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Abstract

This paper investigates experimentally the wave scattering effect of rough blockages in the pipeline and its impacts on the transient
analysis for pipe systems. Two experimental configurations of rough blockages (hard gravels and fibrous materials) are considered
in this study to examine the wave scattering effect on transient wave propagation. The results obtained in the experiments are used
to validate and verify the findings of previous numerical and analytical studies. The results of this study can provide fundamental
understanding and profound implications to practical applications such as transient-based pipe system design and pipe blockage
detection.
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1. Introduction

Random variations in the diameter (i.e., rough blockages) of fluid conveyance pipelines with respect to length
develop with age are due to many practical factors such as bio-film build up, corrosion and deposition. Such random
variations commonly occur in urban water pipe systems such as drainage pipes, crude oil lines, and arterial systems.
From the perspective of steady flow in water supply systems, the random variations of rough blockages cause
additional energy losses and, thus, requires more pumping. From the perspective of unsteady flow, random variations
in pipe diameter by rough blockages result in random scattering of water hammer waves. Pressure waves propagating
in such systems could be scattered (reflected and attenuated) randomly by the rough and irregular blockages in pipes.
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The phenomena of wave scattering in water piping systems and its implication to the structural integrity and robustness
of such systems so far are not well understood.

Nomenclature

A cross-sectional area of pipe

a wave speed

B amplitude of transient pressure trace

D pipe diameter

k wave number

L pipe length

P pressure

Re Reynolds number

RA relative importance

ws contribution of wave scattering

t time

x distance

a spatial correlation factor of rough blockage along pipeline
1) wave frequency

HA mean of cross-sectional area of rough blockage
4(x) random function with regard to distance

o4 standard deviation of cross-sectional area of rough blockage
A wave damping factor

Ai wave shifting factor

o4 coefficient of variation of cross-sectional area

Wave scattering has been commonly studied in other water systems and in particular in shallow water flows where
water wave propagation through a channel with irregular bed topology is of significant interest [1]. Experimental
results for such cases together with some theoretical considerations are investigated and discussed in [2, 3]. The results
in these studies indicated that, with the existence of the random inhomogeneities of channel bottom elevations, the
amplitude of the wave decreases rapidly along the channel. Propagation of slowly modulated waves in random media
is studied in [4, 5]. The effects of three modulations: dispersion, weak nonlinearity and random inhomogeneities have
been analyzed in that study using the method of multiple scales. Their study showed that in the linear case randomness
of the sea bottom leads to exponential attenuation of the wave in space.

In pipe flows, there have very little studies on the wave scattering phenomenon in the literature. While instead, past
studies on pipe blockages are usually treated as regular blockages (e.g., [6, 7, 8]) or inner wall roughness represented
by different friction factors (e.g., [9, 10]). The simplification of the blockage as uniform constriction of the flow cross-
section area or more increases in pipe wall roughness neglects the complex interaction that is likely to occur in reality.
The current models and theory are unable to replicate transient response in the field and often artificial adjustments of
friction factors, wave speed, and pipe material visco-elasticity are required to achieve the replication of the measured
results (e.g., [7, 9, 11, 12, 13, 14]). These adjustments are non-physically based and do not reflect the true nature of
the wave behaviors within the pipe.

Recently, a study in [15] has demonstrated through analytical and numerical analysis that scattering and
superposition of pipe fluid transients in pipes with irregular blockages causes the wave envelope to attenuate rapidly
along the pipeline. Their study also showed that the increased attenuation of the wave envelope is caused by the
redistribution of energy in the temporal and spatial domains and not a result of energy dissipation. The assumption of
small blockage severities is made in that study for the analytical derivation based on the multi-scale perturbation
method, which needs further validations and analysis for its validity and accuracy.

