kagawa et al,
capable of approximating both Zielke’s laminar model and Vardy
Brown’s turbulent model by discrete point “knots’-based
approximations.”

Similar to Vardy and Brown,” Vitkovsky et al.” also improved
Kagawa’s approximation for both Zielke and Vardy-Brown model,
but by optimizing Kagawa coefficient and implementing single dia-
mond grid MOC, eliminating grid separation error. Zarzycki et al.”’
proposed another approximation similar to Trikha but with eight
exponential terms. This method increased the computational effi-
ciency for approximating Zielke’s laminar model. However, this
approximation was inaccurate for Vardy-Brown’s turbulent model,
especially at the increased Reynolds number. Urbanowicz presented
an analytical solution for quick determination of two or three expo-
nential term effective approximations.”® While this method was rela-
tively simpler to use, many constants, which described individual
solutions, shall be introduced in the computer program, along with
the correct choice of formula corresponding to the selected MOC grid.

D. Energy analysis

Energy analysis is a crucial part of understanding the physical
behavior of a phenomenon, especially in water hammer, in which the
system characteristics continuously change with time. More specifi-
cally, in viscoelastic pipes with significant energy dissipation, a better
understanding of the water hammer phenomenon can be achieved by
performing the energy analysis.

Karney derived an energy equation based on the momentum and
continuity equation for general transient pipe flow.”” The proposed
energy equation was related to the change in total kinetic energy,
change in total internal energy, rate of viscous dissipation, and rate of
work done in the system. Duan et al.”’ further distinguished the work
done in the system as the work done in the system through the pipe
ends and on the pipe walls. When analyzed by the Fourier analysis,
energy dissipation due to VE was found to be closely dependent on
wave frequency and viscoelastic relaxation frequency. The ratio
between the two could then be interpreted as the number of energy
transfers between fluid and pipe wall, leading to significant VE damp-
ing with the increase in the corresponding ratio.

Wu et al.”' performed an energy analysis on the quasi-2D friction
model of viscoelastic pipes to determine the correlation between the
Reynolds number and work done attributed to frictional and viscoelas-
tic terms. From this study, the work done due to viscoelasticity and
friction increased over time with a higher Reynolds number.
Viscoelastic term produced sinusoidal energy fluctuation, which
existed longer in the smaller initial Reynolds number before approach-
ing constant value with time. Friction term induced high initial energy
dissipation, which decreased over time until approaching a constant
value. With a higher initial Reynolds number, the energy dissipation
by the friction component increased while the opposite applied to the
viscoelastic component.

To facilitate an energy analysis, an energy phase diagram com-
paring the potential and kinetic energy in the system during transient
is formulated.”” Lee proposed an energy phase diagram with dimen-
sionless parameters corresponding to the ratio of potential energy and
kinetic energy during and before transients.”” The energy phase dia-
grams were investigated by Pan et al.” to identify energy variations
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Computational Grids

FIG. 8. A sketch of DVCM.

during transients in VE pipes. During small perturbations, steady fric-
tion was the most significant contributor to energy dissipation.
However, the viscoelasticity effect became more crucial during higher
excitation and valve oscillation frequency.

E. Cavitation and column separations

Cavitation, which in the case of water hammer in the 1D analysis
is known as column separation, is an occurrence during which water
pressure drops to the vapor pressure, forming vapor cavities in the sys-
tem. As fluid flows in segregated directions, the vapor cavity grows.
However, when fluid changes direction due to the transient waves and
boundary effects, with both fluid segments compressing the vapor cav-
ity, a significant amount of energy is suddenly released, causing major
damage to the piping system. Due to its potential hazard, the cavitating
behavior during fluid transient has been extensively studied by many
researchers.

Over the years, many models have been proposed to represent
cavitating behavior. The most frequently adopted method is the dis-
crete vapor cavity model (DVCM), which was first developed by
Thibessard”* and improved by many researchers such as Streeter,’
Tanihashi and Kasahara,”” and Wylie and Streeter.”” " In this model,
pipelines are divided into computational segments in which cavities
are formed when the computational pressure drops below the vapor
pressure, similar to cavitation’s physical behavior. Among computa-
tional sections with cavitation, a constant pressure wave speed is
assumed.”” A schematic figure of DVCM is depicted in Fig. 8.

In the viscoelastic pipeline, DVCM was applied by Keramat and
Tijselling," Bergant et al,”’ Keramat et al,”' and Soares et al’>’”>
Viscoelasticity was found to dampen the pressure induced by column

REVIEW pubs.aip.org/aip/pof

separation as seen in Fig. 9.””""* When MOC was used, the literature
recommended the use of the staggered grid as opposed to the rectan-
gular grid.””’® However, Keramat et al.”' proposed an improved rect-
angular MOC grid based on a weighted time integration, which
enhanced the cavitation prediction of a rectangular grid in the visco-
elastic pipeline. When DVCM was applied in viscoelastic pipes, errors
indicated by unrealistic overpressure and energy dissipation existed
during gas expansion and contraction.”” Considering this error, Soares
et al”""* proposed using the discrete gas cavity model (DGCM) as a
better option.

Originally presented by Brown’” and developed by De Vries,”®
Provoost,”’ Provoost and Wylie,m and Wylie,m DGCM is a modifica-
tion of DVCM that incorporates the ideal gas law. In this model, cavi-
tating behavior is simulated with entrained air located equally
distributed along the pipeline. The air pocket is analyzed based on the
pressure-volume relation (ideal gas law), and the position is assumed
to be constant with the variation of flow direction during the transient.

The ideal gas assumption in DGCM is more appropriate in
modeling the gas cavity size transformation when compared to the
simple vapor pressure assumption in DVCM.”” However, during
steepening pressure waves, shock waves may be formed, as shown in
Fig. 10, which are not properly modeled in DGCM.”” When shock
wave modeling is necessary, interface models and bubble flow models
shall be more suitable.

Bubble models, first introduced by Kranenburg,”” are two flow
models, which differentiate the pure liquid region and cavitation
region with the liquid-vapor mixture. Initially, without transient, fluid
consists of pure liquid. Under transient, with pressure drop below the
vapor pressure, vapor exists within the liquid distributedly. The mix-
ture of liquid and vapor is expressed in terms of liquid volume fraction
and is assumed to satisfy the ideal gas law. In the literature for visco-
elastic pipes, this model has been applied by Hadj-Taieb and Hadj-
Taieb,” Urbanowicz and Firkowski,” and Urbanowicz et al.” with
high conformity with experimental validation.

Other models for cavitating transient in viscoelastic pipes include
the generalized interface vaporous cavitating model (GIVCM) and the
discrete Adamkowski cavitating model (DACM). GIVCM, first pro-
posed by Bergant and Simpson,” is an improved version of DVCM
that combines one-phase and two-phase flow. When vapor cavities are
formed and distributed, the system is analyzed as a one-phase flow.
After the distributed vaporous cavitation region stops expanding, the
system is analyzed as a two-phase flow with liquid and vaporous
phases. The shock wave is modeled with shock equations in the conti-
nuity and momentum equation. Despite its complexity, GIVCM
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FIG. 9. DVCM modeling of cavitation for (a) classical water hammer and (b) water hammer in viscoelastic pipes.”
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FIG. 10. Shock wave formation and propagation.

allows direct tracking of the actual column separation phenomenon,
leading to a better understanding of transient behavior.”” Additionally,
GIVCM is found to have a better correlation with experimental data
when compared to DVCM, especially regarding the timing and pres-
sure magnitude.”®

The discrete Adamkowski cavitating model (DACM) is another
viable option for modeling cavitation. Similar to GIVCM, DACM is
also an improved version of DVCM. In DACM, a vaporous zone is
assumed to replace several vapor zones with equivalent mass and
energy conservation law. The volume of the representative cavity is
equal to the sum of all cavities’ volumes along the pipeline. Two liquid
flows separated by a cavity with two streams are substituted with one
continuous fluid stream. Wall shear stress is modeled as a single-phase
flow. DACM is found to yield a similar result to the experimental data
with performance comparable to bubble models.**

