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ABSTRACT
Blockages are commonly formed in fluid pipelines such as water supply systems, which may greatly
affect the internal flow states andconveyance capacities. This paper investigates the transientbehav-
ior of a pressured water pipeline with blockage under different transient wave perturbations based
on the Computational Fluid Dynamics (CFD) model. To this end, a water pipeline is modeled in a
2D axisymmetric geometry with refined mesh and the blockage is modeled as a small, constricted
section. Both the lowandhigh-frequencywaves (LFWandHFW), in termsof radial fundamentalwave
frequencyof apipeline, ∼ a/R, withabeingacousticwave speedandRbeingpipe radius, are injected
for the numerical analysis. Through this CFD model, both the axial and radial transient waves have
been observed for different frequency wave injections, which are firstly validated by datasets avail-
able from former studies. After validations, the local flow characteristics, such as the velocity field, the
vorticity field, and its temporal, spatial evolution in thevicinityofblockageduring transientwavepro-
cesses, including before and after transient wavefront passing, are elaborated and analysed in this
study. The results indicate the significant influence of blockages on transient behaviors, especially
under high-frequency wave conditions.
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1. Introduction

Blockages, such as the buildup and scale-up of the mate-
rial in the inner pipe wall due to complex physical
or chemical processes (Chahardah-Cherik et al., 2021;
Duan et al., 2012; Keramat & Zanganeh, 2019; Liu et al.,
2017; Louati et al., 2017; Zhao et al., 2018) or flow
disturbance caused by partially closed valves (Ferreira
et al., 2018; Jewell & Denier, 2013; Meniconi et al., 2012,
2014) and other connected hydraulic devices (Contrac-
tor, 1965; Stephens et al., 2007), commonly exist in urban
water supply pipelines (UWSP). These faults can not
only increase additional energy transmission costs (Duan
et al., 2012) but also produce potential risks of water leak-
age due to complex flow and pressure variations in the
vicinity of these faults under steady and unsteady flow
states (transient waves) in the system (Duan et al., 2020;
Zhao et al., 2018). However, limited by relatively little
available external visible or acoustic information offered
by blockages under steady-state flow conditions (Zouari
et al., 2019), transient-basedmethods (TBMs), have been
developed as one of the intentional detection techniques
for pipeline blockages with higher efficiency and accu-
racy (Lee et al., 2008). The fundamental of the TBMs for
blockage detection procedure is based on a modification
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of the blockage on the transient waveforms (Chaudhry,
2014; Duan et al., 2014; Lee et al., 2008; Meniconi et al.,
2014; Zouari et al., 2019). Therefore, to ensure the accu-
racy and the rationality of the detection result, it is par-
ticularly important to have an in-depth understanding of
physically modeling the blockage and its interaction with
transient waves forwardly (Duan, 2016; Che et al., 2021).

Realistic partial blockages commonly have a certain
longitudinal length with a varying cross-sectional area
shape. These blockages could be primarily classified into
two categories based on their relative length compared
with the thickness of the probing wave (Duan et al.,
2020; Zhao et al., 2018): (i) discrete blockage or local-
ized (i.e. which is considered as a localized discontinu-
ity); (ii) extended blockage. For the analytical model-
ing of the discrete blockage in transients, it is assumed
that the discharge conservation keeps while additional
pressure head loss occurs before and after the blockage
(Chaudhry, 2014; Kim, 2018; Lee et al., 2008). Under
this assumption, only the blockage location and sever-
ity (i.e. blockage-induced local head loss) are unknown
based on the measured transient pressure signals for
detection. In comparison, one additional area function
A(x) that describes the blockage shape for the extended
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blockage is required to be reconstructed. Specifically,
A(x) = constant if the real extended blockage is sim-
plified as a uniform constriction along the pipe axis
(Chaudhry, 2014; Duan et al., 2014), and A(x) = a func-
tion of x if the effect of its nonuniformity on the system’s
transient behavior is so large that cannot be neglected
(Che et al., 2018a, 2019; Yan et al., 2021; Zouari et al.,
2019).

It is noticed that the majority of these analytical
and numerical investigations of transient behaviors in a
pipeline with blockage in the time domain or frequency
domain are commonly based on the one-dimensional
(1D) water hammer equations due to their computa-
tional efficiency and convenience for implementation. As
a result, the detailed flow dynamics and interactions of
transient waves with such blockage cannot be well repre-
sented and interpreted from the current 1D models and
methods, which is themain content of this study. For clar-
ity, the scope of this study is mainly confined to the rigid
pipeline (e.g. with elastic/metallic pipe materials), while
for viscoelastic/plastic pipes (e.g. PE or PVC), the effect
of pipe wall deformation may induce potential influence
on transient wave behavoirs and energy transformation
process (Duan et al., 2010; Pan et al., 2020, 2021), which
is not considered in this paper.