This paper is aimed to experimentally validate and verify the analytical and numerical results of wave scattering
developed in the previous study of [15]. The detailed laboratory experiments on specially built rough and irregular
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blockages are conducted for investigating the wave scattering effect in transient laminar pipe flows. Further results
analysis and discussion are conducted in the end of the paper.

2. Analytical results of wave scattering

The analytical analysis in [15] was conducted based on the one-dimensional (1D) water hammer equations ([16]).
A random variation of pipe cross-sectional area was adopted to represent the rough blockage situation in pipes as
follows:

A(x)= 1+ & (x)] (1)

where: A4 is the mean of pipe cross-sectional area; ¢(x) characterizes the random function of pipe cross-sectional area
and is assumed to be of zero mean and be of standard deviation of ca.

By applying the multiple scale analysis, the solution of the wave envelope evolution during propagation through
an irregular blockage was derived in [15] as,

— —Ix i,
B=Be ™ =B e

2

where B = B(x) = amplitude of wave envelope along the pipeline; By = amplitude of the incident wave; 4 =4, +i4,,
and 2 =ok’s, /(az +4k2) = wave damping factor, 1 =—ka 52/ 2(a2 +4k2) = wave phase (frequency) shifting
factor; 04 = coefficient of variation (COV) of the pipe cross-sectional area which quantifies the irregularity of the
blockage,, and &4 = o4/ ua; k = incident wave number and k = @/a, where @ is wave frequency and a is wave speed;
and « = a factor that correlates inversely with the average length of sections within of the blockage of constant
diameter (L), where Ly ~ 1/ and describes the spatial variability of the blockage. The result of Eq. (2) clearly indicates
that the wave envelope exponentially decreases with longitudinal distance (x) or equivalently with the wave time (i.e.,
t = x/a). In other words, the wave is scattered and localized by the random inhomogeneities of pipe cross-sectional
area along the pipeline. The validity range and accuracy of the analytical results are validated and discussed through
experimental tests in the following sections of this paper.

3. Experimental Setup and tests

The experimental testing system consists of an upstream pressurized water tank, pipeline, and downstream valve
(discharge tank), as shown in Fig. 1, which was constructed and tested in the hydraulics laboratory of the University
of Canterbury, New Zealand. The total length of the pipeline (Lo) is 41.53 m and is divided into three sections, where
the initial and last sections are uniform pipes with fixed diameter of 73.2 mm, while the middle section is a specially
constructed irregular blockage section. Two types of rough blockages are considered in this study: one is made by
fibrous material and the other is hard gravels, with both blockages imposing irregular changes to the pipe cross
sectional area. The two different blockages are expected to cover two common types of blockages encountered in
pipeline systems, with the fibrous material representing irregular blockages formed from fibrous tree roots and the
hard gravels representing irregular blockage from pipe wall corrosion and deposition. The parameters and system
settings for two types of blockages are shown in Table 1 (named tests no. 1 and no. 2 in the table).

Pressure waves are generated by the fast closure of the end valve from an initially fully open state. The transient
pressure data are collected by four pressure transducers with sampling frequency of 20 kHz, which are located at #1,
#2, #3 and #4 along the pipeline as shown in Fig. 1. The range of initial Reynolds number (Reo) for the tests are listed
in Table 1, which indicate the experimental tests used in this study are within laminar or low turbulent flow regimes
(Rey<4000). The tests were kept within this low Reynolds number range for two reasons: (1) to reduce the influence
of the roughness height in the irregular blockage section on the quasi-steady friction factor; and (2) to accurately
simulate the unsteady friction effect by the analytical model in [17]. Note that the diameter of rough blockage (D)
shown in Table 1 is the average diameter of the blockage section, and the COV of pipe cross-sectional area of rough
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blockage section (04) is determined from the maximum and minimum values (A4 and Au;) measured along the
pipeline and by considering a uniform distribution of the flow area, i.e., 5, :(Amax . )/z\ﬁ 4, With 4, = zD? /4 ([18]).