@
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F. Fluid-structure interaction (FSI)

Fluid-structure interaction is a research area regarding the rela-
tion between fluid flow and the surrounding boundary structure.
While water hammer modeling may accurately predict the peak pres-
sure and transient period, discrepancies in terms of wave damping,
physical pressure fluctuations, and dispersion attributed to FSI are
often observed when compared to the real-life system, addressed by
Skalak’s pioneering study on FSL*” Study in fluid-structure interaction
is important, especially when there is a motion of the system. In this
case, treating water and pipe separately based on the traditional analy-
sis is inaccurate. Instead, an inter-related coupled system of water and
pipe shall then be analyzed.”®

In 1D modeling, the fluid-structure interaction consists of three
coupling methods: junction, Poisson, and friction coupling. Junction
coupling is a situational coupling within boundary condition changes
such as pipeline bending, constriction, or branching. Poisson coupling
exists everywhere along the pipe length and is related to how the axial
strains in the pipe wall influence the fluid flow. The friction coupling,
like the Poisson coupling, occurs throughout the pipe length and is
attributed to the friction between the pipe wall and fluid, affecting the
system’s pressure fluctuations. The different coupling mechanism of
FSIis displayed in Fig. 11.

Classically, the water hammer phenomenon is described with
two equations. Another two equations are introduced to account for
structural vibration behavior resulting from FSI, resulting in a four-
equation model.”””* With more degrees of freedom, more equations
are needed to model the FSI behavior accurately. Six-equation model”*
and eight-equation model” have also been proposed to model the
radial inertial force in the pipe wall and planar pipe systems, respec-
tively. However, the most complete inclusion of FSI shall be repre-
sented with fourteen partial differential equations (PDE) to describe
the axial, lateral, and torsional motion.”"*”°

In viscoelastic pipes, FSI is crucial, especially in the early develop-
ment of transients. Afterward, the viscoelastic effect becomes a
more dominant effect, dampening FSI-induced oscillation, refer to
Fig. 12.77°7"% With the dampening effect, displacements and stresses
in the system are diminished significantly, leading to less pressure
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| FIG. 11. Different mechanisms of FSI (a)
without water hammer, (b) classical water
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FIG. 12. FSI modeling considering Poisson, junction, and friction coupling in (a) classical water hammer and (b) water hammer in viscoelastic pipes.”

jump and elimination of high-frequency fluctuation."”” When ana-

lyzed in the frequency domain, Poisson coupling causes a significant
frequency shift from the natural frequencies. While junction coupling
may be important depending on the system specification and bound-
ary conditions, the effect may be neglected in the case of a restrained
end section of pipe,”” which is realized by a significant support stiff-
ness thereof. Despite the validity of the potential simplifications, when
accurate modeling of FSI behavior is required, all three coupling mech-
anisms should be accounted for.

Similar to the classical water hammer case, in viscoelastic pipes,
numerical modeling of FSI may be based on four”””* or fourteen dif-
ferential equations, ”' but with the inclusion of the pipeline’s retarded
behavior. Modeling based on a simplified viscoelastic model of two
equations has also been executed and proven adequate, as performed
by Guidara et al.”® However, the proposed two-equation model was
found incapable of modeling the junction coupling effect and stress
wave velocity effect. Thus, the use of two equations simplified model
was only applicable for instances with minimal change of boundary
condition in a relatively long viscoelastic pipe with multiple axial stops,
where the effect of stress wave velocity on the pressure variation was
thereby negligible.

As FSI is closely related to the motion of the system, research on
the different support mechanisms, namely, axial, shear, or sliding-
shear mechanisms in FSI in the viscoelastic pipeline, has also been per-
formed. Comparison between axial and shear mechanisms shows that
supports with shear modeling have a better performance with higher
practicality when compared to axial modeling. Regarding the sliding-
shear mechanism, the performance depends heavily on the magnitude
of frictional force. In high frictional force, no sliding occurs, and the
system behaves similar to the shear mechanism. Conversely, for low
frictional force, FSI overcomes frictional force, leading to sliding
behavior. In this condition, the dissipation by FSI is increased due to
the mobilization of the system. Considering its robustness, the use of a
sliding-shear mechanism is more advisable.'*”

IV. EXPERIMENTAL STUDIES

Through experimental studies, researchers are able to investigate
the different components of the water hammer phenomenon, such as
pressure variation and wave reflection, validate numerical models or
perform experimental calibration of creep functions as the

representing viscoelastic parameter for the specific piping system.
Experimental apparatus shall typically consist of a piping system of
interest, a downstream valve to simulate the water hammer phenome-
non, the data collection tools such as pressure transducers, flow
meters, or strain gauges (for FSI experiments to analyze the pipe sys-
tem’s movement) with an appropriate choice of sampling frequency
conforming to the Nyquist-Shannon sampling theory, data recording
tools consisting of data logger or computer to record and monitor the
collected data, and other experiment control measures depending on
the experimental circumstances and purposes (laboratory test or field
test).

A. Laboratory test
1. Single pipe

Over the years, many laboratory experiments have been con-
ducted on a single viscoelastic pipe. Considering its abundance and
the scope of this paper, only several prominent laboratory experiments
on a single pipe are further elaborated, namely, the experiment in the
Imperial College, the Instituto Superior Técnico, the Hong Kong
University of Science and Technology, and the University of Perugia.

a. Imperial College (London, UK). Covas et al.'” analyzed the
dynamic effect of transients in high-density polyethylene (HDPE) pipe
during different flow conditions. Overall pressure damping was
observed in consecutive pressure waves, attributed to the predominant
viscoelastic behavior. Calibration of viscoelasticity was also performed
by creep test, and high compliance was then found between the experi-
mentally obtained creep function and pipe rig pressure and strain
measurement. However, the experimental setup was unable to obtain
the creep function for a very short time and the elastic creep function.
The Imperial College experiment is depicted in Fig. 13.

b. Instituto Superior Técnico (Lisbon, Portugal). Similar to Covas
et al,'”” Ramos and Covas also observed the dynamic response during
transient behavior in HDPE pipes by conducting two experiments, as
seen in Fig. 14, and found the significant contribution of pipe material
viscoelasticity on pressure wave damping.'”* However, an additional
contribution of the paper was the effect of pipe leakages in a pipeline.
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FIG. 13. Experimental apparatus at the Imperial College.

Leakage induced a sudden drop in the first pressure wave and behaved
as a relief valve, increasing wave dissipation during the transient. It
was also found that by analyzing the first reflected wave, the leak loca-
tion and size could be estimated.

c¢. Hong Kong University of Science and Technology. Another
experiment with a contribution to leakage in viscoelastic pipes, shown
in Fig. 15, was conducted by Wang et al.'’” In this study, the experi-
ment was used to assess the accuracy of the proposed matched-field
processing (MFP) for leak localization in viscoelastic pipes. It was
found that including viscoelasticity and using more frequency in leak
localization increased the accuracy of the method. Additionally, the
proposed MFP method outperformed the classical leak detection
method even for a small leak in a very noisy environment.

d. University of Perugia (Perugia, Italy). Meniconi et al."* carried
out three experiments on the water hammer in a viscoelastic pipe with
three different boundary conditions to study the effect of the in-line
valve. A partial in-line valve was found to affect both local head loss
and differential initial pressure regime, affecting the pressure peak
damping in the system.

REVIEW pubs.aip.org/aip/pof
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FIG. 14. Experiments conducted at the Instituto Superior Técnico.