The computational fluid dynamics (CFD) approach
succeeds in many aspects of hydraulic transient numer-
ical simulations with high reliability: (i) the movement
of an entrapped air pocket in a water-filling pipe (Zhou
et al., 2011); (ii) the atomization process of air and water
in a dual-fluid atomizer (Yu et al., 2019); (iii) driving
forces in a geyser event (Shao & Yost, 2018); (iv) dynamic
characteristics of a closing ball valve (Cao et al., 2022);
(v) transient flow characteristics in a reservoir-pipeline-
valve (RPV) system with an intact pipe (Martins et al.,
2014, 2016, 2018; Wang et al., 2017); and (vi) transient
flow characteristics in a RPV system with defects, such
as leaks (Lai et al., 2021), and an extended bottom block-
age (Zhao et al., 2018). In the aforementioned literature
most related to this work (e.g. listed in (v)), we notice
that some studies are based on the 2D CFDmodel (Mar-
tins et al., 2018) while others are based on the 3D CFD
model (Martins et al., 2014, 2016; Wang et al., 2017),
both types get good agreement with the results shown 1D
model in predicting the area-averaged transient pressure
and the exact or semi-empirical solutions in predict-
ing the velocity profile. However, relative coarse mesh
schemes in these studies lead to a deficiency in observ-
ing the radial wave behavoirs. Therefore, considering the
computational cost, this study finally chooses the 2D
CFD model with fine mesh schemes to investigate the
2D transient behavior of a water supply pipeline with a
discrete blockage under different wave perturbations for

Figure 1. Configuration of pipeline with discrete blockage in
axial cross-sectional view.

transient generations via the CFD software, Ansys Flu-
ent 18.1. Inspired by the work from (Che et al., 2018a),
in which radial pressure wave behavior in an intact pipe
and its generation mechanism under different transient
operations are well explained, this study investigates how
blockage interacts with different frequency wave injec-
tions and the local flow characteristics in the vicinity of
blockage.

2. Problem description andmodeling

2.1. Problem description

The wave propagation in a RPV system with a single dis-
crete blockage is investigated in a fully 2D framework. In
the computation domain, the discrete blockage is mod-
eled as a uniform constricted pipe section which means
the whole pipe is modeled as an axisymmetric cylin-
drical configuration (see Figure 1). The dimensionless
length of this blockage lb/L = 8e-5 is minor compared
with the thickness of the probing wave. The centroid of
the blockage is located as xb/L = 0.5 while its severity is
characterized by its dimensionless radius rb/R = 0.5. The
upstream end of the pipe is bounded by a constant level
reservoir with pressure headHres = 40m and the down-
stream is bounded by a valve which is a transient source
that produces transient pressure waves (Kim, 2022) with
a plane wave speed a. Specific system information and
initial flow parameters are listed in Table 1.

2.2. Modeling and numerical schemes

Mathematical models
The full-2D water hammer model, in the cylindrical
coordinates, is composed of a continuity equation and
momentum equation (Che, 2019; Mitra & Rouleau,
1985):
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Table 1. System parameters of the CFD numerical experiment.

Hres (m) L (m) R (m) Re a (m/s) T th (s) f r (Hz) lb/L rb/R xb/L

40 10 0.02 800 1485 0.0269 74250 8e-5 0.5 0.5
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in which p is pressure; t is time; x. and r are axial and
radial spatial coordinates, respectively; u and v are the
fluid particle’s axial and radial velocity, respectively; K is
the bulk modulus of elasticity of liquid (= 2.2GPa for
water in this study); μ is the fluid’s dynamic viscosity;
and ρ is the reference density of the fluid (i.e. for water
focused in this study,ρ = 998 kg/m3). For a slightly com-
pressible fluid, the equation of state is (Chaudhry, 2014;
Mitra & Rouleau, 1985)

dp
dρ

= K
ρ

= a2 (4)

Therefore, the calculated plane wave speed is approxi-
mately equal to 1485m/s in this study (Che et al., 2018a).

