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ABSTRACT

Vacuum pressure vessels are one of the critical components in the aerospace field, and understanding the mechan-
ical behavior feature is particularly important for safe operation. Therefore, it is meaningful to obtain the stress
and strain distributions in the key positions of the vacuum tank, which can contribute to the safe performance
assessment, operation efficiency, and fault analysis. Hence, this paper provides the distribution characteristics
and variation rules of stress and tank strain of vacuum under different internal and external pressures through
the elastic theoretical analysis and iteration method. The quasi-distributed fiber Bragg grating (FBG) sensors
and the layout on the vacuum pressure vessel have thus been designed to monitor the whole vacuum extraction
and loss process under three different loading conditions. Data analysis based on the theoretical results and mon-
itoring information has further been conducted to validate the effectiveness of the proposed monitoring method
for possible leakage defects. Research results indicate that the continuously monitoring data can quite sensitively
and accurately characterize the microstrain variation features of the vacuum tank at different vacuum stages, and
the loading-induced vibration effect should be carefully considered during the data interpretation. The study can
provide scientific support for the vacuum loss state monitoring and safe performance assessment of the vacuum
pressure vessels.
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1 Introduction

The pressure vessel is a special pressure-bearing equipment that can lead to potential leakage and
explosion, which has been extensively used in various industries and plays an irreplaceable role [1]. Due
to the critical properties of pressure vessels in industrial production, the event of failure or accident may
lead to serious injury, environmental pollution, and property losses [2].

Vacuum pressure vessels are widely used in aerospace projects. As one of the key components in the
space exploration mission, the vacuum tank plays a crucial role in ensuring a stable vacuum environment.
However, due to material fatigue, temperature change, and mechanical vibration, the welded steel tanks
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are susceptible to small defects at the weld seams, which can lead to vacuum leakage. The leakage can cause
mission failure and equipment damage, which also poses a serious threat to the life safety of astronauts.
Pressure vessel accidents in the aerospace field are relatively rare, because the design and manufacturing
requirements for pressure vessels are very strict, with careful regular inspection and maintenance
measures in the operation. However, relevant cases can still be found in history, such as the US
Challenger space shuttle accident. On 28 January 1986, the US Challenger space shuttle exploded and
disintegrated 37 s after launch, resulting in the death of seven astronauts. The accident investigation
showed that the cause of the accident was the failure of an O-ring, which led to the leakage of liquid
oxygen and liquid hydrogen in the fuel tank and caused an explosion. This O-ring was a pressure vessel
seal used to ensure the sealing of the fuel tank. The sealing ring lost its elasticity in the low-temperature
environment and could not be effectively sealed, resulting in accidents. Therefore, it is necessary to
conduct a safety assessment of the pressure vessel structure during service, detect the health and possible
leakage, and improve the operational reliability of the equipment [3].

Currently, the safety assessment of pressure vessel structures is mainly based on non-destructive testing
techniques. Magnetic particle, penetration, radiation, acoustic emission, ultrasound, infrared thermal imaging
technology, and other technologies have been frequently adopted to detect defects, so as to improve the safety
and reliability of the equipment and reduce the maintenance costs and downtime of the equipment [4].
Magnetic particle testing has high detection sensitivity, accuracy, and reliability for surface defects, but is
not sensitive to deep cracks or internal defects [5]. The penetrant testing process is simple and easy to
implement, which is suitable for a wide range of defective surfaces, but insensitive to hidden defects [6].
Radiographic testing has a high detection rate for volumetric defects such as slagging and porosity, but
the inspection equipment is expensive and not portable, and the rays may cause injury to the person on-
site [6]. Acoustic emission testing can monitor the measured object in real-time online, but it is difficult
to distinguish signal and noise [3]. Infrared thermal imaging technology is mainly used for the online
detection of heat conduction in high-temperature pressure vessels and the detection of high-stress
concentration parts in normal-temperature pressure vessels [7]. It is required that the surface heat
absorption rate of the specimen is good, and it is easily affected by temperature and dust. The ultrasonic
testing method is easily affected by surface roughness, and the reliability of detection needs to be
improved. It can be seen that the above detection techniques only identify the existing defects of specific
parts or types of pressure vessels, which are difficult to cover the entire container structure, may miss
partial defects, and cannot predict possible faults or damages.