PT = Pressurized Tank
DV = Diaphragm Valve
R =Reservoir

CP = Centrifugal Pump

e. Shahid Chamran University of Ahvaz. Keramat et al."’® con-
ducted an experiment in a viscoelastic pipeline with six anchoring con-
figurations to investigate the impact of support conditions on the
pressure variation in the time and frequency domain. Support stiffness
and location were found to influence the pressure variation in the time
history. Similarly, changing the support condition modified the reso-
nant frequencies when analyzed in the frequency domain. This finding
presented a prospective use of an inverse analysis to determine the
support condition.

Another experiment at the Shahid Chamran University of Ahvaz
was conducted by Rezapour et al.'”” This experiment aimed to assess
the performance of Gaussian function-based inverse transient analysis
(ITA) for estimating the leak size and location with varying flow
regimes, sample size, noise condition, and leak parameters.

FIG. 15. Apparatus at the Hong Kong University of Science and Technology.
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The adopted ITA could predict the leak size and location with simulta-
neous leak and creep function calibration. For this method, the opti-
mum sample size was half-period of pressure signal for leak location
estimation and single period of pressure signal for leak size determina-
tion. This method could also be applied for multiple leaks. The two
experiments conducted at Shahid Chamran University are displayed
in Fig. 16.

f. Other Laboratory Experiments. Other experimental studies on
the water hammer in viscoelastic pipes were also performed by Warda
et al,'® Apollonio et al,'” and Carrigo et al''’ on the general water
hammer phenomena and calibration of viscoelastic parameters, Soares
et al”*” on cavitating behavior, Ferrante and Ca\poni,18 and Ferras
etal''" on the effect of different pipe materials, and Warda et al.''* on
pipe leakage.

2. Pipe networks

a. University of Cassino. Pipe networks consist of pipes arranged
in series, parallel, or a combination of the two. An example of the com-
bined configuration of pipes in series and parallel can be seen in a Y-

REVIEW pubs.aip.org/aip/pof

The main objective of the study was to investigate the effect of con-
strained and unconstrained junctions in the system simulated by a
movable anchor system. From the experiment, a lower peak pressure
was found in the case of an unconstrained junction. This showed a dif-
ferent trend when compared to the result in the literature for elastic
pipe by Wood and Chao.''* This discrepancy in tendency may be
caused by the additional pressure damping attributed to the viscoelas-
ticity of the pipe wall.

Similar to Apollonio et al.,'"” Evangelista et al.'"” also conducted
a water hammer experiment in Y-shaped branched HDPE pipe sys-
tems, but with a focus on wave propagation and reflection. Huge varia-
tion was observed between wave propagation and reflection in the
experiment when contrasted with the values of classical water ham-
mer. However, a strong agreement was found between the experimen-
tal result and the numerical viscoelastic model, which included the
effect of unsteady friction and material viscoelasticity. The experiments
of the University of Cassino are depicted in Fig. 17.

b. University of Perugia (Perugia, Italy). Despite the foregoing
experiments on a single pipe at the University of Perugia, other experi-
ments in a Y-system,''®'"” and more importantly, recently on looped

shaped system of HDPE pipes, as investigated by Apollonio et al.'"” HDPE pipe networks, have been carried out."'*""”
a)
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FIG. 17. Experimental apparatus on
branched pipelines (a) to study the effect
of constraint in junction and (b) wave
propagation in branched pipeline.
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Another experiment on the branched HDPE pipe system was
carried out by Ferrante and Capponi,''® but with the emphasis on vis-
coelastic parameter calibration. Viscoelastic calibration was carried out
with the same and different numbers of KV elements for all branches.
It was then found that calibration with the same number of elements
for all branches performed better when compared to different KV ele-
ments. Meniconi et al."*’ performed another study on the influence of
different boundary conditions during transient behavior in four
HDPE pipe configurations. The studied pipe networks consisted of
pipes with different dimensions, pipe network with a partial blockage,
pipe network with an in-line valve, and single pipe. Sudden change in
geometry was found to have little effect on pressure signal variation.
However, in both in-line valve and partial blockage, pressure variation
due to steady-state head loss was observed, with a higher magnitude in
the partial blockage case.

Similar to Meniconi et al.,'*” Massari et al."*' also conducted an
experiment related to the partial blockage in viscoelastic pipes, but it
was used to validate the stochastic linear estimator (SLE) in blockage
detection. From the experiment, sufficient estimation of blockage

geometry, including the blockage size and location, was found, making
SLE a prospective future blockage detection method. The experiments
conducted at the University of Perugia are represented in Fig. 18.

c. Shahid Chamran University of Ahvaz. Another laboratory
experlment on pipe systems was conducted by Fathi-Moghadam and
Kiani,'*” as seen in Fig. 19. The experimental apparatus wasa 3 x 3m
polyethylene pipe square loop, and an inverse transient analysis was
performed to calibrate the pipes in the network. Overall, the experi-
mental result showed high conformity with the result from an inverse
transient analysis. It was also found that by calibrating according to
the experimental data of a long pipeline, favorable VE properties could
be obtained for complex pipe networks.

Generally, laboratory experiments in pipe networks were con-
ducted mostly with a focus on the boundary conditions and discrete
points, such as branched junctions by Apollonio et al,'"” Evangelista
et al,'”” and Ferrante and Cappom 110120 partial blockages by
Meniconi et al.'*’ and Massari et al;'*' and partial in-line valve by
Meniconi."* Several experimental studies were also found to contribute
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to the validation of numerical methods or calibration of viscoelastic
parameters, such as those performed by Massari et al.,'”' Ferrante and

<122

Capponi,''® and Fathi-Moghadam and Kiani.
B. Field test
1. Single pipe

a. Thames Water Facility. Covas et al."”" performed a field test
of a 1.3-km medium-density polyethylene (MDPE) pipeline, refer to

BVi = Ball Valve i
GV = Global Valve
Ti =Transduceri

Fig. 20. During the experiment, a secondary transient wave was
observed in the experimental system due to check valve closure. It was
also found that decreasing the pipeline’s diameter size induced pres-
sure signal reflection, increasing the peak pressure experienced in the
system.

b. Deltares, Delft. Bergant et al."”" also investigated the effect of
viscoelasticity toward pressure variation due to water hammer through
a field test. The experiment was conducted in Deltares, Delft, in a
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FIG. 21. Field experiment at Deltares,
Delft.**'*  From Bergant et al,
“Experimental and numerical analysis of
water hammer in a large-scale PVC pipe-
line apparatus,” in 4th International
Meeting on Cavitation and Dynamic
Problems in Hydraulic Machinery and
Systems. Copyright 2011. Reproduced
with permission from AK.
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large-scale PVC pipeline, as seen in Fig. 21. The experimental result
was compared with the numerical model, and it was found that the
experimental result displayed high compliance with the numerical
model, which incorporated unsteady friction and pipe wall
viscoelasticity.

The previous experimental arrangement was then improved by
Bergant et al.'” by ensuring a constant upstream head leading to a
simplified numerical simulation and fewer boundary condition-related
calibration flaws. With this improvement, other factors contributing to

-length L,,.=2612m

dynamic effects could also be identified, including some significant
dynamic effects due to the influence of short steel pipes, FSI, and
unsteady friction. Other dynamics effects such as non-linear viscoelas-
tic effect, pipe-rack vibration, pipe wall thickness, convective terms,
and cavitation could also influence the pressure variation during
transients.

¢. San Louis Potosi, Mexico. Carmona-Paredes et al.”® conducted
another field experiment to verify the proposed numerical simulation
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FIG. 22. A field experiment conducted in San Louis Potosi.

of transients in HDPE pipes through a standard solid model. High
agreement was then found between the experimental result and the
proposed modeling of HDPE behavior, validating the use of the stan-
dard solid model. The experiment apparatus at San Louis Potosi is dis-
played in Fig. 22.

