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Abstract

Rupture disc is widely used in pressure vessels. To prevent catastrophic overpressure in pressure vessels, it is vital to replace the
rupture disc before its premature failure. This paper presents a systematic and comprehensive study of EMI-based rupture disc
monitoring. A PZT actuator-driven one-degree-of-freedom spring-mass-damper model was established, and the analytical
result shows that the EMI is determined by the local stiffness of the coupled structures. Since the stiffness of a clamped
rupture disc is mainly controlled by its inner pressure, the operating conditions can therefore be estimated by measuring
the impedance signal. To verify this finding, a numerical model is built and the simulation result shows that as the pressure
increases, the resonant frequencies of the impedance signals decrease gradually. Conventional simple domed rupture discs
were tested for validation experiments. Three replacement matrices (RMs) were proposed and compared based on the root
mean square deviation (RMpgysp), mean absolute percentage deviation (RMpyapp), and correlation coefficient deviation
(RM ccp). The optimum rupture disc update time can be determined by the calculation of the RMyapp. In addition, the
influences of temperature variation on EMI signals were investigated and a temperature compensation method was proposed.
Experimental results demonstrated that EMI-based rupture disc monitoring is an effective method of preventing the occurrence
of catastrophic overpressure accidents in pressure vessels.
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1 Introduction

A pressure vessel is an enclosed device that holds the
gas/liquid and is subjected to a certain pressure [1, 2]. Due
to its unique features of the operating environment and stor-
age medium, overpressure bursting accidents are prone to
occur. Therefore, to prevent the occurrence of pressure ves-
sel overpressure accidents, overpressure relief devices need
to be installed on the pressure vessel to keep the pressure

B Linsheng Huo
Ishuo@dlut.edu.cn

B Jianliang Yu
yujianliang @dlut.edu.cn

1 College of Civil Engineering, Nanjing Forestry University, inside the pressure vessel within a safe range utilizing safety
Nanjing 210037, Jiangsu, China relief technology. Specifically, the safety valve [3] and the
2 Hangzhou Applied Acoustics Research Institute, Hangzhou rupture disc [4] are two typical pressure relief devices. Due
310023, Zhejiang, China to its advantages of large pressure relief area, rapid pressure
3 Guangzhou Metro Design and Research Institute Co., Ltd., relief speed, high-pressure sensitivity, and good corrosion
Guangzhou 510010, Guangdong, China resistance, rupture disc has been widely used in the pipeline
4 State Key Laboratory of Coastal and Offshore Engineering, system in chemical and petrochemical industries for more
Dalian University of Technology, Dalian 116023, Liaoning, than 100 years. The rupture disc is a non-reclosing emergency
5 China ' o ' o pressure relief device, actuated by pressure differential. It is
School of Chemical Engineering, Dalian University of also a safety relief device that is composed of a rupture disc,

Technology, Dalian 116023, Liaoning, Chi . .
echnology, Batian raonme, Hhna clamping device, and other components. When the pressure

Dalian Duda Technology Safety System, Co., Ltd., Dalian
116012, Liaoning, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10921-023-00974-6&domain=pdf

61 Page2of13

Journal of Nondestructive Evaluation (2023) 42:61

gap between the two sides of the rupture disc reaches its pre-
determined value at the required bursting temperature, the
rupture disc is instantly triggered (ruptured or detached) and
the inner fluid medium is released.

Since (i) the rupture disc must be replaced immediately
when the premature bursting occurs, and the production must
be suspended; (ii) the released medium may be toxic or harm-
ful to humans and it must be disposed of appropriately to
ensure that no additional safety incidents occur. Therefore,
the premature failure of the rupture disc must be avoided.
However, in practical application, premature failure of the
rupture disc may occur [5]. As a key component of the safety
relief device, it is vital to replace the rupture disc in a timely
manner to ensure the safety of the pressure vessel.

Traditional methods for the service life prediction of rup-
ture disc mainly rely on two methods, i.e., the numerical and
experimental approaches. The numerical approach refers to
using the finite element method to simulate the failure process
of the rupture disc and predict the service life by stress inten-
sity analysis. For the experimental approach, it means that test
the rupture disc in the laboratory under specific pressure (or
cycle loads). However, studies show that many factors con-
tribute to rupture disc failure, including the structural type,
arch height, internal cyclic stresses, and material [6]. Hole-
slot flat rupture disc was investigated by Hu et al. [7]. In
their study, the bursting pressure is linearly changed with the
inner ring hole and its bursting coefficient is a constant for the
same material. The processing characteristics of the grooving
were carried out by Jeong et al. [8]. Mechanical properties
were investigated via experimental setups and the results
were compared with finite element analysis (FEA). Micro
leak testing was implemented by Sudha et al. [9] to investi-
gate the microstructural of austenitic stainless steel rupture
disc under sodium-water reaction. Their study concluded that
deformation twinning is not a preferred deformation mode
for austenitic stainless steels. Tang et al. [10] investigated
the bursting process of a conventional domed slotted rupture
disc made of Inconel 600 alloy. In their study, it was observed
that the deformation between the matrix and the inclusion is
inconsistent and the stress concentration exists at the inter-
face between the matrix and inclusion. More literature about
bursting performance can be found in [11-14]. Although the
abovementioned literatures provide the basic principles for
designing reasonable and sustainable rupture disc, accurately
monitoring the burst time of the rupture disc and providing
promptly warnings prior to bursting remains a challenge.