Numerical schemes
This two-dimensional (2D)model includes three unknowns
(u,v,p), and the CFD software Ansys Fluent 18.1 is
adopted to conduct this 2D simulation with the given
initial condition and boundary conditions. The solver
used is a pressure-based solver and 2D space chooses
axis-symmetric for the considered symmetric blockage.
For low Reynolds number laminar flow in the pipe, the
viscous-laminar model is chosen. The governing equa-
tions are discretized in Fluent by the built-inmesh gener-
ation functions and then solved using the Finite Volume
Method (Martins et al., 2014; Wang et al., 2017). Cou-
pled Scheme is used for pressure-velocity interaction by
the flow solver for its high efficiency in steady-state or
transient simulation problems. The Least Squares Cell-
based method is chosen to compute the gradient terms
in the governing equations while the Second Order, the
Second Order Upwind, and the Second Order Upwind
schemes are applied for the discretization of the pressure
equation, density, and momentum equations, respec-
tively (Lai et al., 2021).

2.3. Initial condition and boundary conditions

Initial condition
The result of the steady-state flow is used as the initial
condition of the transient test. The pipe inlet bound-
ary is set as pressure-inlet (= 392,400 Pa) which cor-
responds to a constant level reservoir Hres (= 40m) at
the upstream. The pipe wall is set as a non-slip wall for
the steady-state computation. The pipe axis is set as the
axis boundary. For comparison, an intact pipe (without
discrete blockage) case is also conducted to emphasize
the effect of discrete blockage. The pipe outlet boundary
is set as pressure-inlet (= 392,392 Pa) in the steady-
state to get a Hagen-Poiseuille laminar flow (Re < 2000)
whose area-averaged velocity u0 equals 0.02m/s. This
plane Poiseuille flow can be explained by the balance of
generation and loss of the fluid’s vorticity at boundaries
(Morton, 1984).

Boundary conditions
The constant pressure at the upstream as stated for the
steady-state flow model is adopted. For the downstream
which is located at the pipe’s outlet (x = L), transients
are generated by three forms of flow state change at the
downstream valve (DV) for this study: high-frequency
oscillation (HFW), low-frequency oscillation (LFW), and
sudden closure (SC). For the transient computation in the
sudden closure case, the type of the pipe’s outlet can be
easily set as theWall. But for theHFWand LFWcases, we
need to customize the outlet’s axial velocity profile (i.e. a
C-language function) written in Microsoft Visual Studio
in the following formats to incorporate theAnsys Fluent’s
UserDefined Function (UDF)module and compile it (Xu
et al., 2020):

u = {
u0 ∗ (1 − (r/R)2) ∗ (cos(2π fint) + 1)when

0 ≤ t ≤ t0; 0 when t >t0. (5)

3. Preliminary model validation

To validate the accuracy of the established CFD model
for transient pipe flows, two preliminary numerical cases
from the literature are tested. The first case’s object is
an intact pipe (i.e. without blockage) while the second
case considers an antisymmetric extended blockage in a
pipeline. Details are shown in the following part.
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Table 2. System information for Case 1.

Hres (m) L (m) R (m) u0 (m/s) Re a (m/s) Tth (s) Transient Operation

40 42 0.0362 0.0231 1670 1485 0.1131 sudden close of DV

Figure 2. Area-averaged pressure trace at the pipe outlet versus
time for Case 1.

3.1. Case 1: numerical verification in the intact pipe
(Che, 2019)

The first case includes an intact pipeline system, whose
parameters and two mesh schemes (i.e. coarse and fine
mesh in the radial direction) are listed in Table 2 and
Table 3, respectively. Transient is generated by suddenly
closing the DV. The uniform spatial step along the axial
direction �x and the non-uniform spatial step along
the radial direction �r with a growth rate of 1.05 are
generated to solve the problem and obtain the tran-
sient pressure head. The time step �t is determined by
Courant-Friedrich-Lewy (CFL) stability condition (Liu
et al., 2020), i.e. �t = �x/a. Under these two mesh
schemes, classic water hammer phenomena are observed.
In Figure 2, the time t is normalized by the intact pipe’s
theoretical wave period Tth = 4 L/a, and the pressure
oscillation H-H0 is normalized by the Joukovsky head
Hjou = au0/g, i.e. t∗ = t/Tth, H∗ = (H-H0)/Hjou. It is
clear that with the increase of the mesh resolution, a
better convergence result occurs.

3.2. Case 2: preliminary numerical verification in
the extended blockage case (Zhao et al., 2018)

The second case involves a pipeline system with an anti-
symmetric extended uniformblockage that only occupies
the pipe section’s bottom area. For the blockage section,
its centroid x, length l and severity/blockage diameter d
are listed in Table 4. The mesh scheme listed in Table 5
is the finest one tested in Zhao et al. (2018). In Figure 3,

Table 3. Mesh tests in CFD Fluent for Case 1.