With the rapid development of advanced optical fiber sensing technology and signal demodulation
systems, the detection of pressure vessel structures in the service period can be raised to the monitoring
level. It means that the real-time, continuous, online monitoring and scientific and fine condition-based
maintenance can be realized, and the service life of high-value pressure vessel equipment can be
prolonged actively. Optical fiber sensors are widely used in aerospace, oil and gas pipelines, and civil
engineering due to their benefits of precise measurement and high sensitivity, small size, lightweight,
corrosion resistance, immunity to water and fire, electrical insulation, anti-electromagnetic interference,
long term stability, designable, and easy to assemble integrated network [8,9]. Currently, some scholars at
home and abroad have adopted optical fiber sensors for temperature and strain measurement and damage
identification of pressure vessel structures. Taiwan Scholars used fiber Bragg grating (FBG) sensors for
structural strain measurement and crack identification in thin-walled pressure vessel structures [10].
German scholars (2004) used FBG for low-temperature and high-temperature measurements of aerospace
pressure vessel structure [11]. Japanese scholars used FBG for on-orbit strain monitoring of aerospace
composite pressure vessel structures [12]. Dutch and German scholars used the combined technology of
image, acoustic emission, and FBG in the structural health monitoring of composite pressure vessels to
continuously monitor and accurately locate damage during the service life, so as to improve the safety of
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pressure vessels and reduce maintenance costs [13]. Chinese scholars from Chongqing University used FBG
sensors to measure the strain and temperature of composite storage tanks [14], and scholars from Lanzhou
University developed a real-time strain field reconstruction and damage and load feature identification
method for composite plates based on discrete FBG measurement signals [15]. German scholars used
distributed optical fiber for health monitoring of composite pressure vessel structures [16]. Considerable
studies on the applicability and reliability of FBG sensors in normal temperature and low-temperature
environments have been performed, which provides a theoretical basis for the application of FBG sensors
in extreme environments. In terms of application, most of the current research on using FBG sensors to
monitor composite tanks is still limited to room temperature conditions. The detailed information and
discussion on the mechanical response of different local structures of the tank are not sufficient. A small
number of studies have reported the use of FBG to monitor composite fuel tanks in low-temperature
environments, but the temperature compensation method has not been clearly described [14]. Based on
the above analysis, it is evident that current research mainly focuses on the measurement and damage
identification of the local position characteristic parameters of the pressure vessel structure. It can be
inferred that the design of a durable optical fiber sensor and its sensing network layout based on the
stress analysis of pressure vessel structures can construct the health monitoring system of pressure vessel
structures based on optical fiber sensing technology. It can finally contribute to obtaining the continuous
state information of pressure vessel structure during the service period, and realizing the damage
identification and service safety evaluation of pressure vessel structure according to these massive
monitoring data. Furthermore, according to the long-term continuous monitoring information, the
functions of maintenance management optimization and remote visual monitoring are realized, which
provides important support and scientific guarantee for the safe operation of pressure vessel structure
during the service period [17–20].

Therefore, this paper mainly establishes a physical model based on the theory of elastic mechanics and
obtains the Lame formula that characterizes the stress and strain of circular pressure vessel structures, so as to
understand the stress and strain distribution of pressure vessel tanks under different internal and external
pressures. The iteration method has also been used to validate the effectiveness of the theoretical analysis.
Considering the vacuum loss process accompanied by the variation of internal and external pressure, the
theoretical analysis has been further adapted to instruct the design of the surface-attached FBG sensors
and the correlated monitoring system. Three kinds of tests with the vacuum extraction and loss process
contained have been carried out, and data analysis has been performed to check the structural
information. Discussions based on the monitoring data and theoretical results have also been conducted to
declare the strain distribution profiles of the pressure vessel under different loading modes.

2 Vacuum Feature Analysis of Pressure Vessel Structures

2.1 Theoretical Description
For stainless steel vacuum tanks, the vacuum loss process can be considered as a thick-walled cylinder

subjected to constant external pressure with decreasing internal pressure. Fig. 1 shows the inner radius R1,
outer radius R2, cylinder height H, internal pressure P1, and external pressure P2 of the thick-walled cylinder,
and the cylindrical coordinate system with the z-axis is established. The pressure characteristics of thick-
walled pressure vessels without the consideration of thermal stress are: (1) radial stress cannot be ignored
and it is in a three-dimensional stress state; (2) the stress distribution in the thickness direction is non-
uniform with a stress gradient. For the thick-walled cylinder with internal pressure P1 and external
pressure P2, a horizontal section is shown in Fig. 2, and the radial stress rr, circumferential stress rh, and
axial stress rz should be solved. Among them, the axial stress rz does not change with the height. The
tension is positive and compression is negative. For the vessel in the three-dimensional stress state, the
shear stress is 0 and the radial stress cannot be neglected. The stress is only referred to the radius. The
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circumferential displacement is 0, and just the radial and axial displacements exist. In the analysis, the related
unknown parameters will be solved by combining the equilibrium equation, geometrical equation, and
physical equation.

