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Abstract 

This paper demonstrates the applicability of a novel anomaly detection method by multiplexed 

fiber Bragg gratings (FBGs). The method uses the measured external strain on piping due to 

water hammers. The authors found that the strain has an error of 2% at the maximum water 

hammer pressure and 1% at the natural frequency for the measured pressure. The FBG sensor 

accuracy is equivalent to that of a pressure sensor. Furthermore, it was found that anomalies 

could be detected by comparing the frequency response function (FRF) of any two points. 

Anomalies can be located in given sections by comparing FRFs. 

1. Introduction

Pressure sensing technology is important to understand the integrity of spacecraft propulsion systems. As these 

systems become more sophisticated, their safety and reliability requirements become even more demanding, 

especially for takeoffs, landings, and deep-space exploration. To meet the new challenges, we have been studying 

the health monitoring of propulsion systems, focusing on the dynamic pressure response during valve operation. 

The aim is to realize autonomous fault detection and fault diagnosis of propulsion systems with limited sensing 

resources [1,2]. Innovative technologies promise to improve the reliability of spacecraft propulsion systems and 

simplify system redundancy. 

A spacecraft obtains the desired thrust by injecting and reacting high-pressure propellant in its thrusters for 

orbital maneuvering and attitude control. During thruster injection, the propellant valves open and close rapidly, 

and large pressure fluctuations occur in the supply piping. These fluctuations are called water hammer, and 

excessive water hammer can cause a spacecraft propulsion system to fail [3]. The maximum water hammer 

pressure ∆𝑃𝑚𝑎𝑥  at this time is expressed as the product of the fluid density 𝜌, the sound velocity 𝑐, and the

velocity variation ∆𝑉 as in Equation (1). 

∆𝑷𝒎𝒂𝒙 =  𝝆 ∙ 𝒄 ∙ ∆𝑽 (1) 

Methods have been developed for health monitoring inside piping based on changes in the dynamic response of 

pressure by taking advantage of water hammer [1,2]. However, spacecraft propulsion systems have a minimum 

number of pressure sensors due to their weight and the limited number of sensor channels. Therefore, the amount 

of information available for health monitoring is limited. 

The Fiber Bragg Grating (FBG) is a sensor that measures the strain at a certain point using the change in reflected 

wavelength caused by the interval changes of the diffraction grating [4]. This study examined the detection of 

external strain caused by a water hammer using an FBG mounted around a propulsion system pipe. Measuring the 

internal pressure of piping from the outside has been studied extensively in ground experiments. In addition, it has 

been applied widely to large structures, such as the detection of internal fluid pressure changes in nuclear plant 

piping [5] and the detection of surface water pressure changes on a ship's hull [6]. However, the outer diameters 
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of pipes in spacecraft propulsion systems are often ½” (12.7 mm) or ¼” (6.35 mm), considerably smaller than in 

these examples. The measurement accuracy of the internal pressure changes by an FBG around such a narrow pipe 

has not been clarified. 

Another feature of FBG is that multiplexing measurement is possible by inscribing many FBGs on a single 

optical fiber. This feature enables us to make measurements in locations where it is difficult to install pressure 

sensors, and to monitor the entire spacecraft propulsion system through a single channel. We focused on the sound 

velocity in the propellant, which is one of the dominant parameters of the dynamic response characteristics of the 

propellant supply system that is important from the viewpoint of stable thrust generation. We considered that it 

would be possible to detect an anomaly and estimate the anomalous section by comparing the correlation obtained 

from any two points for each condition regarding the dynamic response which may be affected by change of the 

sound velocity in propellant due to trapped gas. However, it is unclear what features are sensitive to anomalies and 

whether they enable us to estimate the anomaly intervals. 

This study aims to clarify a method to detect anomalies using multiplexed FBGs with multipoint correlation. In 

this study, water flow tests simulating pulse propellant injection were conducted in the piping system shown in 

Figure 1. The pressure changes due to the water hammer generated when the solenoid valve was opened and closed 

were captured by the pressure sensor as the internal pressure of the piping. At the same time, the external strain of 

the piping was measured by the FBGs. The measured strain was converted to pressure, and the accuracy of the 

FBG was evaluated by comparing it with the value measured by a pressure sensor. The accuracy of the FBG 

measurement was also evaluated by comparing the converted pressure from the strain at the points where pressure 

sensors were not installed with the calculated values from the analytical model. The time and frequency 

characteristics of the strain-converted pressure were confirmed, and the characteristic quantities that could be used 

to detect faults were extracted. Furthermore, we focused on the correlation between any two points and confirmed 

the feasibility of fault detection and fault interval estimation. 