�x (m) Nx Nr �r Growth Rate �t (s)

Coarse Mesh 0.1 420 50 1.05 6.73e-5
Fine Mesh 0.1 420 80 1.05 6.73e-5

Figure 3. Area-weighted average pressure trace at the pipe out-
let versus time for Case 2

the area-averaged pressure at the pipeline’s outlet agrees
well with that shown in Fig. 8 in Zhao et al. (2018). Point
C and Point D corresponds to the time that the inci-
dent wave propagates upstream, then gets reflected at the
extended blockage right and left end, respectively, and
finally arrives at the DV.

4. Simulation and results

Noticing that radial pressure wave phenomena are not
observed in the aforementioned mesh schemes for two
preliminary numerical cases in the literature due to the
large-scale difference between the axial spatial step �x
and average radial spatial step �r̄. According to (Mitra
& Rouleau, 1985), higher and equivalent dimensionless
spatial and temporal resolution lead to capture the radial
waves, i.e. �ξ = �η = �τ , where �ξ = �x/R, �η =
�r̄/R and �τ = a�t/R. In this paper, this dimension-
less value is set as 0.02 which is small enough to simulate
the fluid’s real viscous effect rather than the numerical
viscosity in order to observe the radial wave propaga-
tion behavior (Che et al., 2018a). Specifically, after care-
ful grid-dependence tests, the corresponding axial mesh
number Nx, radial mesh number Nr, and the time step
�t. settings are listed in Table 6 and the sketch of the grid
scheme is displayed in Figure 4. The convergence pre-
sion for the variables in the continuity and momentum
equations is set as 10−6.

The steady-state axial velocity profile along the pipe’s
axial and radial direction calculated from Ansys Fluent
18.1 is plotted in Figure 5. Axial velocity distribution
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Table 4. System information for Case 2.

Blockage Parameters

Hres (m) L (m) D (m) u0 (m/s) Re a (m/s) Tth (s) lb/L d/D xb/L Transient Operation

204 100 0.1 1.0 105 1414 0.2829 0.1 0.4 0.6 sudden close of DV

Figure 4. Sketch of the selected mesh scheme in CFD model

Table 5. Mesh generation scheme in CFD Fluent for Case 2.

�x (m) Nx Nr �r Growth Rate �t (s)

0.05 2000 50 1.05 3.00e-5

Table 6. Mesh selection in CFD model.

�x (m) Nx Nr �r̄ (m) �r Growth Rate �t (s)

4e-4 25000 50 4e-4 1.05 2.69e-7

along the pipe’s axis (see Figure 5(a)) is axisymmetric
and fully developed before and after blockage. In Figure
5(b), the computed velocity profile (i.e. numerical result)
at the pipe’s outlet satisfies the parabolic distribution (i.e.
analytical result) as follows:

u = 2 ∗ u0 ∗ (1 − (r/R)2) (6)

As a comparison, the transient pressure traces dur-
ing the early stage at different radial locations (r∗ = 0
corresponds to the axis and r∗ = 1 is the wall) for the
sudden closure of DV in the corresponding intact pipe
with L = 10m and radius R = 0.02m are plotted in the
dashed line in Figure 6 while those for the blockage pipe
are plotted in the continuous line. These radial pressure

differences (or gradients) observed in these two cases
account for the mechanism of the radial pressure waves
(Che et al., 2018a). Louati and Ghidaoui (2017) devel-
oped the theoretical formula for the propagation angle
of these radial waves’ modes, with a zigzag-type path
bounded by the pipe wall. Noting that the peak value of
the dimensionless pressure at t∗ = 0 in two cases being
up to 2 is due to the axial velocity at the axis being twice
the area-averaged velocity (Che et al., 2018a). Besides
that, the pressure in the blockage case is slightly lower
than that in the intact case, which is due to the steady state
pressure drop as a result of the blockage (local energy
losses). There is no obvious blockage-induced frequency
shift at the pipe axis and wall, though the blockage sig-
nature on declining the magnitudes of oscillations is evi-
dent. Around t∗ = 0.01, radial pressure wave vanishes
(i.e. no pressure difference between r∗ = 0 and r∗ = 1).

4.1. Pressure fields

For DV’s HFW oscillation, its oscillation frequency fin is
1.2 times the radial wave frequency fr with the oscilla-
tion period t∗0 = 0.025 as shown in Eq. (5). As seen in
Figure 7(a), significant pressure differences between the
pipe wall and the axis are observed during valve oscilla-
tion period. At the beginning of the oscillation, the first
maximum peak h∗ for the axis is up to 2 and the suc-
cessive peak values quickly decrease to 1.2 during the
valve’s oscillation which is different from the result in
the intact pipe whose peak values keep nearly 2.0 (Che
et al., 2018a). At t∗0, the valve fully closes, and it causes
the second maximum peak. Successive pressure wave’s

Figure 5. Steady-state velocity profile of axial velocity component; (a) along the pipe axis; (b) at the pipe outlet.
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Figure 6. Pressure trace during the early stage of transient process at the pipeline outlet for the sudden DV closure.

