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ABSTRACT

Time reversal (TR) of transient waves has been recently introduced as a powerful technique for defect detection in
pipelines. However, there remains an unresolved paradox that although TR breaks down due to inevitable damping
in real systems, TR based defect detection techniques are optimal in the sense of signal to noise ratio. This paper
aims to address this paradox experimentally. The experiment is conducted in a simple pump-pipe-valve system
and performed in two steps. In step 1, a transient wave is generated by rapidly opening the in-line side discharge
valve, and the transient response of the system is recorded near the upstream and downstream side. In step 2, the
measured signals are flipped in time and used as boundary conditions in the transient model. The results show that
the time-reversed waves focus back on the source (i.e. side discharge valve), effectively proving the time-reversibility
of waves in pipes. However, the amplitude of the refocused wave is much smaller than the original wave amplitude
due to damping.
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1 INTRODUCTION

TR of waves is instrumental in many fields. For example, TR is used to destroy tumors and kidney stones, to
detect defects in solids, and to perform long-distance communication (Fink, 1999; Anderson et al., 2008). In
the waterhammer field, the closest application to TR is the backward-in-time calculation used to perform valve
stroking (Wylie et al., 1993). Very recently, the principle of TR of the waterhammer equations is used to develop
pipeline defect detection schemes (Waqar et al., 2019; Wang et al., 2019; Zouari et al., 2020). What is most
surprising and unexpected is that these TR schemes give excellent results in the presence of both distributed
damping (e.g., friction and visco-elasticity) and discrete damping (e.g., leaks and discrete blockages) (see Wang
et al. (2019); Zouari et al. (2020)). It must be emphasized that the wave equation is strictly not time reversible in
the presence of damping. For instance, the waterhammer wave equation with linear frictional damping is written
as
2 2

%H (x,t) — az%H (x,t) — R%H (z,t)=0 (1)
where H(z,t) is the pressure head, t is the time, « is the position, a is the wave speed, and R is the damping
coefficient. It is easy to verify that Eq. 1 (without last term) is time-reversible. However, with the damping term
and changing ¢t to —t in Eq. 1 gives

2 2

%H (z,—t) — az%H (x,—t) + R%H (x,—t)=0. (2)
Note that the damping term in the time reversed equation has a positive sign implying that TR does not hold.
In fact, the solution of such equation is unstable in the sense that small measurement and modeling errors
grow exponentially with time. Yet, the approach in Zouari et al. (2020) and Wang et al. (2019) finds that TR
works exceptionally well in the presence of damping. This paradox has already been noted in the classic
waterhammer book by Wylie et al. (1993) in connection with the use of backward-in-time solution for valve
stroking in the presence of damping. On page 223 they wrote: “the [waterhammer] equations are remarkably
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robust in calculating backward in time, effectively regenerating a transient - - -. [However] the idea of calculating
backwards in time defies logic since it cannot be done physically. It cannot because of the irreversibility of
losses in real systems.” Here, we experimentally investigate the extent to which waterhammer waves are time
reversible. In particular, the objective is to investigate how well the time-reversed waves refocus back at the
source and reproduce the transient trace that was injected through a source.

2 EXPERIMENTAL SETUP AND METHODOLOGY

The test rig is situated in the Water Research Resources Laboratory of HKUST and comprised of (i) a pump at
the upstream side, (ii) a 140 m long high-density polyethylene pipe, (iii) a side discharge valve at 98 m from the
pump, and (iv) an open end at the downstream side. At steady-state (before transient event), the pressure head
and flowrate at the downstream end are 19.95 m and 0.4 I/s, respectively. The TR experiment is performed in
two steps. In step 1: a transient wave is injected by manually opening a side discharge valve (defined as a
source) in 0.1 s and the response of the system is recorded near both ends of the pipe and near the source. In
step 2: the recorded signals at both ends (in step 1) are reversed (flipped) in time such that the sequence of the
elements in a signal is reversed. These time-reversed signals are used as boundary conditions in the transient
model which incorporates frictional and visco-elastic damping effects.

3 RESULTS AND CONCLUSIONS

Figure 1a shows the pressure head profile versus space (solid line) at t = 0.1 s of step 2, actual source location
(dashed line) and wave refocusing location (dotted line). This figure shows that the re-emitted waves refocus
only at the correct source location (i.e. side discharge valve) and at the time of the source (i.e. ¢ = 0.1 s).
The localization error is about 0.97 m. Figure 1b gives a comparison of the experimental signal recorded near
the source in step 1 and the signal recovered at the estimated source location from the transient model in
step 2. It can be seen that both signals are in-phase, implying that re-emitted waves followed their past steps
accurately. However, the amplitude of the recovered signal is less than the original signal. It is because the
measured signals experienced additional damping due to both friction and visco-elasticity when re-emitted in
step 2. It is concluded that various damping effects only affect the amplitude of the waves and do not alter the
refocusing property of waves. In future work, a correction to the damped wave amplitude will be applied using a
mathematical transformation, proposed by Zouari et al. (2020).
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Figure 1: (a) Waves refocusing at the source location, and (b) transient pattern of the injected and refocused transient wave
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