(1) Geometrical equation

Radial displacements of the two arc edges in a section with inner radius R1 and increment dr are marked
as u and uþ du, as shown in Fig. 3. According to the geometrical relationship, radial strain er and
circumferential strain eh can be obtained:

er ¼ ðuþ duÞ � u

dr
¼ du

dr
(1)

eh ¼ ðr þ uÞdh� rdh
rdh

¼ u

r
(2)

Figure 1: Refined model of the pressure vessel

Figure 2: Mechanical model of the vacuum tank: (a) Loads and cross-section dimensions of the thick-walled
cylinder; (b) Internal stresses of infinitesimal element
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The deformation compatibility equation can be obtained by finding the derivative of eh with respect to r:

deh
dr

¼ u

r

� �
0 ¼

du
dr r � u

r2
¼ 1

r

du

dr
� u

r

� �
¼ 1

r
er � ehð Þ (3)

(2) Physics equations

According to Hooke’s law, the relationship between the components of stress and strain in the cylindrical
coordinate system can be expressed as:

er ¼ 1

E
½rr � lðrh þ rzÞ� (4a)

eh ¼ 1

E
½rh � lðrr þ rzÞ� (4b)

ez ¼ 1

E
½rz � lðrr þ rhÞ� (4c)

By subtracting Eq. (4a) from Eq. (4b) by eliminating rz, it yields:

er � eh ¼ 1þ l
E

ðrr � rhÞ (5)

Substituting Eq. (5) into Eq. (3), it gives:

deh
dr

¼ 1þ l
rE

ðrr � rhÞ (6)

The derivative of eh in Eq. (4b) with respect to r can give birth:

deh
dr

¼ 1

E

drh
dr

� l
drr
dr

� �
(7)

Uniting Eqs. (6) and (7), it gives:

drh
dr

� l
drr
dr

¼ 1þ l
r

ðrr � rhÞ (8)

Figure 3: Displacements of infinitesimal element of thick-walled cylinder
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(3) Equilibrium equation

According to the internal force equilibrium condition in the infinitesimal element in Fig. 2b, the
following formulas can be obtained:

rh � rr ¼ r
drr
dr

(9a)

drz
dz

¼ 0 (9b)

Uniting Eqs. (8) and (9), it gives:

r
d2rr
dr2

þ 3
drr
dr

¼ 0 (10)

Eq. (10) is calculated to find rr, and then substituted into Eq. (9), which gives:

rr ¼ A� B

r2
(11a)

rh ¼ Aþ B

r2
(11b)

where A and B are two constants. Two boundary conditions about the radial stress are then introduced:

r ¼ R1;rr ¼ �P1 (12a)

r ¼ R2;rr ¼ �P2 (12b)

Substituting Eq. (12) into Eq. (11a), the following expressions can be obtained:

A ¼ P1R1
2 � P2R2

2

R2
2 � R1

2 ;B ¼ ðP1 � P2ÞR1
2R2

2

R2
2 � R1

2 (13)

Finally, the equilibrium equation in the axial direction is adopted to find rz, which is obtained by the
internal force equal to the external force:

Fi ¼ rzS ¼ rzpðR2
2 � R1

2Þ (14)

Fe ¼ pR1
2P1 � pR2

2P2 (15)

where Fi and Fe are internal and external forces, respectively.

Uniting Eqs. (14) and (15), it yields:

rz ¼ pR1
2P1 � pR2

2P2

pðR2
2 � R1

2Þ ¼ P1R1
2 � P2R2

2

R2
2 � R1

2 ¼ A (16)

Thus, the circumferential, radial and axial stresses in the thick-walled cylindrical structure under internal
and external pressures can be obtained by Lame formulas:

rr ¼ P1R1
2 � P2R2

2

R2
2 � R1

2 � ðP1 � P2ÞR1
2R2

2

R2
2 � R1

2

1

r2
(17)

rh ¼ P1R1
2 � P2R2

2

R2
2 � R1

2 þ ðP1 � P2ÞR1
2R2

2

R2
2 � R1

2

1

r2
(18)
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rz ¼ P1R1
2 � P2R2

2

R2
2 � R1

2 (19)

By substituting the three stress components into Eq. (4), the radial, circumferential and axial strain
components can be calculated:

er ¼ 1

E
1� 2lð ÞP1R1

2 � P2R2
2

R2
2 � R1

2 � 1þ lð Þ P1 � P2ð ÞR1
2R2

2

R2
2 � R1

2

1

r2

� �
(20)

eh ¼ 1

E
1� 2lð ÞP1R1

2 � P2R2
2

R2
2 � R1

2 þ 1þ lð Þ P1 � P2ð ÞR1
2R2

2

R2
2 � R1

2

1

r2

� �
(21)

ez ¼ 1

E
1� 2lð ÞP1R1

2 � P2R2
2

R2
2 � R1

2

� �
(22)