Figure 7. Pressure trace at the pipe outlet (with blockage) for the HFW oscillation at the DV: (a) in one theoretical period (0 < t∗ < 1);
(b) the enlarged part for 0 < t∗ < 0.05; (c) the enlarged part for 0.23 < t∗ < 0.3.
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amplitude fast attenuation with the oscillation is due to
the fluid’s viscosity and before arriving at the blockage
point, the radial waves disappear, acting as plane waves
as shown in Figure 7(b). Compared with the correspond-
ing intact case, blockage-induced reflection for these
two maximum peaks can be captured by the two min-
imal peaks that occurred in t∗C1 = 0.25 and t∗C2 = 0.275
(Figure 7(c)). The time t∗C1 indicates the travel time of the
planewavefront between the generation point (valve) and
the blockage location, while the time delay between t∗C1
and t∗C2 reflects the DV’s oscillation period.

In the low-frequency wave (LFW) oscillation test
excited at the DV, except for its oscillation frequency

fin being 0.2 times the radial wave frequency, other
parameters keep the same as those of the HFW test.
During the valve oscillation period (Figure 8(b)), i.e.
0 < t∗0 < 0.025, the pressure waves’ oscillation ampli-
tudes are much smaller than those in the HFW test since
the radial pressure wave has enough time to influence
the cross-sectional pressure profile (Che et al., 2018a).
After valve oscillation, similar to the HFW case, two
minimum peaks caused by the blockage are observed
(Figure 8(c)).

Noticing the short oscillation of the DV for the
HFW and LFW cases and their fast attenuation, that is,
after oscillation, no radial waves appear at the blockage.

Figure 8. Pressure trace at the pipe outlet (with blockage) for the LFW oscillation at the DV: (a) in one theoretical wave period
(0 < t∗ < 1); (b) the enlarged part for 0 < t∗ < 0.05; (c) the enlarged part for 0.23 < t∗ < 0.3.
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Figure 9. Pressure trace at the pipe outlet (with blockage) for the sudden DV closure: (a) in one theoretical wave period (0 < t∗ < 1);
(b) the enlarged part for 0 < t∗ < 0.05; (c) the enlarged part for 0.23 < t∗ < 0.3.

This can be seen from the same pressure traces after
t∗0 > 0.025 in Figures 7 and 8 and the same vorticity
behaviors in Figures 13 and 14.

Since the maximum peak generated at the transient
initial time for DV’s sudden closure, one minimum peak
at t∗0 = 0.25 (Figure 9(c)) induced by this maximum
peak’s reflection at the blockage is observed accordingly.

4.2. Flow fields

The variations of the cross-sectional flow profile during
the HFW propagation are studied here. For a pipeline’s
intact section (x∗ = 0.9) which is located at downstream

of the blockage section, the axial velocity profiles of the
fluid at three time-instants: (i) before (i.e. at t∗ = 0.0125);
(ii) exactly (i.e. at t∗ = 0.0250); (iii) and after (i.e. at
t∗ = 0.0375) the wavefront arrival are indicated at Figure
10(a). In addition to a reversed flow with an inflection
point developing near the wall (Das & Arakeri, 1998), a
nearly uniform shift of the axial velocity profile with lit-
tle change in shape is observed during this deceleration
process (Che et al., 2018b; Vardy & Hwang, 1993).

Meanwhile, a significant increase in the axial veloc-
ity gradient at the near-wall region is seen from the
inset of Figure 10(b) while the axial velocity gradi-
ent in the core region keeps nearly zero with time.
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Figure 10. Flow fields at the intact pipe section (x∗ = 0.9) for three-time sections t∗ = 0.0125, 0.0250, 0.0375 in red, blue, and pink,
respectively; (a) axial velocity field; (b) axial velocity gradient field; (c) radial velocity gradient field; (d) vorticity field.

Figure 11. Flow fields at the blocked pipe section during the deceleration period (x∗ b = 0.5): (a) axial velocity field; (b) axial velocity
gradient field; (c) radial velocity gradient field; (d) vorticity field.
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Figure 12. Flow fields at the blocked pipe section during the acceleration period (x∗ b = 0.5): (a) axial velocity field; (b) axial velocity
gradient field; (c) radial velocity gradient field; (d) vorticity field.