2. Pipe networks

a. Balmashanner Pipeline. Ramos and Covas conducted a real-
life test on a branched pipe system in Balmashanner of 5940-m-long
pipe made from buried ductile steel materials,'”* seen in Fig. 23. The
main contribution of this study was to determine the significant
dynamic effect in the system and validate the use of appropriate
numerical modeling. From the study, it was found that unsteady fric-
tion was the major dynamic effect in the system. The application of
the MOC-based model, which incorporated unsteady friction, pro-
vided reasonable results in terms of accuracy, efficiency, and
robustness.

b. Willunga Pipeline Network. Another field test on pipe net-
works was performed by Stephens et al."*® This study aimed to investi-
gate the inaccuracies of transient pressure estimation in the Willunga
water distribution network. Willunga water network consisted of two
loops with multiple branches of 100- to 150-mm-diameter asbestos
cement pipes with a total length of approximately 4 km. This water
network was separated from the surrounding water networks by closed

From Lintrathen

East Trunk Main P
To Baggerton

Balmashanner
Branch

Scour valve to simulate leakage

3km
Balmashanner

Reservoir

FIG. 23. A field experiment in Balmashanner Pipeline.
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FIG. 24. Field test on Willunga Network.

valves (isolation valves) and the Willunga tank, as shown in Fig. 24.
Within the experiment, two transient generators were installed with
three stations for pressure monitoring. Fire plugs, with a quantity of
approximately 50, were well-distributed throughout the extent of the
Willunga water network. The testing result was compared with differ-
ent numerical modeling means, such as quasi-steady friction, unsteady
friction, and damping-based model. It was then found that the numer-
ical simulation with damping represented by the Kelvin-Voight ele-
ments was the most suitable in predicting the field results as it
incorporated mechanical pipe properties and joint interaction and
vibration along with the energy transfer in the system.

Overall, the current number of field network testing is relatively
limited compared to other experimental studies, such as laboratory
testing for single and pipe networks or field tests for a single pipe. The
lack of field study on pipe networks is possibly due to the less ideal
result contributed by in situ conditions and scale-induced complica-
tions arising from the temporary isolation of the pipe network.
Despite these drawbacks, field study on pipe networks is still necessary
to measure the gap between the idealized plan and real-life conditions.

V. NUMERICAL ANALYSIS IN THE TIME-DOMAIN

The most straightforward solution approach is referred to as the
time-domain analysis, which allows for investigating the variation of
pressure or head and flow rate during water hammer with time.” In
this analysis method, the continuity and momentum equations of the
transient system are solved using computational methods with time
and space (longitudinal direction of the pipe) as the independent vari-
ables. Likewise, the boundary conditions and nonlinear effects (such as
viscoelasticity, unsteady friction, cavitation, and other effects), which
are presented as mathematical expressions, are combined with the
other computational expressions in the solution process. Specifically,
for the time-domain numerical implementation, the resulting expres-
sions stemming from the viscoelasticity behavior, which are in the
form of convolution integrals, are first approximated and then used to
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find the response at each time step by computer programming. To
date, there is a wide range of tools for the analysis in the time domain,
starting from the method of characteristics (MOC), which is the most
consistent with wave physics, to the smoothed particle method (SPM),
being blind to the physics of the propagating waves. In this segment,
the numerical schemes implemented in viscoelastic pipes are
elaborated.

A. The approximation of the convolution integrals

Convolution integrals in the mathematical model exist in the
continuity and momentum equation to represent viscoelasticity and
unsteady friction, respectively. To estimate the convolution integral
corresponding to the viscoelastic effect, Covas et al’ and later
Keramat et al.” proposed a recursive numerical scheme that evaluated
the integral according to the pressure at previous and current time
steps. Afterward, Wienerowska-Bords used the non-dissipative
Preissmann scheme, which was a four-point scheme finite-difference
method (also known as box scheme).'”” Application of the non-
dissipative Preissmann scheme was found to eliminate the numerical
diffusion error, showing better results in terms of physical damping
and smoothening.

In the momentum equation, Franke and Seyler estimated the
convolution term by the impulse-response method (IRM).'** Another
approach was to adopt an effective weighting function approxima-
tion”” *” as described in Sec. 111 C.

B. Method of characteristics (MOC)

MOC is the most commonly adopted numerical solution for the
water hammer in viscoelastic pipes. In MOC, partial differential equa-
tions are converted into ordinary differential equations along different
characteristic lines, which can then be solved by a simple finite differ-
ence scheme.''”'”” The main advantage of MOC is the programming
simplicity and computation efficiency.'"’ MOC also perfectly repre-
sents the essence of transient flow, which is characterized by fast con-
vergence with high calculation accuracy.'”’ Despite its strength, MOC
is relatively less robust for complex pipeline configurations such as
cross-sectional change or flexible pipeline material. While problem-
solving in the previous case is still possible, MOC is not applicable in a
simple way, and rearrangement of the programing code is necessary,
making other methods, such as finite volume, a preferable
alternative.'”!

Over the years, MOC has also been applied to obtain the numeri-
cal solution for water hammer in viscoelastic behavior with dynamic
effects such as unsteady friction,™>'**"** ESL>'%'%* cavita-
tion,”"** leakage,'' *'** and blockage.'**

C. Wave characteristics method

The wave characteristics method is formulated based on
Newton’s second law to accurately model the physical behavior of fluid
flow in the system. Despite the method’s early establishment by Wood
et al."” for elastic pipes, this method is still relatively new for water
hammer in viscoelastic pipes. To the author’s knowledge, the only
application of the wave characteristics method in the viscoelastic pipe
was by Abdel-Gawad and Dijebedjian.””> When compared to other
computational methods such as MOC or finite volume method, the
wave characteristics method was capable of performing a better

REVIEW pubs.aip.org/aip/pof

estimation of transient pressure variation with the same computational
effort.

D. Godunov method

Other than the previous methods, Seck proposed another
method by the Godunov finite volume method."”” This method
solved PDE in CFD by considering the conservation laws within a
finite volume. This research was an extension of the previous study
on Godunov finite volume by Seck et al.,"** which was devised for
elastic pipes. Compared to the previous study, an additional source
term was included in the mass conservation to represent the mass
flux in the radial direction. The applied method could satisfactorily
predict transient pressure in viscoelastic pipes with a relatively
short computational time, making it an effective qualitative analysis
tool.

In a recent study, Ning et a applied the second-order
Godunov finite volume method to solve the numerical model con-
sidering column separation in viscoelastic pipes during the tran-
sient occurrence. The result calculated based on the second-order
Godunov finite volume method was more accurate than the tradi-
tional MOC method when the Courant number of less than one
was adopted.

The time-domain analysis is relatively more popular than the
frequency-domain analysis for viscoelastic pipelines due to a better
representation of the retarded behavior, leading to a better under-
standing of viscoelasticity. However, with higher modeling accu-
racy, the analysis in the time domain becomes more complicated,
requiring higher computational time and effort. Other than model-
ing significance, the time-domain analysis has also been used in vis-
coelastic pipes, including blockage and leakage, as explained in Sec.
VIII.

VI. FREQUENCY-DOMAIN ANALYSIS

Transient flow is a frequency-dependent phenomenon. The vari-
ous dynamic effects (unsteady friction or viscoelasticity) impact the
transient properties over time, thus distorting the contribution of dif-
ferent frequencies. The frequency-domain or spectral analysis captures
the frequency content of the state variables by which the variation of
pressure or flow rate with different frequencies is studied. Analyzing
transient behavior in the frequency domain helps observe the relevant
dynamic effect and its influence on the variation of frequency.*’
Frequency-domain analysis transforms the continuity and momentum
equations from the time domain to the frequency domain using the
Fourier or Laplace transforms. Each transformed equation has a linear
relationship, which is then superpositioned to obtain the system
response function. In elastic pipes, two methods for the frequency-
domain analysis include the impedance method and the transfer
matrix method (TMM).® These methods are applicable even for visco-
elastic pipes due to the favorable presentation of the convolution inte-
grals in the frequency domain.