2.2 Stress and Strain Distributions under Different Working Conditions
Taking the vacuum tank with sizes of f 400 mm × 700 mm × 5 mm as an example, the physical object

is shown in Fig. 4. The specific calculation parameters are listed in Table 1. The stress and strain distribution
characteristics of the pressure vessel under different internal and external pressures can thus be figured
out according to the derived formulas. It is considered that the actual pressure vessel structure is in an
initially non-stress state subjected to atmospheric pressure, and then the corresponding initial stresses and
strains are 0. Therefore, the initial non-stress state of the pressure vessel structure is equivalent to the
mechanical model under the working condition that both the internal pressure P1 and the external
pressure P2 of the thick-walled cylindrical structure are 0. The vacuum state is equivalent to the condition
that the internal pressure decreases from 0 Pa to −0.1 MPa and the external pressure remains 0. As a
result, the stress and strain distributions of the vacuum tank along with the wall thickness can be
obtained, as shown in Figs. 5–8.

Figure 4: Physical photo of the vacuum tank
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Fig. 5 shows the distribution of radial stress, circumferential stress and axial stress along the thickness
direction of the vacuum tank with size of f 400 mm × 700 mm × 5 mm under the internal pressure of
−0.1 MPa. When the distance to the center of the tank varies from the inner diameter of 0.2 m to the

Table 1: Values of the geometrical and mechanical parameters

Catalogue Label Value Unit

Inner radius R1 0.2 m

Outer radius R2 0.205 m

Internal pressure P1 −0.1 MPa

External pressure P2 0 MPa

Elastic modulus E 200 GPa

Poisson’s ratio μ 0.3

Figure 5: Stress distribution characteristics of the vacuum tank under the pressure P1 = −0.1 MPa: (a) Radial
stress; (b) Circumferential stress; (c) Axial stress
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outer diameter of 0.205 m, the radial stress gradually reduces from 0.1 MPa to 0, the circumferential stress
increases from −4.05 to −3.95 MPa, and the axial stress remains unchanged with the value of −1.98 MPa,
which conforms to the mechanical law.

Fig. 6 shows the distribution of radial strain, circumferential strain and axial strain along the thickness
direction of the vacuum tank with size of f 400 mm × 700 mm × 5 mm under internal pressure of −0.1 MPa.
Therefore, when the distance to the center of the tank varies from the inner diameter of 0.2 m to the outer
diameter of 0.205 m, the radial strain gradually decreases from 9.53 to 8.88 με, circumferential strain
increases from −17.42 to −16.77 με, axial strain keeps stable with the value of −3.95 με. The comparison
of Figs. 5 and 6 indicates that the variation principles of the stresses and strains are the same. Therefore,
in practical testing, the measured strain information can be used to diagnose the physical state of the
vacuum tank structure.

Figure 6: Strains distribution characteristics of the vacuum tank under the pressure P1 = −0.1 MPa: (a)
Radial strain; (b) Circumferential strain; (c) Axial strain
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Figure 7: Stress distribution characteristics of the vacuum tank under the pressure P1 = 0 Pa: (a) Radial
stress; (b) Circumferential stress; (c) Axial stress

Figure 8: (Continued)
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Fig. 7 shows the relationship between radial stress, circumferential stress, axial stress and wall thickness
of a vacuum tank with the size of f 400 mm × 700 mm × 5 mm without internal or external pressures. It is
apparent that when the center distance of the tank is gradually expanded from the inner radius of 0.2 m to the
outer radius of 0.205 m, the three-dimensional stress values are 0, which corresponds to the initial non-stress
state. Similarly, according to Hooke’s law and Eq. (4), the three-dimensional strains corresponding to this
loading condition are also 0. When both the internal and external pressures are 0, the radial,
circumferential and axial strains of the vacuum tank are 0 at each point, which is in accordance with the
assumption of the initial non-stress state.