This time-dependence phenomenon also validates that
the near-wall unsteady friction (or unsteady wall shear
stress) highly differs from that derived from the quasi-
steady flow assumption (Brunone et al., 2000; Vardy &
Hwang, 1991). On the other hand, the reversed flow near
the wall implies the instantaneous generation of vorticity
and its time-dependent diffusion towards the core region
(Guerrero et al., 2022). For the radial velocity gradient
(in Figure 10(c)), its magnitude of order is small enough
compared with that of the axial velocity gradient that can
be neglected. As a result, the vorticity field (in Figure
10(d)) at the pipeline’s intact section is dominated by the
axial velocity gradient.

Figures 11 and 12 displays the flow fields at the
blockage section (x∗

b = 0.5) during the deceleration and
acceleration periods, respectively. For illustration, five
characteristic time instants are plotted, in which t∗ = 0,
0.1250, and 0.2500 represent the initial time, and exact
time instants of the positive wavefront’s arrival at the
blockage and the upstream reservoir, respectively, and
t∗ = 0.1245, 0.1255 records the time before and after the
positive wavefront passing through the blockage. Differ-
ent from the result shown at the intact section, several
key findings are summarized as follows: (i) the nonuni-
form shift of the axial velocity profile in the boundary
layer as shown in Figure 11(a); (ii) the existence of a larger
axial velocity gradient and a comparable magnitude of

the order of the radial velocity gradient as depicted in
Figure 11(b)–(c), which emphasizes the intense of the
vorticity diffusion at the blockage. Nevertheless, the vor-
ticity profile (in Figure 11(d)) is still mainly controlled by
the axial velocity gradient.

4.3. Temporal and spatial evolution of the vorticity
field at the blockage

Except for the pressure signal analysis for the user-
predefinedmonitoring points/lines/surfaces, the detailed
flow field in the 2D transient simulation can be extracted
based on the system-defined physical variables in the Flu-
ent. Here, we focus on the physical quantity, vorticity ω,
to which limited attention is paid to transient pipe flows.
It allows for measuring the rotation of a fluid element as
it moves in the flow field (Çengel, 2018)

�ω = ∇ × �U = curl( �U) =
(

∂v
∂x

− ∂u
∂r

�k
)

(7)

in which U = (u, v) represents the fluid particle’s veloc-
ity vector. Figure 13 visualizes the variation of vortic-
ity magnitude in the vicinity of the blockage during
the propagation of the pressure waves. According to the
steady-state axial velocity profile results shown in Figure
5(a), the area-averaged Re at the blockage has a value of
2400, which is close to the experimental Re = 2000 in
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Figure 13. Vorticity field around theblockage for theHFWoscillation at theDV: (a) t
∗ = 1/16; (b) t

∗ = 3/16; (c) t
∗ = 5/16; (d) t

∗ = 7/16.

the blocked pipe’s flow conducted byToophanpour-Rami
et al. (2007). The vorticity shape with a long tail demon-
strated in this numerical simulation is also observed
experimentally with dye visualization by Toophanpour-
Rami et al. (2007). Before the arrival of the positive
pressure waves coming from downstream, the vorticity
distribution already exists and displays the frozen effect
as the steady-state (Weinbaum & Parker, 1975). After
its passage through the blockage, i.e. from t∗ = 1/16
to t∗ = 3/16, the magnitude of vorticity in the region
infinitely close to the blockage’s bottom slightly increases
and diffuses towards the pipe axis along the radial direc-
tion (Ghidaoui & Kolyshkin, 2002), and its height along
the blockage’s right side develops twice as seen in Figure
13(b). At t∗ = 5/16, the negative pressure coming from
the reflection of the positive pressure wave at the reser-
voir doesn’t arrive at the blockage, hence, the vorticity
profile remains almost unchanged (Figure 13(c)). After
1/8 t∗ (i.e. at t∗ = 7/16 in Figure 13(d)), it gets stronger
in the blockage’s local bottom and its effective height H
vor approximates to 2/5 of the blockage height.