The impedance method was adopted by Covas et al."*" to develop
the impulse response method (IRM), which considered both
frequency-dependent friction and wave speed. In this method, transfer
functions of the system based on constitutive equations were deter-
mined as a function of impedance, evaluated by inverse Fourier trans-
form (IFT), and calculated by convolution to obtain transient pressure
response. This method was relatively much faster compared to the
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time-domain method, such as MOC, with easier inclusion of
frequency-dependent factors. However, loss of accuracy may be
encountered due to the linearization of non-linear effects. To minimize
the discrepancy between the impedance method with time-domain
methods, Capponi et al.'*” proposed a more accurate linearization
for the frictional effect along with a correction factor based on
parameter analysis between the impedance method and the method
of characteristics (MOC). When an optimal correction factor was
applied, the impedance method could produce a comparable result
to MOC.

Similar to the impedance method, the transfer matrix method
(TMM) is also based on the linearization of continuity and momen-
tum equation. While the impedance method and TMM are similar
in concept, TMM is preferred for the frequency-domain analysis of
complex pipelines. TMM is relatively simpler and more systematic
than the impedance method, yielding superior results for complex
systems with irregularities. One of the earliest applications of TMM
in viscoelastic pipes was by Duan et al.'® The frequency response
function method (FRFM) for VE pipes was derived with a similar
form to the transfer matrix by Lee et al.'*’ and Chaudhry® for elas-
tic pipes but with different matrix coefficients. In recent develop-
ments, TMM has also been modified for viscoelastic pipes to
incorporate FSI,”” FSI-leakage coupled effect,"** leakage,'”'"” and
blockage.'*

VIl. CALIBRATION OF THE VISCOELASTIC
PARAMETERS

Calibration is the process of adjusting parameters in the model
such that the simulated system behaves similarly to the real-life sys-
tem. For the case of transients in viscoelastic pipes, the calibrated
parameters include valve parameters, pipe wall roughness, wave
speed, unsteady friction coefficient, retardation times, and creep
compliances. While some of these parameters can be evaluated via
deterministic formula, the retardation times and creep compliances,
referred to as the VE parameters, usually are found by optimization.
The calibrations in early research consider constant quantities as
the retardation times so that optimization is executed to find the
compliances only.” However, recent applications suggest the simul-
taneous calibration of the retardation times and creep compliances
to arrive at more accurate coefficients.'’”'"” Several aspects affect-
ing the calibration of viscoelastic parameters, such as the different
number of KV elements, optimization algorithms, stepwise method,
time domain, and frequency domain calibration, are elaborated
here.

A. Optimization method

The optimization calibration method is applicable when the mea-
sured transient data are available. For the one and two KV element
models, calibration can be performed by either trial-and-error or opti-
mization methods. However, for more KV elements, with a higher
number of data, an efficient optimization method is preferred.*®
Typically, in the optimization process, the main objective is to mini-
mize the error between experimental measurement and simulation
results by finding optimum model parameters.

The most frequently adopted optimization algorithm in the liter-
ature for calibrating the VE parameters is implemented by the genetic
algorithm.'”>"**"*" A subset of this algorithm called the microgenetic

REVIEW pubs.aip.org/aip/pof

algorithm, which is essentially a genetic algorithm but applied on a
smaller scale, has also been applied.'"'”" Other applied algorithms
include the Levenberg-Marquardt algorithm, **'*” and the shuffled
complex evolution of the University of Arizona (SCE-UA)."”’!

B. Number of KV elements

The number of KV elements in the system determines the accu-
racy of the viscoelastic calibration. With more KV elements, higher
calibration accuracy can be achieved."””'*” However, less improve-
ment in performance is found for larger than four KV elements,” with
the 5-elements model being satisfactory for most viscoelastic materi-
als."™ For branched pipe systems, applying the same number of KV
elements for all branches produces better results when compared to
different KV elements.'

C. Stepwise method

While the optimization method may be efficient, errors may arise
due to inaccurate transient solver and determination of parameters
with similar influences. In response to the weakness of the optimiza-
tion method, Carrico et al''’ proposed a two-staged calibration
approach with stage one for the calibration of steady-state and stage
two for the determination of transient-state parameters. Stepwise cali-
bration was found to show excellent conformity between numerical
and measured data, thereby accurately describing viscoelastic behavior
during a transient. The framework of stepwise calibration by Carrigo
etal'" is displayed in Fig. 25.

D. Time-domain calibration

One method to calibrate in the time domain is called the inverse
transient analysis (ITA). In ITA, a rapid transient occurrence is first
simulated in a pipeline system in which the pressure data are collected.
Then, a numerical model is developed for transient behavior in visco-
elastic pipes. In the calibration process, the difference between the
numerical model and the experimental result is minimized with the
help of optimization tools by changing the viscoelastic parameters:
creep function (Ji) and retarded time (ty).

The first researcher to apply ITA for the calibration of viscoelastic
pipes was Covas et al.'”’ Viscoelastic calibration based on ITA was
found to produce high conformity between numerical simulation and
experimental results. However, this study by Covas et al.'”’ failed to
distinguish the effect between pipe wall viscoelasticity and unsteady
friction, which both had dissipative effects toward transient. This issue
was then solved by Soares et al.," who modified the calibration steps.
First, the wave speed was calibrated to account for unsteady friction
behavior. Then, viscoelastic parameters were obtained from the visco-
elastic transient solver without considering the unsteady friction
behavior, which had been determined previously. This calibration
method successfully isolated the effect of viscoelasticity and unsteady
friction, which was the weakness of the previous study by Covas
et al.''' Other than viscoelastic calibration, in recent years, ITA has
also been applied to detect leaks in pipelines, which will be further
elaborated in Sec. VIII B.

Keramat and Haghighi introduced another time-domain calibra-
tion tool specifically used for a relatively long viscoelastic pipe.'” The
creep parameters were determined based on the approximate solution
of the mathematical model, offering explicit formula for the pressure
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head variation during the first half period of a transient. This
method was relatively easier to apply compared to other methods,
with fewer experimental data leading to less uncertainty and mea-
surement error. Additionally, as this method utilized only the first-
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FIG. 25. Stepwise calibration procedure for viscoelastic parameters.

half period, this method did not require heavy numerical computa-
tions. However, this method was applicable only for a relatively long
pipe to ensure the functioning of all KV elements during the con-
cerning first-half period.
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E. Frequency-domain calibration

Frequency-domain calibration may be better than the time-
domain when the time variation over a long duration is of interest."””
In recent years, several calibration methods in the frequency domain
have been formulated. Gong et al."”” proposed a frequency-based vis-
coelastic calibration by using a frequency response diagram (FRD) to
obtain elastic wave speed and viscoelastic compliance of the pipeline.
The viscoelastic parameter was corrected to account for frequency var-
iation induced by unsteady friction. Despite providing satisfactory
accuracy for both elastic wave speed and viscoelastic parameters, prac-
tical complications may arise regarding the selection of retardation
time, influence of resonant frequency, and complexities in real
pipelines.

Another frequency-based calibration method was suggested by
Pan et al."* with the use of a multi-staged frequent-domain transient-
based method (FDTBM). First, the creep compliance and retarded
time were obtained for the single-element KV model. Adopting the
previous parameters to a two-element KV model by FDTBM, visco-
elastic parameters for the second KV element were determined and
then extended for the three- and four-element KV models. Calibration
of viscoelastic parameters with multi-staged FDTBM was found to
provide unique and accurate viscoelastic parameters for most cases,
but the applicability and accuracy may vary depending on the visco-
elastic parameter and the pipe scales.

