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Abstract 
 

Clogging of pipes caused by bivalves such as mussels is a serious problem preventing safe 
operation of plants. Effective early detection of mussel clogging was studied using an optical fi-
ber AE system. This system was developed to detect minimum flow velocities when AE signals 
are generated from mussels. First, a sheet-type optical fiber sensor was developed for the detec-
tion of cylinder-wave AE signals from mussels. The sensor was used by winding it around a pipe. 
The frequency response of 13 kHz to 27 kHz from the developed sensor depended on its width. 
AE signals from living mussels attached on the inside surface of PMMA pipe were monitored 
next. The flow velocity when the first AE signal was detected increased depending on the shell-
fish size. AE signals were produced by mussels that were more than 11 mm long. AE signals 
from mussel colony were than monitored. The flow velocity, when the first AE signal was de-
tected, was also dependent on shell size. However, the flow velocity was lower than that of the 
single mussel test and mussels that were less than 5 mm produced AE signals. Additionally, the 
flow velocity decreased linearly with the shell length of colony members. We identified the 
minimum mussel size for AE detection for a given flow velocity. 
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Introduction 
 

Biofouling pest caused by small freshwater mussels, Limnoperna Fortunei, is a serious prob-
lem in Japan [1-5]. They clog small diameter pipes for water quality monitoring and in water 
heat exchangers. Although a strainer is installed at the inlet of pipes to prevent clogging, the 
mussels enter the pipes as larvae (plankton) where their size is approximately 100 µm; they grow 
and attach themselves to the inner surface of the pipes [6]. It is known that chlorination can ef-
fectively control the growth of larvae. However, the use of chlorine is regulated (restricted) in 
fresh water supply facilities. Hence, the pipes can only be cleaned by dismantling the pipe net-
work. This is a time-consuming process and needs considerable manpower. Although detection 
of mussels attached in a pipe and finding the location is important to decrease the cleaning costs, 
early detection (to detect small mussel) is difficult by present techniques. 

 
The acoustic emission (AE) technique, in which an optical fiber is used as an AE sensor, is a 

potential tool for monitoring the condition of water supply facilities; the optical fibers are intrin-
sically safe, lightweight, and flexible [7, 8]. In our previous study, we found that AE could be 
produced by the collision of mussels with the pipe wall or among each other [9, 10]. However, 
the relationship between shell size and flow velocity of water when AE signals are detected 
(hereafter called “minimum flow velocity”) is still unclear. In the present study, first, a sheet-type 
sensor for effective detection of the cylinder wave AE signals was designed. Next, AE signals 
produced by native mussels were monitored and the relationship between the shell size and the 
minimum flow velocity was studied. Here, we could not use live Limnoperna Fortunei, because 
of Japanese regulations [11]; therefore, we used “Mytilus Galloprovincialis”. 
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Developed Sensor Configuration 
 
Relationship between sensor width and frequency characteristics of the sensor 

The frequency spectra of the AE produced by mussel attached to the inner surface of a pipe 
showed narrowband characteristics [10]; we attempted to design a sensor that could detect AE 
signals effectively and could be handled easily. The sensor was designed in order to detect cyl-
inder waves having a specific frequency.  

 
Using the experimental setup shown in Fig. 1, we studied the output of the optical fiber sen-

sor for a cylinder wave that was generated by a PZT transmitter as a function of sensor width. 
The sensor fiber was wound on the outer surface of a steel pipe having the diameter of 34 mm, 
thickness of 3.5 mm and length of 2000 mm. The pipe was filled with water. Cylinder waves 
were excited by a PZT transmitter (PAC, R3) mounted at a distance of 1000 mm from the optical 
fiber. The input signal of the transmitter was a continuous sine wave with peak-to-peak ampli-
tude of 10 V, and its frequency was changed from 10 kHz to 30 kHz. The sensor width was also 
changed from 34 mm to 67 mm.  

 

 
Fig. 1 Experimental setup for monitoring cylinder AE wave utilizing optical fiber AE sensor 
wound on the pipe surface. 