 

2. Experimental and analytical methods 

2.1. Outline of the water runoff test and experimental conditions 

A water flow test was conducted using a simple simulation of the supply piping of a spacecraft propulsion 

system and pressure conditions. Figures 1(a) and 1(b) are a photograph of the test apparatus and a schematic 

diagram of the water piping used in this test. Deaerated pure water was used as the test fluid. After a vacuum pump 

evacuated the downstream system of the tank, the FCV was opened to vacuum prime the entire test system with 

deionized water. The internal fluid pressure before opening the solenoid valve was constantly 2.0 MPaG for each 

test condition. The pressure response of the internal fluid generated by the opening and closing of the solenoid 

valves (SV1 and SV2), which simulate propellant valves, was measured using pressure sensors, and the data were 

recorded using Omni-ace. At the same time, the circumferential strain of the piping due to the pressure change of 

the internal fluid was measured using FBGs (manufactured by Fujikura Ltd.). The test pipe from P1 to the T-

junction was made of SUS and had an outside diameter of ½”. SUS piping with an outside diameter of ¼” was 

used in the downstream section. P1 was installed downstream of the flow control valve (FCV), PIU1 was installed 

upstream of SV1, and PIU2 was installed upstream of SV2 (both with pressure sensors manufactured by Kyowa 

Dengyo in the 5 MPaG range), and the static pressure of the internal fluid was measured. 

FBG1 (near P1), FBG4 (near PIU1), and FBG6 (near PIU2) were installed near each pressure sensor to measure 

the strain for comparison with the pressure of the pressure sensor. FBG2 (downstream of P1), FBG3 (upstream of 

SV1), and FBG5 (upstream of SV2) were attached to the T-junction as well to establish the feasibility of 

multiplexed measurement. FBG1 and 2, which were placed on the 1/2” pipe, were attached around the pipe surface 

and fixed using instant glue (Figure 1(a)). On the other hand, FBGs 3, 4, 5, and 6 in the 1/4” pipes were attached 

to the pipe surface at a 45° angle from the circumferential direction to the longitudinal direction to reduce light 

loss due to steep bending. The FBGs were connected by a connector and to a light source, and the output  power 

obtained from the FBGs was measured. The measurement was monitored using a PC with LabVIEW. The changes 

in the measured wavelength due to pressure fluctuations were converted into strain in LabVIEW, and the strain 

data were obtained as a time series. 
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(a) 

 

(b) 

 
(c) 

 

Figure 1: Water flow test system and analytical model system diagram. (a) Water flow test system overview and the 

FBG construction condition. (b) Schematic diagram of the water flow test system. (c) Schematic diagram of the 

analysis model simulating the test system 

 

Table 1 shows the test conditions for the water flow test. The solenoid valve open/close mode was set based on 

the duty ratios (100 ms ON/300 ms OFF, 62 ms ON/63 ms OFF, 50 ms ON/150 ms OFF, 20 ms ON/60 ms OFF, 

160 ms ON/40 ms OFF), which are the open/close time ratios commonly used in actual spacecraft thruster control.  

Three pulses were generated for each experimental condition. The outlet flow rate was adjusted at the downstream 

manual needle valves (FCV1 and FCV2) just before the start of the test to be 18.0 g/s, referring to the propellant 

flow rate supplied to thrusters used for spacecraft attitude control. The test modes were mode 1 (normal, Test-01), 

mode 2 (SV1 opening error, Test-02), mode 3 (SV2 opening error, Test-03), mode 4 (normal L part configuration 

change, Test-04), mode 5 (air bubble localization L part configuration change, Test-05), mode 6 (normal T-junction 

configuration change, Test-06), and mode 7 (air bubble localization T-junction configuration change, Test-07). 

Since the recording devices for the FBG and the pressure sensor are different from those for LabView and Omni-

ace, respectively, the FBG strain time-series data is matched to the pressure sensor time-series data with an error 

of 1 ms or less. 
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2.2. Model construction and analysis using 1D-CAE 
  Kawatsu et al. has been developing model-based method for spacecraft propulsion systems to evaluate 

performance, analyze risks, and generate before-the-fact data for health monitoring [1,2]. By using SimulationX, 

a complex physical quantity model analysis tool compatible with the Modelica language, the propellant tank, 

propellant supply piping, and valves used for flow control are modeled, and their dynamic response analysis is 

conducted. In this study, the water flow test system shown in Figure 1(c) was modeled using SimulationX. The 

tank volume and the lengths of each pipe are simulated for the test system, and the outlet of the system is a tank 

with a volume of 106m3 to simulate openness to the atmosphere. The test fluid model was created by referring to 

various properties of water as the test fluid. The position of the pressure sensor model was set to the same as the 

position of the pressure sensor in the experiment. Furthermore, to simulate the FBG measurement at the T-junction 

section, the pressure sensor model was set at the position of FBG2, 3, and 5. The flow rate, the dominant parameter 

for the amplitude of water hammer pressure, was adjusted by the opening parameters of FCVs 1 and 2 as in the 

test system. The flow rate was set to 18.0 g/s, the same level as in the experiment. The solenoid valve 

opening/closing time was also set in the same rule as in the experiment. 