2.3 Iterative Method
Considering that the subsequent research will involve the vacuum pressure vessel with local micro-

defects induced vacuum loss state, it may be difficult to obtain the theoretical analytical solution of the
corresponding mechanical model. As a result, there is a need to develop a numerical approach to solving
this problem. For this reason, the iterative method is used for the solution calculation of this physical
model and comparison with the theoretical analytical solution is also analyzed. rr is replaced by rr, and
then Eq. (10) is iteratively calculated in fourth-order Runge-Kutta format, which gives the control equation:

ry00 þ 3y0 ¼ 0 (23)

Transforming Eq. (23) into a first-order form, it yields:

y10 ¼ y2
y20 ¼ �3y2=r ¼ f x; yð Þ (24)

The iterative equation considers the first-order equation:

ynþ1 ¼ yn þ h

6
ðK1 þ 2K2 þ 2K3 þ K4Þ

K1 ¼ f xn; ynð Þ
K2 ¼ f xnþ1=2; yn þ h

2
K1

� �

K3 ¼ f xnþ1=2; yn þ h

2
K2

� �

K4 ¼ f xnþ1; yn þ hK3ð Þ

(25)

Figure 8: Comparison of iterative solution and theoretical solution: (a) Radial strain; (b) Circumferential
strain; (c) Axial strain
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The numerical solution can be obtained by substituting the relevant parameters into Eq. (25). Therefore,
the comparison between the numerical strains and the analytical strains is shown in Fig. 8. At the same time,
the influence of different step length h on the calculation results is discussed, and the values of er are used for
checking the accuracy, which produces Fig. 9. It can be seen that the numerical results are very close to the
theoretical analytical solution, and the different step sizes have no effect on the accuracy improvement of the
calculation results.

It is preliminarily estimated that the error is due to the use of the secant slope at r = 0.2 m instead of the
exact derivative. The exact derivative y2(1) = −20.73233 of the radial stress at 0.2 m calculated by the
analytical solution is replaced to obtain Fig. 10. It can be seen that the three-dimensional strain diagrams
obtained by numerical calculation are almost completely consistent with the theoretical solution. Thus,
the error of the results calculated by the iterative program is due to the assumption that the value at
r = 0.2 m is not close to the exact derivative. Therefore, in the numerical calculation of complex models,
when the theoretical analytical solution cannot be obtained, a much accurate numerical substitution can
be obtained by the testing method, so as to realize the numerical calculation and state evaluation of
complex physical models.

3 Vacuum Process Monitoring Based on FBG Sensing Technology

3.1 Experimental Description
During the vacuum evacuation process, the internal and external pressures of the pressure vessel are

unbalanced with external pressure greater than internal pressure. Therefore, the vessel structure mainly
undergoes shrinkage deformation. The process of vacuum loss means that the internal pressure is
gradually approaching the external pressure, and the internal and external pressures are gradually reaching
an equilibrium state. In addition, the shrinkage deformation of the vessel structure gradually decreases
and reaches a certain equilibrium value. According to the aforementioned theoretical analysis, the vacuum
pressure vessel has no initial stress in the atmospheric environment, and the vacuum process is correlated

Figure 9: Comparison of radial strain under different step sizes with theoretical solution
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to the case that the internal pressure is decreasing, which leads to the vacuum pressure vessel contracting and
suffering from pressure strain. On the other hand, the vacuum loss process means that the internal pressure is
increasing, and finally comes to the balance with the external pressure (i.e., initial non-stress state with the
assumption that the external pressure is 0). The compression strain also gradually decreases and restores to
the initial state that both the stress and strain values are 0.

According to the structural characteristics of the vacuum vessel and the possible leakage location, the
quasi-distributed FBG sensors have been selected to be arranged in the upper, middle and lower layers
near the valve. Given that the vacuum vessel structure experiences shrinkage deformation due to the
negative pressure during the vacuum process, two kinds of quasi-distributed FBGs in series (flexible
packaged and bare FBG sensors) are selected to measure the variation information of the structural stress
state during the vacuum process. The flexible packaging material is a silicone elastomer formed by
mixing and curing SYLGARD 184 silicone elastomer base and SYLGARD 184 silicone elastomer curing
agent with a proportion of 10:1. To minimize the deformation transfer effect due to the material
differences of the intermediate media layers, SYLGARD 184 silicone elastomer mixture has been used to

Figure 10: Comparison of iterative solution and theoretical solution: (a) Radial strain; (b) Circumferential
strain; (c) Axial strain
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adhere the FBGs in series to the vessel wall surface. The packaged 8-point FBG sensors (Pt-8FBGs), 6-point
bare FBG sensors (B-6FBGs) and another packaged 8-point FBG sensor (Pb-8FBGs) have been pasted on
the vacuum tank, respectively. The abbreviated “Pt” and “Pb” of Pt-8FBGs and Pb-8FBGs mean the
packaged sensors located separately in the top and bottom positions of the vacuum vessel. In addition, a
bare FBG (B-FBG-t) is serially connected at the end of the Pt-8FBGs sensor to assess the impact of the
surrounding temperature. The FBG sensing elements have a reflectivity of 90%. The detailed sensor
layout is shown in Fig. 11a, and the sensing test system is shown in Fig. 11b. The physical diagram of
the optical fiber demodulator and its correlated parameters are shown in Fig. 12.