Supply tank Steady flow direction Pressure
H 14, Measurement
0 Discharge tank

1 2 3 2
Li, Dy, a1 i Ls,Ds,as : L3, Ds, as
Ak w3 © Em T

Rough blockage Endvalve
(test section) (transient generator)

Fig. 1. Sketch of laboratory experimental testing system

Table 1. Settings for experimental testing system

System Blockage Uniform pipe sections Blockage section Re,
. )3
/ test material Lim) Ls(m) Dy (=Ds)(mm)  Ly(m)  Dj(mm) s (x10°)
no. 1 Fibrous 15.53 20.41 73.2 5.59 62.2 0.056  2.2~2.7
no. 2 Hard gravels 15.58 20.41 73.2 5.54 59.3 0.073  2.5~32

4. Results analysis and discussion

Two tests in Table 1 are conducted and used to investigate: (1) the transient wave envelope attenuation by wave
scattering effect by rough blockages in pipes; and (2) the effect of different irregular blockage materials on the wave
scattering. The measured transient responses in the time domain are plotted in Figs. 2(a) and 2(b) for tests no. 1 and
no. 2 respectively, where the vertical coordinate is nondimensionalized transient pressure (AP, i.e., the transient part
of the pressure relative to steady state) by the corresponding maximum value in the studied time domain (AP).y). For
comparison the results of blockage-free (uniform pipeline) are also shown in the same figures. For comparison, the
result of blockage-free is also plotted in the same figure. The comparative results in Fig. 2 show clearly the attenuation
of the transient envelopes with time for both cases. For clarity, the envelopes of the measured responses are extracted
and plotted in Figs. 3(a) and 3(b) for the two tests respectively. The relative amplitude (denoted as “RA” in the
following figures in this study) on the vertical axes is defined by the wave peak amplitude in each period normalized
by each first wave peak amplitude, and the peak number on the axial coordinate represents the period number of
transient signals. The results of Figs. 3(a) and 3(b) show that both rough blockage materials induce the clear
attenuations of the wave envelope with time.

To examine the wave scattering effect on transient analysis and its relative importance to friction damping, it is
necessary to conduct the numerical simulations with considering the total friction effects (quasi-steady and unsteady)
for the above two tests. The 1D water hammer models coupled with friction formulas are used in this study for this
purpose ([16, 19]). In the numerical simulations, the rough and irregular blockage sections are approximated as
uniformly constricted pipe sections, where the section is assumed to have the same constricted diameter. This is an
approach commonly used in previous studies (e.g., [6, 7, 8]). As a result, no wave scattering effect exists within the
numerical results. With this approximation, the wave scattering effect of rough and irregular blockages concerned in
this study is then highlighted through a comparison between numerical results and measured data. It is again noted
that all tests in this study are within the laminar or very low turbulent flow regimes. Therefore, the friction effect in
the numerical simulations in this study is represented by the Darcy-weisbach equation for laminar quasi-steady friction
([16]) and Zielke’s model for unsteady friction ([17]). Through calibration, the wavespeed for the uniform pipe
sections is 1180 m/s, and the average wavespeed of the rough blockage section are estimated at 1240 m/s and 1285
m/s for the fibrous and hard gravels materials respectively.
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Fig. 2. Measured results of transient wave responses for tests no.1 and no. 2: (a) system no. 1 with fibrous material; (b) system no. 2 with hard
gravels material
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Fig. 3. Extracted envelopes of measured transient responses for tests no.1 and no. 2: (a) system no. 1 with fibrous material; (b) system no. 2 with
hard gravels material
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Fig. 4. Measured and numerical transient wave envelops at the test location #1s for tests no. 1 and no. 2

For simplicity, only the signal at test location #1 in the system of Fig. 1 is used for investigation in the following
analysis. Other measured signals for each test can be analyzed by the similar procedure in this study and analogical
conclusions can be obtained. The numerical and experimental results of the wave envelope are plotted in Figs. 4(a)
and 4(b) for these two test signals, respectively. Both results clearly demonstrate the remarkable difference between
the experimental data and the numerical results, indicating that the wave envelope attenuation in the rough blockage
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systems cannot be accurately represented by the previously used uniform and irregular blockage treatment with
friction damping effect only. Therefore, the wave scattering effect of the random wave reflections and transmissions
by rough and irregular blockages may have significant influences on the transient wave envelope attenuation.