 

 

Table 1: Water flow test conditions 

Test 

No. 

Tank 

Pressure 

Mass 

Flow 
Mass Flow 

Move 

Solenoid 

Valve 

Sampling Rate 

NOTE 
PT q1 q2 

Omni-

Ace 
FBG 

[MPaG] [g/s] [g/s] [Hz] [Hz] 

Test-

01 
2 18.0 18.0 SV1, SV2 10000 1000 Normal Mode ※1, 2 

Test-

02 
2 18.0 - SV1 10000 1000 SV2 Anomaly Mode ※2 

Test-

03 
2 - 18.0 SV2 10000 1000 SV1 Anomaly Mode ※2 

Test-

04 
2 18.0 18.0 SV1, SV2 10000 1000 

Normal Mode (L part 

configuration change) ※2 

Test-

05 
2 18.0 18.0 SV1, SV2 10000 1000 

Air bubble localization 

Mode (L part configuration 

change) ※2 

Test-

06 
2 18.0 18.0 SV1, SV2 10000 1000 

Normal Mode (T part 

configuration change) ※2 

Test-

07 
2 18.0 18.0 SV1, SV2 10000 1000 

Air bubble localization 

Mode (T part configuration 

change) ※2 

※1. Normal mode was tested for reproducibility five times under the same conditions (100 ms ON/300 ms OFF×3 

pulses). 

※2. Duty (100 ms ON/300 ms OFF, 62 ms ON/63 ms OFF, 50 ms ON/150 ms OFF, 20 ms ON/60 ms OFF, 160 ms 

ON/40 ms OFF) ×3 pulses. 
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(a-1)      (b-1) 

 

(a-2)      (b-2) 

 

Figure 2: Comparison of pressure and strain changes measured by pressure sensor and FBG during solenoid valve 

ON/OFF (1 pulse: 0–420 ms). (a-1): Measured pressure and input voltage at solenoid valve ON/OFF (1 pulse). (a-2): 

Enlarged view of measured pressure and input voltage at solenoid valve ON/OFF (1 pulse). (b-1): Measured strain at 

solenoid valve ON/OFF (1 pulse). (b-2): Enlarged view of measured strain at solenoid valve ON/OFF (1 pulse) 

 

3. Result 

The output results during the water hammer response were confirmed. Figure 2 shows the output results of the 

pressure and strain time-series data of Test-01 (normal mode) at Duty: 100 ms ON/300 ms OFF. P1, PIU1, PIU2, 

FBG1, FBG4, and FBG6 are shown as representative pressure and strain time-series data. As shown in Figure 2(a-

1), we confirmed that the initial pressure was 2 MPaG as set by the pressure sensor measurement results. Next, we 

confirmed that the solenoid valve drive voltage turned ON at t = 0 ms, OFF at t = 100 ms, and ON again at t = 400 

ms. On the other hand, the time-series data of the pressure shows the response of the solenoid valve 

opening at 8 ms, the response of the solenoid valve closing at 110 ms, and the response of the solenoid valve 

opening again at 408 ms. Therefore, it was confirmed that the open state time is 02 ms for an ON time of 100 ms, 

and the close state time is 298 ms for an OFF time of 300 ms. On the other hand, the strain time-series data obtained 

by the FBGs (FBGs 1, 4, and 6) shown in Figure 2(b-1) similarly show the solenoid valve open response at 10 ms, 

solenoid valve close response at 112 ms, and solenoid valve open response again at 410 ms, indicating that the 

open state time is 102 ms, and the close state time is 298 ms. Therefore, it was found that the response was captured 

at the same level with an open state time of 102 ms and a close state time of 298 ms. 