In addition, the vortex’s shedding in the axial direction
is also observed, evidencing that the vorticity prolifer-
ation in DV’s sudden closure in both HFW and LFW
cases is the same (the results are not shown to conserve
space). This phenomenon could also be explained by the
flow fields in the vicinity of the blockage during the wave
acceleration stage (i.e. 0.25 < t∗ < 0.5, see Figure 12).
Specifically, the spatial-temporal evolution of the vortic-
ity field for the blockage section x∗

b = 0.5 with limited
radial extent (rB, rA) = (rC, rD) = (0.00908,0.00932)
from t∗ = 5/16 to t∗ = 7/16 ismarked by a polygon filled
with yellow color in Figure 12(d). At t∗ = 5/16, the vor-
ticity ω varies from 95.91 s−1 to 69.65 s−1, after 1/8Tth,
corresponding to the passage of the negative pressure
wave, i.e. at t∗ = 7/16, the vorticity ω at the rC (or rB)
decreases in magnitude to 53.48 s−1. But for the upper
radial location rD (or rA), ω not only decreases in mag-
nitude but also has an opposite rotational direction, with
a value of – 39.12 s−1, which indicates that a zero vortic-
ity zone must be existent between this radial extent at the
specific time.
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Figure 14. Vorticity field around the blockage for the LFW at the DV: (a) t
∗ = 1/16; (b) t

∗ = 3/16; (c) t
∗ = 5/16; (d) t

∗ = 7/16.

For better quantification of the spatial variation of
vorticity during the first half wave period, three dimen-
sionless parameters that characterize the spatial range of
vorticity are defined:

A∗
vor = Avor

Avor,0
, L∗

vor = Lvor
R

,H∗
vor = Hvor

R
(8)

where Avor and A∗
vor,0 represent the vorticity area at any

time and the initial steady state, respectively; and the axial
length Lvor and radial height Hvor (measured from the
bottom of the blockage) of vorticity are normalized by
the pipe’s radius R. With the aid of the professional java-
based image processing program, ImageJ, these quantities
(i.e.Avor, Lvor, andHvor) could bemeasured from the pic-
ture exported by the CFD-Post. On the whole, as plotted
in Figure 16, both A∗

vor shown in Figure 16(a) and H∗
vor

shown in the right y-axis of Figure 16(b) exhibit a signif-
icant increase after the passage of the positive or negative
wave while L∗

vor stays unchanged during the deceleration
process until the negative wave disturbing this state.

It is worth noting that the vorticity field shown in Fig-
ures 13–15 is the Vorticity Magnitude listed in the Quan-
tities table of the Solution Data in CFD-Fluent, accord-
ing to the definition of vorticity ω in Eq. (7), its value
could be positive or negative, implying anti-clockwise
or clockwise rotation of fluid particles in the vicinity
of the blockage section. The temporal evolution of the
mathematically maximum and minimum vorticity along
the blockage section (x∗

b = 0.5) are plotted in Figure 17,
which are normalized by the initial maximum vorticity
ωmax,0:

ω∗
max = ωmax

ωmax,0
,ω∗

min = ωmin

ωmax,0
(9)

As can be seen from Figure 17, during the first period,
ω∗ max decays continuously after the positive wave pass-
ing, which agrees with the left-moving direction of the
turning point of the vorticity profile with time proceed-
ing in Figure 11(d). Morton (1984) considers the cross-
diffusive annihilation in the fluid as the only mecha-
nism of the vorticity field’s decay. However, for the ω∗

min
with the opposite sign, which occurs at the pipe wall
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Figure 15. Vorticity field around the blockage for the sudden DV closure: at (a) t
∗ = 1/16; (b) t

∗ = 3/16; (c) t
∗ = 5/16; (d) t

∗ = 7/16.

(as indicated in Figure 11(d)), a dramatic sudden drop
occurs corresponding to the special time instants that
the positive or negative wave passing, indicating a sud-
den increase in the axial velocity gradient in this loca-
tion. Except for these particular time instants during the
investigated period,ω∗ minmay be considered as frozen.

4.4. Wall shear stress

Although wall shear stress can neither generate vorticity
nor does it directly influence the variation of vorticity, it
relates to vorticity by velocity gradient (Morton, 1984).
Besides that, the wall shear stress plays a very important
role in transient modeling to predict the pressure trace.
Based on these two solid reasons, we quantify the wall
shear stress history (τw ∼ t∗) during the first half wave
period at the blockage section (x∗

b = 0.5) as depicted in
Figure 18.