 
Fig. 2 Amplitude profile as a function of frequency of generated signal.
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Figure 2 shows the change in the peak-to-peak amplitude of the output of the optical fiber 
sensor as a function of the frequency of the generated wave when W = 40 and 67 mm. Higher 
peaks were observed at 13–18 kHz and 22–30 kHz when the values of W are 67 mm and 40 mm, 
respectively. The values of the half wavelength of the cylinder wave in the F(1,1) mode at peak 
frequencies of 13 kHz and 23 kHz were 62 mm and 38 mm, respectively, and they corresponded 
to the width of the sensor. By matching the sensor width to the half wavelength of the AE to be 
detected, we can selectively detect the AE produced by a mussel. 

 
Fig. 3 The sheet-type optical fiber sensor. 

Sheet-type optical fiber sensor 
Initially, an optical fiber sensor was wound around a pipe in order to monitor the cylinder 

wave; however, it is difficult to wind a long optical fiber sensor. Sheet-type sensors are easy to 
handle. Figure 3 shows a sheet-type optical-fiber sensor. The optical fiber was wound and fixed 
using polyimide films. Sheet-type sensors are commercially available [12]. With these sensors, 
however, the sensor length and width were not taken into consideration.  

 
Fig. 4 Half wavelength of cylinder wave as a function of frequency. 
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In this study, the sensor width was determined to be the half wavelength at the matched fre-
quency. The sensor length L corresponded to half the circumference of the pipe. Figure 4 shows 
that the relationship between the half wavelength of cylinder wave and the frequency. In this test, 
we designed a 47-mm wide and 55-mm long sensor. The matched frequency of the sensor was 18 
kHz in the F(1,1) mode. 
 

Figure 5 shows a comparison of the waveforms and their frequency spectra detected by the 
sheet-type sensor and the directly wound optical-fiber sensor (fiber width: 6 mm) on the surface 
of a pipe. The experimental setup was the same as that shown in Fig. 1; however, the input signal 
was a single-cycle sine wave of 18 kHz with peak-to-peak amplitude of 10 V. The amplitude of 
the signal detected by the sheet-type sensor was higher than that of the signal detected by the di-
rectly wound sensor. The peak frequency was observed to be near 45 kHz in both frequency 
spectra. However, in the case of the sheet-type sensor, the strong peak was observed near 18 kHz. 
This is because the sheet-type sensor effectively detected the F(1,1)-mode of 18 kHz. 

 
Fig. 5 Waveforms (upper graphs) and their frequency spectra (lower graphs) detected by the 
sheet-type sensor (left) and directly wound sensor (right). 
 
AE from Mussels Attached Inside PMMA Pipe 
 
Experiential setup 

We monitored the AE signals produced by a mussel or mussel colony attached to a pipe and 
correlated the shell size of the mussels with the minimum flow velocity. Figure 6 shows the ex-
perimental setup used for AE monitoring. We used a transparent 3-mm-thick PMMA pipe with 
an outer diameter of 30 mm in order to observe the motion of the mussels inside the pipe. The 
mussels were allowed to stay in the pipe for 7 days and they grew their threads and strongly at-
tached themselves to the pipe wall. The shell size ranged from 2 mm to 25 mm. The flow veloc-
ity was varied from 0.7 m/s to 2.0 m/s.  
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Fig. 6 Experimental setup for monitoring AE generated by mussels. 

 
Figure 7 shows photographs of a mussel (Mytilus Galloprovincialis). Some threads are visi-

ble. Cylinder-wave AE signals were monitored using the sheet-type sensor attached to the pipe 
with adhesive tape at a distance of 300 mm from the shellfish. The sensor width was 13 mm, 
which was sufficient to detect the cylinder wave of the F(1,1) mode of 15 kHz. 
 

 
Fig. 7 Photographs of Mytilus Galloprovincialis (left) and its statement in the pipe (right) 

 
AE detected from a shellfish 

We first monitored the AE signals produced by a single mussel. We conducted 22 tests with 
mussels of different sizes. During the test, 7 mussels produced AE signals and attached them-
selves to the wall. The other 7 mussels did not produce AE signals. Another mussel could not 
attach itself to the pipe and drifted out. Vibration of the shells was observed at a flow velocity of 
1.0 m/s; however, no AE signal was observed. The amplitude of vibration increased with the 
flow velocity. The AE signals were generated at 1.2 m/s. Figure 8 shows examples of AE wave-
forms and their power spectra generated by mussels with a length of 25 mm detected at the flow 
velocity of 1.9 m/s. Most AE waveforms were similar to them with a peak frequency of 10–20 
kHz. The minimum flow velocity decreased with the shell length.  