Next, to confirm that the differences in the water hammer response time at the downstream PIU1 (FBG4) and 

PIU2 (FBG6) and upstream P1 (FBG1) positions are consistent, we compared the solenoid valve opening and 

closing times in Figures 2(a-2) and (b-2). Figures 2(a-2) and 2(b-2) demonstrate a slight individual difference in 

the open/close time between solenoid valves SV1 and SV2, and that the difference in the solenoid valve open/close 

time is 1 ms. The pressure fluctuation generation time when the solenoid valve was opened showed that PIU1 and 
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PIU2 responded almost simultaneously, and P1 was delayed by 2 ms. The trend was similar for FBGs, with FBG6 

and FBG4 responding simultaneously and FBG1 being delayed by 2 ms. On the other hand, at the solenoid valve 

closing time, PIU2 responded, followed by PIU1 and P1 responses in 1 ms, and similarly for FBG, FBG6 responded, 

followed by FBG4 and FBG1 responses in 1 ms. Therefore, the difference in pressure response time between the 

measurement positions was almost the same for the pressure sensor and FBG. 

From these time-series data of strain, the following three points should be discussed to clarify the applicability 

of an anomaly detection method using multiplexed FBGs with multipoint correlation. The first point is to evaluate 

the accuracy of acquisition data by comparing the pressure converted from the FBG strain with the pressure sensor 

at the equivalent position. Also, the same evaluation should be performed where pressure sensors are not installed, 

using the calculated values calculated from the analytical model. These results confirm the utility of FBG as a 

sensor. The second point is to extract the pressure response characteristic quantities depending on the flow rate 

anomaly and the air bubble localization. By examining whether the time-series data and frequency characteristics 

have characteristic quantities that can determine anomaly conditions, we can clarify the characteristic quantities 

that should be compared to see the subsequent correlation among multiple points. The third point is the proposal 

and verification of anomaly detection algorithms. This clarifies whether the algorithm can detect each anomaly 

and state change and the possibility of identifying anomalous sections. 

 

4. Discussion 

4.1. Accuracy evaluation of acquiring water hammer pressure characteristics 

4.1.1. Accuracy evaluation of FBG strain acquisition by comparison with actual pressure measurements 

  The FBG strain data obtained from the tests were converted to the internal pressure of the pipe using the strain-

pressure relationship (2), assuming that the pipe is a thick-walled cylinder. This model uses Young's modulus E, 

Poisson's ratio v, inner diameter Ri, and outer diameter Ro to convert strain ε to pressure. The obtained pressure is 

the differential pressure ∆PFBG from the start of the strain measurement since the zero point of the strain is set at 

the start of the measurement. 

 

∆𝑷𝑭𝑩𝑮 =
𝑬

𝟐(𝟏 − 𝒗)

𝑹𝒐
𝟐 − 𝑹𝒊

𝟐

𝑹𝒊
𝟐  𝜺  (2) 

 

Figure 3 compares the time-series differential pressure ∆𝑃𝐹𝐵𝐺 , which is the strain measured by the FBG 

converted to pressure, and the measured differential pressure ∆𝑃𝑃 of the pressure sensor with the initial pressure 

of 2.0 MPaG as the zero point (0 MPaG). As an example, comparing the values of ∆𝑃𝐹𝐵𝐺  and ∆𝑃𝑃  calculated by 

FBG1 with 90° attachment and FBG6 with 45° attachment, FBG1 and P1 shown in Figure 3(a) have a small error 

of 0.89% in the maximum water hammer pressure against the pressure time-series data from the pressure sensor. 

However, FBG6 and PIU2 had a large discrepancy in the error of the maximum water hammer pressure, 23%. 

Here, to obtain the absolute pressure values more precisely, it is necessary to make corrections according to the 

installation angles of the FBGs. As described in section 2.1, the installation angles in this research are 90° to the 

direction of fluid flow for FBG1 with 1/2” piping and 45° to the direction of fluid flow for FBG6 with 1/4” piping. 

However, the measured installation angles were 87.2º and 52.3° for FBG1 and 6, respectively. The target 

attachment angle of 90° was accurate within 3%, while the attachment error of 45° had a larger error of 16%. 

Therefore, it is necessary to correct these attachment angles based on the angles measured after attachment. When 

the correction of the measured angles is included, Equation (2) is expressed by Equation (3). 

 

∆𝑷𝑭𝑩𝑮 =
𝑬

𝟐(𝟏 − 𝒗) 𝐜𝐨𝐬(𝟗𝟎 − 𝜽)

𝑹𝒐
𝟐 − 𝑹𝒊

𝟐

𝑹𝒊
𝟐  𝜺  (3) 

 

The time-series data of the measured strain-converted differential pressure obtained using Equation (2) and the 

time-series data of the pressure sensor are shown in Figure 3(b). Comparing the maximum water hammer pressure 

of ∆𝑃𝐹𝐵𝐺  with ∆𝑃𝑃, the error was 1% for FBG1 with 90° attachment and 3% for FBG6 with 45° attachment, 
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which was a reduction of error compared to the conversion results (Figure 3(a)) obtained with Equation (2) without 

considering attachment angle error. Therefore, the maximum water hammer pressure error can be reduced from 

the value of the differential pressure ∆𝑃𝑃  measured by the pressure sensor by using Equation (2) to convert the 

strain to pressure assuming a thick-walled cylinder. 