Overall, this figure exhibits a similar trend to
that at the pipe’s intact section (Cao et al., 2022;

Silva-Araya & Chaudhry, 1997). Similarly, rapid incre-
ments in the τw are seen just during the arrival of
the transient waves. After the wave’s passage, the time-
dependent diffusion of the velocity gradient-induced
shear stress (viscous forces) towards the core region
causes the slow delay of τw corresponding to the
pre-transition period as explained in the variation
of the skin friction coefficient Cf during accelera-
tion of the bulk flow (Guerrero et al., 2021). For
demonstration, two sets of peak time instants that
relate to the passing of the positive wave from the
downstream and the negative wave reflected by the
upstream reservoir are extracted (i.e. t∗P1,SC = 0.1290,
t∗P1,HFW = t∗P1,LFW = 0.1625, t∗P2,SC = 0.3830, t∗P2,HFW =
t∗P2,LFW = 0.4125) and comparing these values with the
arrival time instants of the positive and negative wave-
front (i.e. t∗P1 = 0.1250, t∗P2 = 0.3750) at the blockage
section, a local peak time delay is observed (Martins et al.,
2018). This time delay provides proof of the inappro-
priate use of the unsteady friction model in which the
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Figure 16. Spatial evolution of the vorticity at the blocked pipe
section (x∗b = 0.5): (a) vorticity area; (b) vorticity axial length and
radial height.

unsteady component of τw is based on the instantaneous
local acceleration.

5. Conclusions

This paper investigates the 2D transient wave behavoirs
in a pipeline with discrete (localized) blockage under
different wave excitation and flow conditions. The CFD
model is established, validated, and applied for this inves-
tigation. The results reveal that radial wave behaviors in

Figure 18. Wall shear stress at the blocked pipe section under
different forms of wave oscillation at the DV.

a transient pipe flow with a discrete blockage (localized)
can be observed in this high-resolution mesh scheme
and the blockage information can be identified from the
wave reflection analysis. Meanwhile, it is also demon-
strated that the commonly generated transient wave may
develop quickly into a plane wave along the pipeline due
to the relatively high frequency and fast attenuation of the
induced radial wave. In addition, based on the developed
2D CFD model, the transient wave-blockage interaction
has been examined for the local field variables in the
vicinity of the blockage for different tested cases. In com-
parison with intact pipe case, the results of this study
on the wave-blockage interaction can be summarized as
follows.

• The passage of the pressure wave could induce a
nonuniform shift of the axial velocity profile at the
blockage section’s near-wall region;

• The magnitude of the radial velocity gradient (∂v/∂x)
is nearly ten times larger than that in the intact section,
which could approach the order of the axial velocity
gradient (∂u/∂r);

• The vorticity fields in the pipe’s intact section and
blockage section both highly depend on the fluid’s
axial velocity field;

Figure 17. Temporal evolution of the vorticity at the blocked pipe section (x∗ = 0.5): (a) maximum vorticity; (b) minimum vorticity.
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• The extent (area and size) of vorticity, the magnitude
of the minimum vorticity, and the wall shear stress
at the blockage section present sudden increases after
the passage of the positive or negative wave while
the magnitude of the maximum vorticity decreases
continually with wave time due to its cross-diffusive
annihilation.

It is also noted that the results and findings of this
study are gained based on the 2D CFD simulation, with
an assumption of symmetric blockage configuration and
wave generation, as well as rigid pipe wall condition.
Further investigations (e.g. 3D model) will be necessary
and carried out for more complex situations of block-
age configuration and wave generation, such as irregular
blockages andmulti-pathwaves in elastic and viscoelastic
pipelines.

Notation

Roman letters

a = wave speed (m/s);
A = pipe cross-sectional area (m2);
Avor = area of vorticity (m2);
Cf = skin friction coefficient;
D = pipe diameter (m);
f in = input frequency of the wave (Hz);
f r = a/R radial fundamental wave frequency of a

pipeline (Hz);
g = gravitational acceleration (m/s2);
H0 = steady-state pressure head (m);
Hjou = Joukovsky head (m);
Hres = pressure head at reservoir (m);
Hvor = radial height of vorticity (m);
H∗ = dimensionless head perturbation =

(H-H0)/Hjou;
lb = uniform blockage length (m);
L = pipe length (m);
Lvor = axial length of vorticity (m);
Q0 = initial flow rate from reservoir (m3/s);
Re = Reynolds number;
rb = blockage size (m);
Tth = 4L/a = system theoretical wave period (s);
t∗ = t/(Tth) = dimensionless time;
u = axial velocity (m/s);
u0 = cross-sectional area-averaged axial velocity

(m/s);
v = radial velocity (m/s);
x∗ = x/L = dimensionless location;
xb = blockage location, measured from the reser-

voir (m);
x∗

b = xb/L = dimensionless blockage location.

Greek symbols

τw = wall shear stress history (Pa);
ω = vorticity (1/s);

List of abbreviations

DV : downstream valve;
HFW : high-frequency wave;
LFW : low-frequency wave;
Max : maximum;
Min : minimum.
RPV : reservoir-pipeline-valve.
SC : sudden closure;
Vor : vorticity.
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