The sensor B-FBG-t, which is used to measure the effects of ambient temperature, had a minimal change
in wavelength from 9:54 am on 29 November to 9:55 am on 30 November, as shown in Fig. 13. When the
temperature effect can be ignored, the strain can be expressed as:

e ¼ DkB
kBke

(26)

Figure 11: Vacuum process monitoring system of the vacuum tank: (a) Sensor layout; (b) Testing device
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where kB is the central wavelength of FBG, DkB is the central wavelength increment and ke is the strain
sensitivity coefficient. It should be noted that the value of kBke is about 1.2 pm/με.

3.2 Analysis on Monitoring Data

3.2.1 The First Testing
The loading process started on 21 November, and the initial values of the FBG sensors were firstly

measured from 11:13 am for a duration of five minutes. The stabilized wavelength was taken as the initial
wavelength. The vacuum extraction process using the vortex pump began at 11:19 am, at which point the
flowmeter was shut off. At 11:58 am, the vortex pump was turned off, natural pressurization started, and
the vessel’s internal pressure was 1.95 Pa. The test proceeded until 12:30 pm, by which time the internal
pressure had risen to 4.3 Pa. The test was paused due to a power outage. When it resumed at 3:34 pm,
the internal pressure of the vessel was 9.46 Pa. The test continued until 9:20 am on 22 November, by

Figure 12: Optical fiber demodulator: (a) Physical photo; (b) Performance parameters

Figure 13: Wavelength variation of the measurement point in sensor B-FBG-t
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which time the vessel pressure had risen to 19.5 Pa. At 9:44 am, the valve was opened, causing the internal
pressure of the vessel to return to the standard atmospheric pressure. The wavelength trend of the first
measurement point of the three numbered sensors over time is shown in Figs. 14–17. Among them, Pb-
8FBGs-12 is the first two measurement points of the sensor Pb-8FBGs, and Pb-8FBGs-678 is the last
three measurement points of the sensor Pb-8FBGs.

Figure 14: Wavelength variation of the first measurement point in sensor Pt-8FBGs

Figure 15: Wavelength variation of the first measurement point in sensor B-6FBGs
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It is evident that the wavelength variations at the four FBG measurement points follow similar trends.
After measuring the initial values at 11:18 am on 21 November, vacuum extraction of the vacuum tank
began. Due to the efficient vacuum extraction by the vortex pump, the pressure inside the tank dropped
quickly from the standard atmospheric pressure. The tank was always under standard atmospheric
pressure, which made the tank compressive. This caused the decreased wavelength of the FBGs. The

Figure 16: Wavelength variation of the first measurement point in sensor Pb-8FBGs-12

Figure 17: Wavelength variation of the first measurement point in sensor Pb-8FBGs-678
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wavelength profiles in Figs. 14–17 all showed a steep drop at the start of vacuum extraction, indicating that
the FBG sensor was highly sensitive to sudden variations of the pressure vessel. The wavelengths all
maintained an increasing trend from 3:34 pm on 21 November to 3:00 am on 22 November, consistent
with the actual slow increase of pressure in the tank after the vortex pump was turned off. At 9: 44 am on
22 November, the pressure in the vessel was immediately returned from 19.5 Pa to standard atmospheric
pressure. Due to the sudden increase of pressure inside the tank, compressive action disappeared and the
wavelength of FBG increased accordingly. The wavelength of FBG at each measurement point increased
steeply when the valve was opened, indicating that the FBG sensor can effectively sense the vacuum loss
process.

3.2.2 The Second Testing
After the first vacuum-loss test was completed, the pressure inside the vessel returned to standard

atmospheric pressure. After the wavelength stabilized at 9:48 am on 22 November, the initial value of the
FBG sensor began to be recorded. The recording time was about five minutes, and the average value
could be used as the initial wavelength. Then, the second test continued. At 9:55 am, the vortex pump
was activated for vacuum extraction, and the flowmeter was closed at that moment. The extraction
process lasted until 5:04 pm, at which point the vortex pump was turned off, and the internal pressure of
the vessel had reached 0.42 Pa. The flowmeter remained open but was not connected to the vessel,
allowing natural pressurization to proceed. This process continued until 10:00 am on 23 November, by
which time the internal pressure of the vessel had reached 225 Pa. At 10:01 am, the valve was opened,
and the vessel’s internal pressure gradually rose to standard atmospheric pressure. Figs. 18–21 show the
FBG wavelength variations at the first measurement point of the three numbered sensors.