An FFT (Fast Fourier Transform) was performed on each time-series data of ∆𝑃𝐹𝐵𝐺  converted from the FBG 

measured strain and ∆𝑃𝑃  measured by the pressure sensor in the 400 ms interval from the time of solenoid valve 

ON to the ON time of the next pulse. The accuracy of obtaining the natural frequency of water hammer pressure 

response shown in Figure 4 was evaluated. To eliminate noise, a high-pass filter up to 70 Hz was applied to the 

time-series data. To facilitate the comparison of relative intensities, normalization was performed by dividing the 

power spectral density I for all frequencies by the maximum value Imax of the power spectral density of the pressure 

sensor and FBG. Comparing FBG1 and P1 shown in Figure 4(a), it is seen that the frequency response 

characteristics of this test system have three I/Imax peaks in the water hammer pressure response. Among these 

peaks, peak I1 at 88 Hz showed the maximum intensity, which is considered to represent the natural frequency 

from the tank to the solenoid valve due to the internal fluid sound velocity in this test.  

 

 

Figure 3: Comparison of FBG and pressure sensor differential pressure time-series data (0–420 ms). (a) The upper 

two figures show the comparison results of differential pressure converted by Equation (2) without including the 

measured angle correction. (b) The lower two figures show the comparison results of differential pressure converted 

by Equation (3), including the measured angle correction. 
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Figure 4: Comparison of frequency response characteristics of time-series data of measured differential pressure and 

FBG strain-converted differential pressure at water hammer occurrence (0–400 ms). 

 

The peaks at 176 Hz and 265 Hz are thought to be caused by pressure waves reflected from the solenoid valve 

at its attachment to the small-diameter pipe since there is large-diameter piping upstream of the solenoid valve in 

this system. The peak frequencies of FBG1 and P1 coincided at the peak I2 of 176 Hz and the peak I3 of 265 Hz, 

with a precision of 1%. Furthermore, as shown in Figure 4(b), when FBG6 and PIU2 at the same position are also 

compared, the natural frequency peak I1 is 88 Hz, which is consistent with the results of FBG1 and P1, and has the 

maximum intensity, confirming that it is the natural frequency of the pipeline in the water hammer pressure 

response. Furthermore, both FBG6 and PIU2 have an intensity peak (error less than 1%) at the peak I2 at 176 Hz 

but not at the peak I3 at 265 Hz. Therefore, FBGs can acquire natural frequencies to the same degree as pressure 

sensors. 

 

4.1.2. Accuracy evaluation of FBG measurement at bifurcation using analytical model 

The analytical model was tuned by comparing the water hammer response pressure of FBG1 obtained in this 

experiment with that of the analytical model simulating the piping system in this test. In this model, the volume 

modulus in the theoretical equation for fluid sound velocity was adjusted, and the primary mode's natural frequency 

(88 Hz) was adjusted so that the error was within 1%. The theoretical equation for the sound velocity 𝐶  is 

expressed as follows 

 

𝑪 =  √
𝑬

𝝆
 (4) 

 

E is the bulk modulus and 𝜌 is the density. The density 𝜌 is substituted for the literature value [8], and only 

the bulk modulus E is adjusted. A comparison of one pulse of the water hammer pressure response obtained in 

normal operation (Test-1) is shown in Figure 5. First, in Figure 5(a), the calculated maximum water hammer 

differential pressure is 0.92 MPa, which agrees with the measured values within 20%. The reason for the error 

between the analysis and measured maximum water hammer pressure is considered the solenoid valves do not 

open and close completely at the same time. Comparing the frequency response characteristics in Figure 5(b), the 

frequencies of I1, I2, and I3 agree with errors of 1%, 5%, and 5%, respectively. Therefore, the water hammer 

response characteristics of the analytical model are highly reproducible for this study. The sound velocity of the 

analytical model obtained by Equation (4) is 1450 m/s, which is close to the theoretical sound velocity of pure 

water at 25°C, 1498 m/s [8], and the validity of the model is also confirmed. 