 
Figure 9 shows the relationship between the shell length and the flow velocity measured 

when the first AE signal was observed. The open circle () indicates shellfish that generated AE 
signals, and the diamond () indicates mussel that generated no AE signals. The symbol near 
the mark denotes the angle of attachment with respect to the water flow. Type-A mussel attach in 
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Fig. 8 Typical AE waveforms and their power spectra excited by collision between shellfish and 
pipe wall. 

 
a direction parallel and type-B mussel attach perpendicularly to the flow. No AE was generated 
by type-A mussel regardless of size. Type-A attached mussel vibrated weakly because they did 
not disturb the water flow. The generation of AE signals by type-B mussel depended on the size 
of the mussel, and mussel whose length was greater than 11 mm generated AE since type-B 
mussels disturbed the water flow strongly. They vibrated and collided with the wall. The colli-
sions produced AE signals. The solid line in Fig. 9 shows the boundary between AE generation 
and no generation. The mussel on the right side of the line generated AE signals and those on the 
left side did not. The length of an 11-mm shell corresponds to a blockage ratio of approximately 
0.11. We could not detect AE at a blockage ratio of less than 0.11, which is the limiting value for 
detecting AE at the flow velocity of 1.9 m/s. Larger type-B mussels required a lower flow veloc-
ity for AE generation; 1 m/s for 25 mm size. 

 
Fig. 9 Relationship between shell length and the minimum flow velocity. 
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The shell length of the mussels attached to the pipe could be roughly estimated from the lim-
iting flow velocity. It is known that the length of Limnoperna Fortunei increases by approxi-
mately 15 mm per year [1]. This implies that we can determine the start of pipe blockage 8–9 
months after the mussel attaches itself to it and grows to 11 mm size. 
 
Monitoring of AE produced by a colony of mussels 

We next monitored the AE produced by a colony of mussels in the pipe. The shellfish at-
tached themselves to the pipe through their threads. The numbers of individual members in the 
colony varied from 2 to 30; 19 colonies were tested. Figure 10 shows the relationship between 
the number of mussels and the flow velocities when the first AE signal was detected. Each data 
point indicates the result for a colony. The dashed line in Fig. 10 shows the limiting velocity for 
AE generation in the case of a single mussel. All colonies produced AE signals and AE signals 
were detected at a flow velocity lower than that with a single mussel. This is because AE signals 
were produced by the collisions of mussels in addition to AE by shells colliding with the walls.  

 
Fig. 10 Relationship between blockage ratio and the minimum flow velocity. 
 

Figure 11 shows the relationship between colony member shell size and the minimum flow 
velocity for AE detection. The flow velocity changed from 0.2 m/s to 1.2 m/s. Number of mem-
bers was set to 5. A linear relation shows that flow velocity is inversely proportional to the shell 
length of colony members. Member of colony in the pipe was generally of similar size because 
they attached at the same time and grew in the same environment. Thus, the size of mussels that 
can be detected were decided by the flow velocity of water flow in the pipe. 

 
Conclusions 
 

Using an optical fiber AE system, we detected the clogging in a pipe caused by mussels. We 
first designed the sensor for detecting the cylinder-wave AE signals. We then monitored AE sig-
nals produced by the mussels and studied the relationship between the minimum flow velocity 
and the shell size or number of mussels in the colony. 
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Fig. 11 Relationship between shell size of colony member and the minimum flow velocity. 

 
The results are summarized below: 
1)  A sheet-type optical fiber sensor was developed. By matching the sensor width to half 

wavelength of the AE signal, we could detect a selected frequency component. The sensor 
successfully detected the specific frequency of AE signals in comparison with the directly 
wound optical fiber sensor. 

2)  AE caused by mussels was monitored. There was a relationship between the AE gener-
ated by a mussel and the minimum flow velocity for AE detection. The flow velocity de-
creased with shell length. The AE was detected for a shell length greater than 11 mm and an 
angle of attachment such that the mussels are attached approximately perpendicular to the 
flow.  

3)  AE caused by colony of mussels was monitored. The AE signals were generated at 
lower flow velocity than those for a single mussel and the minimum flow velocity was in-
versely proportional to the shell length of colony members. 
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