It is apparent that the variation trends of FBG wavelengths at the first measurement point of the three
sensors are generally consistent, which indicates the high sensitivity of each FBG sensor at different
positions to sense the structural state information of the pressure vessel during the whole vacuum
pumping and vacuum loss process. After the vacuum was extracted by using the vortex pump, the
pressure (equal to the standard atmospheric pressure) inside the tank decreased rapidly. The outside of the

Figure 18: Wavelength variation of the first measurement point in sensor Pt-8FBGs
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tank always suffered from standard atmospheric pressure, which made the tank in compression and the
attached FBG sensor with a reduced wavelength. The wavelengths of the FBGs at each measurement
point show a steep drop at the beginning of the vacuum extraction, which is accorded with the
mechanical law. When the valve was opened, the pressure inside the tank increased from 225 Pa directly
to standard atmospheric pressure, which accordingly induced the increased wavelength of the FBG
sensors. The wavelengths of FBGs at each measurement point had a steep increase when the valve was
opened, indicating that the FBG sensor can accurately sense the mutation behavior of structural deformation.

Figure 19: Wavelength variation of the first measurement point in sensor B-6FBGs

Figure 20: Wavelength variation of the first measurement point in sensor Pb-8FBGs-12
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Compared to the first testing, the second testing opened the flowmeter during the natural pressurization
process, and the pressure in the tank before opening the valve was 19.5 Pa with the flowmeter closed during
the first testing, while the pressure in the tank before opening the valve with the flowmeter opened was
225 Pa during the second testing. It is apparent that opening the flowmeter may accelerate the gas flow
rate and pressure variations, speeding up the natural pressurization process and producing different
loading effects on the pressure vessel structure. As a result, the whole-process wavelength variation
curves measured by the FBG sensors were significantly different. It also indicates that FBG sensors have
the ability to sense micro variations in the pressure vessel structure with high accuracy and sensitivity.

3.2.3 The Third Testing
Following the second test, the initial values for each measurement point of the FBG sensors were

recorded for approximately 5 min, beginning at 10:05 am on 23 November, once the wavelengths had
stabilized. The average value was used as the initial wavelength for the third test. The vortex pump was
activated at 10:11 am, and the flowmeter was still closed. The molecular pump can be activated once the
pressure drops below 30 Pa. It is important to note that both the molecular pump and the vortex pump
must be operating at the same time. The molecular pump generally evacuates the air by using a vane in
the upper of the vessel and then the air is discharged through the pipe. The molecular pump was turned
on at 10:14 am and gradually turned off starting at 5:38 pm, with the internal pressure of the vessel
reaching 2.45 Pa. At 5:49 pm, the molecular pump was completely switched off, and the vortex pump
was closed simultaneously. Natural pressurization began, and the flowmeter was also left open. When the
vortex pump was closed at 9:01 am on 24 November, the pressure in the vessel was 144 Pa. The
molecular pump was removed from the vessel at 9:15 am, which made the pressure in the vessel
gradually increase to the standard atmospheric pressure. The testing ended at 9:56 am on 24 November.
Throughout the loading and unloading process, the wavelength changes of the first measurement point in
each FBG sensor as shown in Figs. 22–25.

It is apparent that the variation trends of wavelengths of FBGs at each measurement point are generally
consistent. Due to the use of a vortex pump for extracting the vacuum, the pressure inside the tank decreased
rapidly from standard atmospheric pressure. The tank suffered from shrinkage deformation under the

Figure 21: Wavelength variation of the first measurement point in sensor Pb-8FBGs-678
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pressures, resulting in the wavelength reduction of the FBG sensors attached to the tank. The wavelengths of
the FBGs at each measurement point show a steep drop at the beginning of the vacuum extraction, which is
accorded with the mechanical law. When the molecular pump was disassembled at 9:01 am on 24 November,
the pressure inside the tank returned to standard atmospheric pressure, and the pressurization was no longer
present. The wavelength of each FBG thus increased accordingly, and a steep increase occurred when the
valve was opened, which is consistent with the law of structural deformation.

Figure 22: Wavelength variation of the first measurement point in sensor Pt-8FBGs

Figure 23: Wavelength variation of the first measurement point in sensor B-6FBGs
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Comparing the second and third testing, it can be seen that a significant difference occurs in the
deformation effects of the pressure vessel tank under different vacuum loading and unloading modes, but
the tank structure undergoes a mutation effect at both the vacuum loading and unloading moments. When
using a vortex pump and molecular pump to extract vacuum simultaneously, the deformation generated
by the structure is larger. Besides, it also verifies that the FBG sensors can accurately and sensitively
reflect the microstrain variation of the pressure vessel structure.