  Based on the calculated values obtained from the analytical model and the results of the model evaluation using 

the measured values of the pressure sensors, the accuracy of the FBG measured pressure at locations where no 

pressure sensors were installed was evaluated. Figure 6 compares the water hammer pressure response at a location 
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close to FBG2 obtained using the analytical model and the measured FBG2 values. First, in Figure 6(a), the time-

series data of FBG2 under normal conditions are compared with the calculated values. It is confirmed that the 

calculated maximum water hammer differential pressure is 1.06 MPa, which agrees with the measured values 

within 22%. In addition, comparing the frequency response characteristics in Figure 6(b), the frequencies of I1, I2, 

and I3 agreed with the values measured by FBG2 with an error of less than 1% and 5%, respectively. These test 

data of the simulated flow rate anomaly (totally closed failure) were compared, and the characteristic result  

satisfies the result of the model evaluation that the frequency error at I2 is within 5%. Therefore, it was found that 

the accuracy of the FBG measurements is reasonable using the analytical model even in areas with no pressure 

sensors, such as a T-junction. 

 

4.2. Water hammer characteristics change with normal/anomaly flow rate and with/without 

bubbles 

  Changes in water hammer characteristics due to a flow rate anomaly were extracted. The strain-converted 

differential pressure ∆𝑃𝐹𝐵𝐺1 and the frequency characteristics of FBG1 are shown in Figure 7(a) when the flow 

rate anomaly is simulated (SV2, 0%; SV1, 0%). When the flow rate was set to 0% on the SV2 side, the maximum 

water hammer pressure decreased by 19%, and when the flow rate was set to 0% on the SV1 side, the maximum 

water hammer pressure decreased by 37%. Next, comparing the frequency response characteristics, we found that 

the I3 intensity ratios differed significantly. When SV1 was assumed to be a closed failure, the intensity ratio at I3 

was the smallest at 0.04.  

 

 

Figure 5: Comparison of calculated values of the analytical model and measured pressures. (a) Comparison of time-

series data of pressure (0–400 ms). (b) Comparison of frequency response characteristics of pressure intensity. 

 

 

Figure 6: Comparison of calculated values of the analytical model and measured values of FBG2 near the pipe branch 

point. (a) Comparison of time-series data of differential pressure (0–400 ms). (b) Comparison of frequency response 

characteristics of I/Imax. 
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However, the I3 intensity ratio increased significantly during the SV2 closed failure, reaching a maximum 

intensity ratio of 0.32 at I3. Therefore, it was confirmed that the change in frequency response characteristics due 

to flow rate changes could be used to detect flow rate anomalies. 

Next, we compared the test data with and without bubble localization and extracted the characteristic changes 

in the water hammer characteristics. Figure 7(b) shows the strain-converted differential pressure time-series data 

∆𝑃𝐹𝐵𝐺1 and frequency characteristics of FBG1 for the test simulation with and without bubble localization at the 

T-junction. Comparing the pressure waveforms, a change in which the natural frequency decreases was observed 

in the presence of localized bubbles. This is due to the reduction of the apparent sound velocity by the presence of 

bubbles. In addition, compared to the maximum water hammer pressure, the localization of bubbles results in a 

reduction of the intensity by 20%. Next, comparing the frequency response characteristics in FBG1, the natural 

frequency peak I1 was reduced by 10 Hz, as is clear from the above time-series data. In terms of I2 and I3, the 

frequency of I2 was consistent at 174 Hz regardless of the presence or absence of bubbles, while the frequency of 

I3 increased by 25 Hz with respect to that of the bubble-free state. As for FBG1, similarly to FBG6, the frequency 

of I1 was reduced by 10 Hz, while the frequency of I1 remained almost unchanged. Therefore, the presence or 

absence of air bubbles indicates a change in the peak frequency, enabling us to detect bubbles' localization. Since 

the frequency response characteristics can capture the features of anomalies and states, we considered that the FRF 

be used to capture the correlation among FBGs to capture anomalies and state changes. 

 

4.3. Anomaly detection in the system using frequency response function (FRF) 

Based on the results of the studies up to section 4.2, we considered that an anomaly or change in the system 

could be detected from changes in the correlation function of the measured data among multiple points as an 

anomaly detection method that takes advantage of the fact that FBGs are installed at multiple points (6 points in 

total). Therefore, we attempted to apply the FRF as a function that well represents the correlation. The following 

procedure calculates the FRF. First, the FRF H(f) is expressed by Equation (5) using the Fourier spectrum A(f) of 

the input signal “a” and the Fourier spectrum B(f) of the output signal “b.” 

 

𝑯(𝒇) =  
𝑩(𝒇)

𝑨(𝒇)
 (5) 

 

By multiplying the denominator and numerator on the right side of Equation (5) by the complex conjugate of 

A(f), H(f) can be expressed as in Equation (6) using the power spectral density Gaa(f) of the input signal “a” and 

the cross-spectral density Gba(f) between the input signal “a” and the output signal “b”. 