To accurately represent the importance of wave scattering effect, the contribution of wave scattering to the wave
envelope attenuation is defined in this study by the difference between the numerical and experimental results of
envelope attenuation normalized by the total attenuation, mathematically as,

WS (%)= Wx 100 (3)

where, WS = contribution of wave scattering effect; R4 = relative amplitude of wave envelope; subscripts “n” and “e”
= numerical and experimental results respectively. Based on Eq. (3), the contributions of wave scattering effect to the
wave envelope attenuation for the two tests are calculated and plotted in Fig. 5 for the comparison of the two inspected
systems. The results of Figs. 3 through 5 indicate the significant contribution of wave scattering effect to the wave
envelope attenuation in pipe fluid transients. Particularly, the overall results show that the contribution of wave
scattering effect in the first 2~3 wave cycles is relatively smaller than the total friction damping effect, but thereafter
becomes progressively important and dominant to the wave attenuations (i.e., > 50%).
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Fig. 5. Average contribution of wave scattering effect to wave envelope attenuation for different rough blockage materials

Based on the results and findings of this study, the practical implications include: (1) the wave scattering effect of
rough and irregular pipe blockages may affect the design of pipe systems under transient conditions, especially in the
aged/old pipelines. The random reflections and superposition of wave scattering could result in the extremely high
and low pressure head in certain parts of pipe systems, which causes the design schemes of system strength from their
initial new states may become overestimated or underestimated for some sections of the pipe system. (2) The
significant amplitude attenuation and phase shifting of transient wave responses from the wave scattering effect may
cause the inaccuracy or failure of transient-based pipe defect detection methods which are currently developed from
the models and theory with excluding the wave scattering effect. (3) Wave scattering effect becomes critical for the
formulation and identification of different transient models, such as unsteady friction and visco-elasticity models,
which are usually validated and calibrated through the measured data of pressure wave attenuation and reflections
from practical systems. Thus, they may be wrongly represented and explained if the potential wave scattering effect
is not considered or not well included in the analysis.

5. Summary and conclusions

The paper investigates experimentally the wave scattering effect of rough pipe blockages on the transient wave
propagation and analysis in pipelines under laminar transient flow conditions. The laboratory experiments are carried
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out and used in this study to validate and verify the analytical expression developed in the previous study for the wave
scattering in rough blockage pipes. Two different types of rough blockage materials with different blockage severities
and spatial correlations are constructed and adopted for the experimental investigation. The 1D numerical simulations
coupled with quasi-steady and unsteady friction models are conducted to examine the difference between the wave
scattering induced wave envelope attenuation and friction damping. The results show that the random wave reflections
and superposition of wave scattering effect due to rough blockages cause the wave envelope attenuations in both
spatial and temporal domains in the pipeline system. Moreover, the wave scattering contribution of wave envelope
attenuation in the two inspected rough blockage systems of this study is smaller than the friction damping effect in
the first 1~3 wave cycles, but thereafter it becomes progressively dominant and significant (i.e., comparable to or even
more significant than the friction damping contributions). The comparison of measured data and numerical simulation
as well as analytical results indicates the validity and accuracy of the previously developed analytical solution to
represent the wave scattering in the rough blockage pipelines under the condition of small blockage severities (e.g.,
04<10%). The results and findings of this study indicate that wave scattering effect of rough blockages may influence
the transient flow modeling, design and analysis as well as the transient-based defect detection in practical engineering
systems, especially in the aged pipe systems.
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