VIIl. DEFECT DETECTION
A. Blockage detection

Blockage limits fluid flow in pipes, preventing pipes from per-
forming their intended purpose. Considering the disturbances it
causes, methods shall be formulated to detect and characterize block-
age, including the location, size, and extent of the blockage. Generally,
there are two types of blockage depending on the blockage size relative
to the pipe length: discrete blockage and extended blockage. Discrete
blockage covers a relatively shorter distance compared to extended
blockage and can be analyzed as a single discontinuity point.'” In
the blockage detection process, the extended blockage detection method
may not be applicable for discrete blockage detection and vice versa,
even though in recent years, universal blockage detection tools, capable
of detecting both discrete and extended blockage methods, have been
proposed.””” In this segment, only blockage detection tools that have
been applied in the viscoelastic pipeline are further elaborated.

Duan et al."* proposed an extended blockage detection method
based on the frequency response analysis (FRA). In FRA, the water
hammer model was first formulated and transformed by TMM, as
described in Sec. VI, to obtain the frequency response, which was then
validated by experimental data. The extended blockage induced shifts
in the transient resonant frequency, as shown in Fig. 26. By analyzing
the frequency response, the blockage properties, including the extent
and size, could be estimated. However, viscoelasticity also induced
shifting in peak resonance. Resonance shift due to the VE effect was
relatively monotonic and could be obtained by applying the analytical
formula by Duan et al.'*® with prior knowledge of the viscoelastic
parameters. For this method to be applied in the viscoelastic case, the
resonance shift from viscoelasticity shall first be isolated from the reso-
nance shift due to extended blockage before analyzing the system’s fre-
quency response to obtain the blockage parameters.
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FIG. 26. Comparison between the frequency response of intact and blocked
pipeline.'*®

Another blockage detection method, applicable for both discrete
and extended blockage, was suggested by Meniconi et al."*® Meniconi
et al. combined the frequency domain (FRA) proposed by Duan
et al.""® and the time-domain method, which was the pressure signal
analysis (PSA). In PSA, the pressure head was observed over time, as
the pressure head increased with the existence of blockages. Based on
the time of the pressure rise (the wave travel time), the location of the
blockage could then be estimated. PSA was superior in terms of esti-
mating the blockage location, while FRA had its advantage in terms of
estimating the geometry of the blockage, as previously elaborated. To
produce the most efficient result, PSA was first applied to estimate the
blockage location, and FRA was then applied to find the geometry. In
the viscoelastic pipe, several modifications were performed. PSA shall
also consider the pressure decay due to pipe wall viscoelasticity as per-
formed by Meniconi et al,"”” while FRA shall be performed similarly
to FRA analysis of blockage for viscoelastic pipe as performed by
Duan et al."*® While this method was found to perform better com-
pared to PSA or FRA method, this coupled method was more accurate
in elastic pipes in comparison with the viscoelastic pipes.

Massari et al."* utilized a stochastic method called successive lin-
ear estimator (SLE), typically used in groundwater hydrology, to esti-
mate extended partial blockage in the viscoelastic pipe. Viscoelasticity
was included in the formulation of the forward model and then cali-
brated based on one single-diameter representative pipe. SLE, as an
inverse model, was then applied to estimate diameter based on pres-
sure variation collected from the experiment. While this method can
be applied to detect blockage in simple pipelines along with the deter-
mination of blockage size and location, errors may still be possible due
to cross-sectional change, parameterization error, model structure
error, or noise effects.

Another potential blockage detection method was devised by
Kumar and Mohaparta.'®" The proposed method utilized a modified
reconstructive method of characteristics (MOC) to detect partial dis-
crete and extended blockage based on steady-state pipe pressure head
and pipe area reconstruction, respectively. The pipe segment was first
separated into finite cells with blockage assumed to be located at the
interface of the discretized cells. Characteristics equations were then
derived according to the back calculation of steady-state parameters.
This method was applicable to both elastic and viscoelastic pipelines.
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For the viscoelastic case, the numerical model with pipe wall retarded
behavior shall be considered. With this requirement, viscoelastic prop-
erties were obtained through calibration in advance before this method
was applied. Without the inclusion of viscoelastic properties, signifi-
cant deviation was observed for both discrete and extended blockage
cases when compared with the experimental result. The benefits of
this method were the less need for preliminary knowledge of blockage
number, upstream boundary condition, friction factor determination
for discrete blockage, and regular geometry assumption in extended
blockage.

B. Leakage detection

Similar to blockage, leakage is also a disturbance in pipe flow.
However, contrary to blockage, which restricts fluid flow and increases
fluid pressure, leakage provides an additional flow outlet, decreasing
the peak fluid pressure, as seen in Fig. 27, while increasing the wave
pressure damping. Typically, pressure damping serves as a unique
characteristic to evaluate the leak parameters, such as leak size and
location. However, in a leaky viscoelastic pipe, the leak detection prob-
lem becomes more complex. Damping behavior is caused by leaks and
pipe wall viscoelasticity, which may disguise leak-induced damping.
This may reduce the effectiveness of previous leak detection tools for
elastic pipes."”” Modifications shall then be proposed to the existing
leak detection tool to be extensible even for viscoelastic pipes. In gen-
eral, the leak detection methods can be classified into the time-domain
or frequency-domain approaches.'*”

1. Time-domain approach

The inverse transient analysis (ITA) is the most commonly
adopted time-domain leak detection tool. First proposed by Pudar and
Liggett'® and then modified by many other researchers,'®*'*” the ITA
is a method to estimate unknown leak parameters based on the collected
transient data.'*” Originally developed for elastic pipes, ITA’s applicabil-
ity was extended to the viscoelastic pipe by Ramos and Covas."*” To
find the parameters, the forward transient solver (FTS), a numerical
program for the system’s pressure variation with leaks, was first pre-
pared. FTS shall include not only unsteady friction and other dynamic
response such as cavitation but also the viscoelasticity effect for ITA to
be applicable for viscoelastic pipes. Then, the solver results were
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FIG. 27. Variation of pressure head with different leakage degree.'®
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compared with the experimental data to construct an optimization
problem. The least-square error then optimized the difference in the
inverse transient solver (ITS). The ITA was capable of obtaining leak
parameters when the pipeline’s physical characteristic was known, the
leak was of reasonable size, and an accurate transient solver was used.
However, the detection results were sensitive to the sensor location,
valve maneuver, pipeline material, and other system configurations.

Several modifications in ITA have also been proposed, especially
regarding the applied optimization algorithm for viscoelastic pipes.
Soares et al.'®” utilized a multi-staged optimization algorithm with a
coupled optimization method of global optimization (genetic algo-
rithm) and local optimization (Levenberg-Marquardt algorithm),
inspired by Kapelan et al." approach for the elastic pipes. This opti-
mization procedure was found to improve leak detection performance
in terms of detection speed and accuracy. Another algorithm that was
applied in conjunction with ITA for the viscoelastic pipe was Nelder—
Mead algorithm. Choura et al.'”” applied the Nelder-Mead algorithm
both in the process of viscoelastic parameter calibration and leak
determination of ITA. It was found that adopting Nelder-Mead algo-
rithm produced acceptable viscoelastic calibration and leak detection
accuracy.

Mousavifard et al.'”" performed another modification of ITA but
in the mathematical representation of the viscoelastic pipe. The modi-
fication, called backward transient analysis (BTA), was based on a new
scheme of MOC in which the transient flow analysis began at the
downstream end after the transient was fully developed. In terms of
performance, with a bigger leak, BTA had a similar performance to
ITA. However, BTA successfully removed the uncertainties in ITA,
which was the undesirable effect at the downstream valve, and per-
formed better than ITA, especially in the case of a smaller leak.