As one of the smart materials [15, 16], piezoelectric mate-
rials, including piezoelectric crystal, piezoelectric ceramics,
PVDF, etc., have drawn much attention in aerospace [17,
18], biomedical [19], and civil engineering [20-23]. Due to
its advantages of quick response [24, 25], high sensitivity [26,
27], wide bandwidth [28, 29], and low cost, piezoceramic is
capable of sensing structural dynamic responses. In addition,
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piezoceramics have direct and inverse piezoelectric effects
[30-32]. Specifically, the direct piezoelectric effect refers to
converting mechanical energy into electrical energy, and the
inverse piezoelectric effect is the opposite process [25, 33].
Therefore, piezoceramics transducers can be used as actua-
tors or sensors [34, 35].

Electro-mechanical impedance (EMI) method is a promis-
ing structural health monitoring approach. In 1994, a
one-degree-of-freedom spring-mass-damper (SMD) PZT-
structure interaction EMI model was proposed by Liang et al.
[36] Based on the model, when a PZT transducer is pasted on
the surface of a structure, the impedance signal is governed
by the output of PZT. In practice, high-frequency external
excitation (> 30 kHz) is imposed on a PZT patch, inducing
coordinate deformation of the host structure. By analyzing
the admittance responses, the phenomenological nature of
the coupled structural system can be accurately revealed.
An experimental investigation of spot-welded joint monitor-
ing using the E/M impedance technique was carried out by
Giurgiutiu et al. [37]. The experimental results show that the
specimen stiffness can be used as a measure of spot-weld
fatigue damage. A series/parallel multi-sensing technique
was proposed by Chen et al. [38]. In their research, multi-
bolt looseness detection was achieved by using the multi-
input-single-output (MISO) damage detection scheme. A
wireless impedance sensor node was designed by Kim et al.
[39] and an interface washer is utilized in a cable-anchor joint
and the bolted connection models. Na et al. [40] proposed a
non-destructive testing method that combined the EMI tech-
nique with an unmanned aerial vehicle to detect internal
damage to civil infrastructures. More studies about structural
health monitoring using EMI can be found in [41-45].

On the basis of practical needs, this study explores the
novel application of using the EMI technique to monitor the
working state of rupture disc theoretically and experimen-
tally. Monitoring principles were derived based on the PZT
actuator-driven one-degree-of-freedom spring-mass-damper
model. Based on the model, the resonant frequencies of the
coupled structure (PZT and rupture disc) under different
inner air pressure were analyzed. Experiments were car-
ried out on three conventional simple domed rupture discs.
To quantitively predict the service life of the rupture disc,
three replacement matrices (RMs), including the root mean
square deviation (RM gyssp), mean absolute percentage devi-
ation (RM yapp), and the correlation coefficient deviation
(RM ccp), were employed and compared. The effects of tem-
perature fluctuations on EMI signals were considered and the
temperature compensation technique was proposed. The rest
of the paper is structured as follows. In Sect. 2, the EMI-
based monitoring principle of rupture disc was introduced.
Section 3 shows the numerical simulation of the proposed
approach. The experimental investigations, including the
PZT transducer, rupture disc specimen, and loading setups,
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are presented in Sect. 4. The defined replacement matrices
based on RMSD, MPDA, and CCD are also compared in this
section. Section 5 is the investigation of temperature effects.
Section 6 is the discussion. Section 7 concludes the paper.

2 Principle of EMI Technique

When a PZT is coupled with the rupture disc, it can function
as the actuator and sensor simultaneously. Specifically, based
on the inverse piezoelectric effect, a mechanical stress/strain
will be generated when an external electric field is applied.
In practice, when a harmonic excitation is applied to the sys-
tem, a corresponding dynamic response occurs. Due to the
positive piezoelectric effect, the dynamic response can gen-
erate electric charges on the surface of PZT. By collecting
the surface charges, the dynamic response of the system can
be measured. Since the external excitation-induced dynamic
response of the coupled system is highly related to the
parameters of the monitored structure, such as the stiffness,
damping, and eigenfrequency. By measuring the parameters
of the coupled structures, the health state can be monitored.