 

𝑯(𝒇) =  
𝑩(𝒇) × 𝑨∗(𝒇)

𝑨(𝒇) × 𝑨∗(𝒇)
=  

𝑮𝒃𝒂(𝒇)

𝑮𝒂𝒂(𝒇)
 (6) 

 

Therefore, the gain of the FRF F(f) is given by Equation (7). 

 

𝑭(𝒇) = 𝟐𝟎 𝐥𝐨𝐠|𝑯(𝒇)|  (7) 

 

F(f) was compared between normal and anomaly conditions to determine the index of anomaly and the threshold 

value. The calculation range of F(f) was set to the measurement time of three pulses (1200 ms). In this study, to 

detect correlation changes in each interval, the analysis was divided into (1) correlations of FBGs 1 and 2, (2) 

correlations of FBGs 2 and 3, (3) correlations of FBGs 3 and 4, and (4) correlations of FBGs 5 and 6. The 

relationship between the frequency f and FRF gain F(f) calculated by the above Equation (7) is shown in Figure 8. 

Comparing the results for normal operation, the shapes of F(f) are almost the same for each section.  
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Figure 7: Comparison of differential pressure time-series data and frequency response characteristics under normal 

and anomaly conditions (flow anomaly, bubble localization). (a) Comparison of time-series data of differential 

pressure and frequency response characteristics at normal, SV2 anomaly, and SV1 anomaly conditions (0–400 ms). 

(b) Comparison of time-series data of differential pressure and frequency response characteristics at no bubble T part 

and bubble exist T part conditions (0–400 ms). 

 

This tendency was also true for the other three conditions where the reproducibility was checked under the same 

conditions. Based on these results, we considered that the degree of agreement of F(f) could be used as an indicator 

of anomaly detection, and we used the mean squared error 𝛿𝑀𝑆𝐸 as an indicator of anomaly. We compared the 

𝛿𝑀𝑆𝐸 for each normal operation, the value is less than 5. Therefore, we set the threshold value of 𝛿𝑀𝑆𝐸 = 10, 

which is twice the maximum value of 𝛿𝑀𝑆𝐸 in normal operation. 

To confirm that the characteristics of F(f) are independent of the solenoid valve opening/closing mode, the 

relationship between the FRF gain and the frequency for each solenoid valve opening/closing mode is shown in 

Figure 9 for the SV2 flow anomaly condition. It was confirmed that the trends of FRF gains for each valve 

opening/closing mode are the same. Because of the high-pass filter at 70 Hz, there is a divergence in the FRF gains 

for each mode below 70 Hz. However, comparing the normal and anomaly condition of each mode, the FRF gains 

below 70 Hz remain unchanged, which does not affect 𝛿𝑀𝑆𝐸 in judging normal and anomaly. Since there is a 

slight variation in the relationship between frequency and FRF gain in each mode, it is considered that spectral 

averaging over all solenoid valve open/close modes is effective in calculating a reliable 𝛿𝑀𝑆𝐸. 

Based on the above studies, we confirmed the feasibility of the anomaly detection method. Using 𝐺𝑏𝑎
̅̅ ̅̅ ̅ and 𝐺𝑎𝑎

̅̅ ̅̅ ̅ 

averaged over all solenoid valve open/close modes, F(f) was calculated from Equations (6) and (7). First, the 

relationship between the frequency and FRF gain for the flow anomaly during normal operation (normal) and 

during SV2 and SV1 anomalies (anomaly) are shown in Figures 10(a) and 10(b). FBGs 3 and 4 were slightly above 
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the threshold value of 𝛿𝑀𝑆𝐸, indicating that there was little anomaly. On the other hand, FBG 2 and 3 and 5 and 6 

have 𝛿𝑀𝑆𝐸 Values 1.7 times higher than the threshold value, indicating that the correlation between the normal 

and the sensor is significantly different. Therefore, it is considered that FBGs 2 and 3, and 5 and 6 may be the 

main failure sections. The above trend is correct since the SV2 failure near FBG6 is simulated. The detected 

anomalies were in FBGs 1and 2, 2 and 3, and 3 and 4. The 𝛿𝑀𝑆𝐸 was 1.5 to 2 times larger than the threshold value 

in all the sections detected as anomaly, indicating that the correlation between normal and sensors was significantly 

different. On the other hand, FBGs 5 and 6, whose 𝛿𝑀𝑆𝐸  was 1.7 times the threshold value when SV2 was 

inoperative, have 𝛿𝑀𝑆𝐸 = 2.96, which is within the range of normal operation. Therefore, it is considered that the 

failure intervals of FBGs 1 and2, 2 and 3, and 3 and 4 may be the main failure intervals. The above trend is correct 

since it simulates the failure of SV1 near FBG4. 