Another concern with ITA is the computation cost due to the
tedious optimization process. As a solution, Wang proposed substitut-
ing the numerical model with an easy-to-compute surrogated model
built by modeling transient waves with the Kriging method based on a
sparse sampling strategy.'”” This method was found to have similar
accuracy to the traditional ITA but with a lower computation cost.

The transient damping method (TDM) is another viable option
for leak detection of viscoelastic pipes in the time domain. First derived
by Wang et al.'”” and Nixon et al,'”* TDM has also been extended to
be applicable even for viscoelastic pipes. Brunone et al.'”” proposed a
decay law approximation of TDM for leak detection in the viscoelastic
pipe. First, the numerical model for the viscoelastic pipe was formu-
lated and experimentally calibrated. Then, numerical tests were per-
formed to determine the appropriate decay law coefficients for the
corresponding viscoelastic pipes. Peak pressure was found to be a
characteristic parameter crucial for the determination of leak location,
properties, and pre-transient pressure. On the other hand, initial flow
velocity at the downstream location was found to have a negligible
effect on the leak detection result.'”® Furthermore, to improve TDM’s
reliability, Capponi et al.'”” proposed the use of TDM coupled with
other methods, such as analyzing the pressure signal during the first
half-period to obtain the wave reflection information.

2. Frequency domain approach

In the frequency domain, Duan et al.'® proposed a frequency
response function (FRF)-based method to detect pipe leakage. First,
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FRF was derived numerically for elastic pipe and then extended to the
viscoelastic case with leakage by the use of TMM. This method was
also applied with varying experimental bandwidths. In a more recent
study on the same method by Pan et al,"*” bandwidth variation was
quantified by delayed timescale (DTS). While this method achieved
acceptable leak property accuracy for both size and location, this
method was found to be more sensitive to leak location compared to
leak size. For this method, the preferable DTS was recommended to be
within the characteristics wave timescale.

Matched field processing (MFP), as suggested by Wang et al.,'"
is another method to detect leaks in viscoelastic pipes in the frequency
domain. In this method, viscoelasticity was first represented by
frequency-dependent wave speed. The leak was then localized by the
MEFP algorithm and applied to search for leaks along the pipeline. The
viscoelasticity effect shall be included with the use of more frequencies
in the algorithm for better accuracy. MFP was found to be accurate
with fast computation, even for a small leak.

Keramat et al."** also derived an FRE-based tool for leak identifi-
cation of viscoelastic pipes but including the effect of FSI. Similar to
Duan et al.'® and Pan et al,"** FRF was first derived by TMM but was
then exploited by localization through MFP and maximum likelihood
estimator (MLE). Consideration of FSI was observed to increase the
accuracy of leak identification due to the larger Poisson effect in the
viscoelastic pipe.

IX. VISCOELASTICITY IN SURGE CONTROL

The transient phenomenon induces a sudden pressure rise in the
pipe system, leading to potential pipe damage. Different surge control
methods have then been proposed to address this issue. In recent
years, the viscoelastic pipe is becoming a more prospective surge con-
trol method due to its damping characteristics, which ultimately leads
to lower peak pressure. By including viscoelastic pipes into the existing
piping system through different configurations, peak pressure in the
system can be significantly reduced, providing maintenance-free surge
control tools compared to the conventional methods.'”*

In 1999, Tijsseling et al. installed an internal rectangular tube
made of different materials to reduce the impact of water hammer,
especially regarding the pressure wave speed.'”” Both steel and PVC
tubes could successfully achieve this. However, PVC internal tube pro-
duced better results as it displayed a beneficial damping behavior in
addition to the decreased pressure wave speed. Despite PVC’s superior
performance, the use of steel tubes was still more recommended com-
pared to the PVC tube, as the successful application of this method
was highly dependent on the material’s strength.

Viscoelastic pipe’s potential as a surge control method only
gained more recognition after the proposition by Triki.'”® Triki sug-
gested substituting a short region in the pipe system, highly critical to
transient pressure rise, with a short in-line polymeric pipe of either
low-density polyethylene pipe (LDPE) or high-density polyethylene
pipe (HDPE). This method was found to induce a lower peak pressure
during transients. Between HDPE and LDPE, the use of LDPE pro-
vided better damping behavior compared to HDPE. Additionally, the
volume pipe section also affected the damping in the pipe system. The
application of a short in-line polymeric section as a surge control mea-
sure is shown in Fig. 28.

Triki then suggested a similar method but using a branched poly-
meric penstock instead of an in-line polymeric section.® A branched
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FIG. 28. Adaptation of short in-line polymeric section control method.
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polymeric penstock was also capable of mitigating the excessive pres-
sure peak experienced by the pipes. Similar to Triki,"”* more deform-
able pipes were also found to improve damping performance. When
compared between branched polymeric penstock and in-line poly-
meric section, a branched polymeric penstock had an increased small
period rate with relatively easier implementation. The viscoelastic-
based transient control measure with branched polymeric penstock is
depicted in Fig. 29.

Triki analyzed the performance of the previous in-line control
method with two additional characteristics: circumferential stress and
radial strain.'”" While the in-line method displayed good pressure
head results, this method produced some unfavorable effects, such as
amplification of radial strain, and caused a delay in the steady-state
regime. It was then suggested that these two aspects were assessed as
two additional design criteria in addition to pressure head damping.

Another method for surge control was proposed by Triki.'” The
newly proposed dual method replaced two parts of the pipeline, which
were the upstream and downstream locations, with two short poly-
meric sections. Compared to the traditional in-line method, the dual
method limited the delay in steady-state and amplification of radial
strain, producing a better surge control mechanism. From this study,
the application of the dual method was found to produce the best
setup with an acceptable trade-off between pressure damping, amplifi-
cation of radial strain, and delay in the steady-state regime.

Similarly, Trabelsi and Triki adopted the dual method but
replaced the two parts with two branched polymeric penstocks of dif-
ferent materials,'* as shown in Fig. 30. In this study, HDPE and
LDPE branched penstock was located at the passive hydraulic region
and transient sensitive region. This method was also found to produce
a better trade-off between pressure damping, radial strain amplifica-
tion, and wave oscillation spreading compared to the conventional
branching method.

Triki and Trablesi proposed another arrangement of the dual
method with the combined use of in-series and branched penstock, **
refer to Fig. 31. This method was also found to provide an advantage
over conventional in-line or branched methods in terms of peak pres-
sure head and pressure wave oscillation. Comparing the pipe materi-
als, adopting the combined dual method based on LDPE pipes yielded
better results compared to HDPE pipes.

Branched polymeric
short-penstock

Steel main pipe
Reservoir ( Valve )

FIG. 29. Surge control with a branched polymeric penstock.
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FIG. 30. Application of dual technique by (a) inline pipe and (b) branched
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FIG. 31. Dual technique with combined in-series and branched penstock method.

Another surge control method was developed, called the com-
pound technique.'” This method replaced a single pipe section with
two subsections with different materials (HDPE-LDPE). HDPE was
attached to the hydraulic part, while LDPE was attached to the steel
pipe. This method was found to have a better trade-off between pres-
sure attenuation and wave oscillation than the conventional method.
The compound technique for viscoelastic-based surge control is shown
in Fig. 32.

Chaker and Triki also adopted the compound method by using
two- branched polymeric penstocks with combined LDPE-HDPE
pipes,'* see Fig. 33. This method was observed to have a better trade-
off between pressure head attenuation and oscillation wave spreading
compared to conventional branched polymeric penstock with the opti-
mum trade-off depending on penstock’s diameter and length.

With the compound method and dual method being the two
promising tools for surge control based on viscoelasticity, a compara-
tive study between the two methods was performed.'®” Both methods
were found to enhance conventional in-line and branching techniques.
However, compared with the dual method, the compound method
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[

FIG. 32. Compound technique with the in-line pipe.
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FIG. 33. Compound technique with branched LDPE-HDPE penstock.