Figure 24: Wavelength variation of the first measurement point in sensor Pb-8FBGs-12

Figure 25: Wavelength variation of the first measurement point in sensor Pb-8FBGs-678
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3.3 Discussion
Combining the observation of the images of the three experiments with the theoretical analysis, it was

found that all parts of the images differed a little from the theoretical expectations, except for the moments
when vacuum extraction started and the pressure inside the tank was returned to standard atmospheric
pressure. During continuous vacuum extraction, the pressure inside the tank continues to drop, resulting
in a gradually increasing pressure difference between the inside and outside of the tank. According to the
theoretical expectation, the tank is continuously pressurized during the process, and the wavelength of
FBG at each measurement point will continue to decrease during the process. When the pressure inside
the tank gradually approaches the power limit of the vortex pump and molecular pump, the decreasing
trend of wavelength may become slow or stabilize. However, it is found that at some moments the
wavelength actually shows an increasing trend in the second and third experiments, which is opposite to
the expected variations. Meanwhile, during natural pressurization, although the pressure difference
between the inside and outside of the tank still exists, with the slow increase of the pressure inside the
tank, it is theorized that the wavelengths of FBG at each measurement point should show a slow increase
or a relatively stable trend. However, the experimental images show that the wavelength continues to
decrease during natural pressurization, which is inconsistent with the theoretically expected results.

According to further temperature experimental testing analysis by excluding the temperature influence
[21,22], it was found that the loading and unloading process of the operation of the pump generated vibration,
resulting in the pressure vessel tank micro-vibration. The deformation produced by this vibration effect was
larger than the shrinkage deformation caused by the negative pressure, which led to the phenomenon of
increasing wavelength values after vacuum extraction [23]. In the first experiment, the growing trend of
the wavelength suddenly stopped or slowed down at 12:00 am on 21 November, which was caused by
the vibration stop of the tank due to the shutdown of the vortex pump at this point. In the second
experiment, the wavelength should ideally have remained on a declining trend, except for the steep drop
at the beginning. However, this declining trend did not occur until after the vortex pumps were shut
down at 5:04 pm on 22 November, and the wavelength gradually declined to normal values after the
vortex pumps were shut down. The change in wavelength at 12:00 am on 22 November. in the second
experiment may be due to a delayed response of the tank components caused by vibration. At 12:00 am
the response of the tank components stabilized, and the wavelength increase slowed down. The increase
in pressure in the tank between 5:04 pm on 22 November and 10:01 am on 23 November. was quite
slow, and the wavelength did not show a slow upward trend. The same situation occurred in the third
experiment. In the third experiment, it was not until the vortex pump was turned off at 5:38 pm on
23 November. that the wavelength showed a downward trend. It can be seen that the vibration effect
generated by the operation of the vortex pump and molecular pump during vacuum loading and
unloading processes is more pronounced than the negative pressure effect when the vacuum-induced
shrinkage deformation of the tank is small. In monitoring the whole vacuum process, it is necessary to
consider the removal of the influence of this factor in order to accurately obtain the variation
characteristics of the tank caused by the vacuum loss [24,25]. In the three experiments, the FBG sensors
show high accuracy and sensitivity in sensing the micro variations of the pressure vessel tank structure,
which further indicates that the proposed FBG sensing technology has the potential to monitor the micro
defect and leakage of vacuum pressure vessels.

4 Conclusion

To develop an efficient method for the online vacuum loss process monitoring, the theoretical and
numerical analysis of the vacuum pressure vessel structures under different internal and external pressures
has been explored, and three kinds of testing on the practical pressure vessel equipped with designed
FBG sensors under different loading and unloading modes have also been conducted. Based on the study,
the following conclusions can be drawn:
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(1) The theoretical analysis provides straightforward formulas to declare the stress and strain variations
of circular pressure vessel structures under different internal and external pressures, which can provide
instructions for the configuration of the monitoring system for the vacuum loss process identification. The
numerical analysis based on the iteration method has also been given to support the effectiveness of the
theoretical analysis, which can be further used to explore the complicated case that the pressure vessel
with a micro defect is subjected to internal and external pressures.

(2) According to the collected continuous monitoring data, the stress and strain distributions of the
pressure tank during the vacuum loss process under different loading modes can be much more
accurately recognized based on the FBG sensors. It verifies the effectiveness of the proposed monitoring
method and provides suggestions for the improvement of an accurate, simple, fast, and online
identification system to characterize the long-term structural performance, vacuum loss process, and
leakage of vacuum pressure vessel structures.

(3) The testing results indicate that the microstrain induced by the loading vibration of the vortex pump
and the molecular pump plays a high weight on the measured signals during the vacuum extraction and loss
processes. It is thus particularly important to consider the feasible measure to control the loading mode
inducted vibration of the pressure vessels, to keep the long-term health and service of the pressure
vessels. The signal filtering technique should be also considered to separate the abnormal information and
recognize the true features induced by vacuum loss.
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