  Next, Figures 11(a) and 11(b) show the relationship between frequency and FRF intensity in the case of normal 

operation without bubbles and with bubbles locally introduced into the pipe. First, when bubbles were introduced 

into the L-shaped bifurcation (between FBGs 5 and 6), anomaly were detected in the sections between FBGs 3 and 

4 and between FBGs 5 and 6. Among the detected anomalies, 𝛿𝑀𝑆𝐸 = 19.5 for FBGs 3 and 4 and 𝛿𝑀𝑆𝐸 = 112.7 

for FBGs 5 and 6, showing a large discrepancy in the degree of anomaly. When bubbles were introduced into the 

T-junction (between FBGs 2 and 3), anomalies were detected at FBGs 2 and 3, 3 and 4, and 5 and 6. Among the 

detected anomalies, 𝛿𝑀𝑆𝐸 = 19.4 for FBGs 2 and 3, 𝛿𝑀𝑆𝐸 = 69.3 for FBGs 3 and 4, and 𝛿𝑀𝑆𝐸 = 36.8 for FBGs 

5 and 6, showing a large discrepancy in the degree of anomaly. Therefore, a large anomaly is considered to have 

occurred in the interval of FBGs 3 and 4. However, since bubbles were introduced in the interval of FBGs 2 and 

3, it would be difficult to capture changes in FRF intensity in such a comparison of very short intervals of 110 mm 

due to the small changes in the characteristics. Therefore, we believe it would be an effective means to facilitate 

the detection of anomalies by conducting measurements at locations where there are systematic changes, such as 

between other measurement points, branch pipes, main pipes, and even changes in pipe diameter.  

 

 

Figure 8: Relationship between frequency and FRF gain obtained from the correlation of two points in each section 

(normal mode, duty ratio: 100 ms ON/300 ms OFF). 

 

 

Figure 9: Relationship between frequency and gain of FRF between FBGs 1 and 2 in the normal mode. 
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Figure 10: Relationship between frequency and FRF gain under normal and anomaly flow conditions. (a) Result of 

Least-squares error calculated by FRF comparison between normal and SV2 anomaly conditions. (b) Result of least-

squares error calculated by FRF comparison between the normal state and SV1 anomaly condition. 

 

 

Figure 11: Relationship between frequency and FRF gain under normal and bubble localization conditions. (a) Result 

of Least-squares error calculated by FRF comparison between normal and bubble localization (L part) condition. (b) 

Result of least-squares error calculated by FRF comparison between the normal state and bubble localization (T part) 

condition. 
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5. Conclusion 

This study aims to clarify a method to detect anomalies using multiplexed FBGs with multipoint correlation. 

The following findings were obtained by evaluating the accuracy of pressure acquisition by strain measurement 

using FBG and by performing anomaly detection using FRFs between two FBG points. 

1． Realization and verification of an innovative pressure measurement by optical fiber attachment to narrow pipes 

of a spacecraft propulsion system. 

✓ Narrow pipe strain due to water hammer was measured using FBGs attached around pipe at an incline to 

reduce light loss due to steep bending. The narrow pipe strain can be converted to pressure using a thick-

walled cylindrical model with a measured angle correction, which enables pressure acquisition with a 

maximum water hammer pressure error of 2% and an accuracy of within 1% of the I/Imax peak error in natural 

frequency with respect to the measured pressure at the same position. 

✓ Even in areas where pressure sensors are not installed, it is possible to obtain pressure with an error of 20% 

of the maximum water hammer pressure compared to the calculated pressure obtained from the analytical 

model and with an error of 5% or less for the I/Imax peak frequency. 

2． Study and trial approaches to anomaly detection based on measurement data obtained by the above measurement 

methods 

✓ Flow anomaly in the system causes a significant change in the intensity ratio of the reflected wave in the 

relation between frequency and power spectrum, and bubble localization has a change in the characteristic 

quantities of decrease in natural frequency and increases in the frequency of the reflected wave regarding the 

dynamic response which may be affected by change of the sound velocity in propellant due to trapped gas . 

✓ The mean-square error of the frequency response function obtained from any two points during normal and 

anomaly operation (anomaly flow rate, bubble localization) can be used to detect anomalies. Furthermore, 

the magnitude of the frequency response function can be used to estimate the section where the anomaly 

occurs. 
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