Main Pipeline Gal\a
/L PVCPipe ——
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produced less pressure wave oscillation and emerged as a better surge
control method.

While substituting a segment of steel pipe with different configu-
rations of viscoelastic pipes is effective for controlling the transient’s
peak pressure, the concern is raised regarding its applicability in an
existing pipeline system. To solve this issue, Kubrak et al.'* proposed
connecting the main pipeline with an additional branch of viscoelastic
pipes through a smaller diameter pipe, as shown in Fig. 34. Adopting
this method could successfully minimize the peak pressure during
transients and shorten the transient period. When analyzed with a
varying valve closure time, a longer valve closure time decreased the
effectiveness of this method, making it better protection during the
rapid transient phenomenon. However, a similar drawback, as
observed by Triki,"”" was found in this approach. The use of a smaller
diameter connector pipe was also observed to diminish the peak pres-
sure attenuation effectivity of the viscoelastic pipe. In the future, stud-
ies may be conducted on the influence of different sizes or material
types of connector pipe on the performance of this method.

X. CONCLUSION

This paper is the first literature review on water hammer in visco-
elastic pipes. This review aims to provide a summary of the develop-
ments in the field of water hammer in viscoelastic pipes, starting from
the mathematical model, experimental studies, numerical solutions in
the time-domain and the frequency domain, and calibration of visco-
elastic parameters, defect detection, and viscoelasticity-based surge
control. In the preparation of the manuscript, special attention is dedi-
cated to properly categorizing the relevant progress, e.g., in terms of
mathematical modeling or numerical implementation, so that poten-
tials for future works are more elucidated. From this survey, the key
research directions are outlined as follows:

* Numerical and mathematical modeling dominates the studies on
water hammer in viscoelastic pipes. Regardless of the robust
research on numerical implementation, there is currently very
limited study on the effect of viscoelasticity in a 3D water ham-
mer model. In the future, more studies on the radial and azi-
muthal waves and their interactions with longitudinal waves
during water hammer in VE pipes are needed.
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* A more accurate 1D model shall be proposed to provide better
accuracy with less modeling complexity. This accurate 1D model
shall incorporate a better material model, UF model, FSI, interac-
tion with the surrounding soil, and cavitating behavior.

* The frequency-domain and time-domain analysis methods are
two different approaches for analyzing water hammer problems,
each with their advantage and disadvantage. Frequency-domain
analysis tools, which include IRM and TMM, are relatively sim-
pler to compute but have a higher error risk due to the lineariza-
tion procedure. Time-domain analysis tools are accurate in
incorporating nonlinear effects but require higher computational
requirements. There is a lack of a universal combined method
that takes advantage of both while overcoming their drawbacks.

* Calibration of viscoelastic pipes is commonly performed with
Kelvin-Voigt elements of up to five elements with increasing
accuracy for a higher number of KV elements, coupled with the
different optimization algorithms. However, in recent years,
researchers have proposed several new viscoelastic parameter cal-
ibration schemes, such as step-wise calibration, implemented in
the frequency domain and time domain. The correlation between
effective viscoelastic parameters to be investigated through exper-
imental and numerical models constitutes a research gap.

* The use of the wave characteristic method for VE pipes has been
less appreciated. There is potential in this method to help learn
more about the physics of wave propagation in VE pipes.

¢ In blockage detection, several methods have been proposed,
including FRA, coupled PSA-FRA method, and SLE-based
method. In the authors’ opinion, the PSA-FRA coupled method
is a very promising tool for blockage detection. Likewise, the
research on leak detection with time-domain tools of ITA, decay
law-based detection method, and TDM and recently devised
frequency-domain detection tools, including FRF, MFP, and cou-
pled FRE-MFP-MLE method, is quite mature. However, a future
improvement in the leak and blockage detection methods for the
accurate inclusion/calibration of the viscoelasticity effect seems
necessary.

* The use of viscoelastic pipes is a viable surge control measure.
While different techniques have been recently proposed, the
compound technique is currently the best surge control method.
In the future, the compound method may be experimentally vali-
dated and modified by a series of short polymeric pipes and
branched polymeric penstock of different materials.
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NOMENCLATURE
A Cross-sectional area
A;j  Cross-section area of j-th cylinder
ap  Wave speed
BTA  Backward transient analysis
CFD  Computational fluid dynamics
D  Pipe diameter
D/Dt  Material derivative in cylindrical coordinate
DACM  Discrete Adamkowski cavitating model
DGCM  Discrete gas cavity model
DTS Delayed time scale
DVCM  Discrete vapor cavity model
dv/dt  Local acceleration
E”  Dynamic modulus of elasticity
e Pipe wall thickness
FDTBM  Frequency domain transient based method
F;  Local shear force per unit length of cylinder j
FRA  Frequency response analysis
FRD  Frequency response diagram
FRF  Frequency response function
FREM  Frequency response function method
FRF-MFP  Frequency response function coupled with
matched field processing
FRF-MFP-MLE  Frequency response function coupled with
matched field processing and maximum likeli-
hood estimator
FSI  Fluid-structure interaction

f

fquas—steady

Body force along the direction of interest
Quasi-steady friction factor
Steady friction factor

fu  Unsteady friction factor
G Relaxation function
GIVCM  Generalized interface vaporous cavitating model
G, Relaxation coefficients
g Gravitational acceleration
H  Piezometric head
HDPE  High-density polyethylene
HFW  High-frequency waves
IFT  Inverse Fourier transform
IRM  Impulse response method
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PolyU
PSA
PSA-FRA

PVC

RO

SLE
SPM

TDM
TMM

DU 0w u 2 < <

3

Greek

Inverse transient analysis

Creep compliance

Creep compliance for the first spring
Creep compliance of the k-th KV elements
Kelvin--Voight

Brunone’s friction coefficient

Creep parameter

Low-density polyethylene

Medium-density polyethylene

Matched field processing

Maximum likelihood estimator

Method of characteristics

Coefficient m in Zielke’s weighting function
Mass flux of cylinder j

Coefficient n in Zielke’s weighting function
Partial differential equations

Polyethylene

The Hong Kong Polytechnic University
Pressure signal analysis

Pressure signal analysis coupled with frequency
response analysis

Polyvinyl chloride

Pressure

Volumetric flow rate

Pipe radius

Initial Reynolds Number

Reynolds number

Equivalent resistance in the viscoelastic system
Radius from the axis

Shuffled complex evolution of University of
Arizona

Successive linear estimator

Smoothed particle method

Integral dummy variable

Transient damping method

Transfer matrix method

Time

Unsteady friction

Velocity along axial direction

Velocity along axial direction of cylinder j
Average velocity

Viscoelastic

Kinematic viscosity

Velocity along radial direction

Velocity along azimuthal direction
Distance along axial direction

Distance along radial direction

One dimension

Two dimension

Three dimension

Oanch
%

aV/0x

Pipe wall coefficient
Coefficient relating to anchors’ action
Averaging factor

Convective acceleration

REVIEW pubs.aip.org/aip/pof

V2 Laplace operator in the cylindrical coordinate
& Retarded strain of KV element k
¢, Retarded strain
Nk Viscosity of k-th dashpot
0  Distance along azimuthal direction
Kk Bulk modulus
k,  Bulk modulus of pipe material
1 Dynamic modulus
W Volume viscosity coefficient due to viscoelasticity
v Poisson’s ratio
p  Density
o Viscosity ratio
7 Shear stress; non-dimensional time for Egs. (28)-(31)
7, Ratio between dashpot’s viscosity and spring’s elastic
modulus
T Relaxation time
7, Retarded time of the dashpots
Y Dimensional parameter based on the pipe section dimen-
sion and constraint
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