Based on the one-degree-of-freedom spring-mass-damper
system (SMD) model of EMI [36], the dynamic interac-
tion between pasted PZT and the rupture disc is presented
in Fig. 1. Assuming that the coupled structure is a stable
linear system, the mechanical impedance of the system is
the ratio of the external excitation and the corresponding
dynamic response,

z=1 M)
X

where Z is the impedance of the system, F' is the external

force exerted by PZT, x is velocity. Often, the external force

can be exerted by harmonic excitation with the following

equation,

f(t) = Fycos(wt) (2)

where F indicates the maximum value of external force.
The corresponding differential equation of the system is

mx(t) +cx(t) + Kyx(t) = f(t) 3)

where m is the mass, ¢ represents the damping,  is stiffness,
and x(¢) is the displacement, The mechanical impedance of
the SMD system is given by

2 2

1)
Z=c+m——2=Lj 4
a)

wherei = (— 1)'2, w is the excitation frequency, w, is the
resonant frequency of the SMD system with the expression

of Eq. (5)

N §)

For the one-degree-of-freedom SMD system, we assume
that the system damping can be expressed as Rayleigh damp-
ing, which is a linear combination of mass and stiffness. It
can be written as

c=am+ BK; (6)

In Eq. (6), « and 8 are the Rayleigh damping scale coef-
ficients,

_ 2gwiwy )
w] + wy
28
= 8
o + o 3

where w; and w, are the lower limit and upper limit of
response frequencies.
When the resonance of the system occurs,

W] = Wy = wy 9

The Rayleigh damping scale coefficients at that frequency
can be obtained

a=gw, (10)
B = 8 (11)
wp

Substituting Egs. (5), (6), (10), and (11) into Eq. (4) yields

K
Z =2gmK + (mw — —)i (12)
w

Equation (12) shows that the mechanical impedance is
determined by the local stiffness of the SMD system.

According to Stepanov’s study, the variation in disk thick-
ness has a significant effect on the rupture pressure of a disk
[46]. In addition, the formula for the blasting pressure was
derived theoretically by Li [47]

P=Ko(S—S1)(D+2Kr) (13)

where the K = —g(ﬁ"wz), ki =0 -2+ 55q00052).0
is the tensile strength, S is the initial thickness of the rupture
disc (unit: mm), S is the thickness of the arch foot of the
rupture disc, r is the radius of clamping boundary fillet, w
= H/D is the relative deflection, H and D are the height
and bursting radius of the rupture disc, respectively. P is the
bursting pressure, and g is the factor of stress concentration,
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Fig. 1 A schematic
representation of the

Impedance analyzer

one-degree-of-freedom SMD
system model between a PZT
and a rupture disc

which is related to the elastic stress concentration coefficient
and the constitutive relationship of the groove. According to
the stress—strain relationship,

o= K;e (14)

Substituting Eq. (13) into Eq. (14) gives the stiffness of
the rupture disk as

P

= (15)
Ke(S — S1)(D +2Kyr)

N

Combining Egs. (12) and (15) results in the new expres-
sion of mechanical impedance

»
P Ke(S—S)(D+2Kir)

zZ=2 + _ ReG=o)(Dt2K1r)
g\/mKs(SSI)(D+2K1r) (me @

)i
(16)

According to Eq. (16), for clamped rupture disc, its
impedance is mainly related to the thickness, the geometry,
and the material properties. Although it is difficult to directly
derive the expression between the impedance of the rupture
disc and its geometry parameters, the coupled mechanical
impedance depends to a large degree on the working con-
ditions of the rupture disc. By measuring the EMI signal of
the coupled structure (PZT and rupture disc), the bursting
signs of the rupture disc will be caught promptly to avoid
premature failure.

@ Springer

One-degree-of-
freedom SMD system

3 Numerical Investigation
3.1 Finite Element Modeling

Equation (12) shows that the mechanical impedance of the
coupled structure is related to the local stiffness of the SMD
system, including the thickness, pressure, and boundary con-
ditions of the rupture disc. However, due to the complexity
of the pressure vessels, the local stiffness of the rupture disc
cannot be derived directly. Therefore, in this section, the
numerical simulation of the rupture disc status monitoring
using the Electro-mechanical Impedance (EMI) of PZT is
performed.

A free PZT wafer is modeled using COMSOL Multi-
physics. The diameter of the PZT wafer (PZT-5H) is 10 mm
and the thickness of the wafer is 1 mm. The stress-charge
type piezoceramic equation is used for the simulation of the
interaction between mechanical stress/strain and the external
electric field. The material parameters of the PZT wafer are
given in Table 1.

Two physical fields, namely the electrostatic field and
solid mechanics, are employed and they are coupled by the
piezoelectric effect multi-physical field. By doing so, the
external voltage excitation will transfer to stress based on
the inverse piezoelectric effect of PZT. According to Lin’s
study, the resonant frequency of a PZT wafer with radial
vibration mode can be expressed as [48]

E
= i _n (17)
" 2w\ p(1 —vy)
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Tabel 1 Parameters of PZT-5H

Elastic constants Piezoelectric Relative dielectric
(N/m?) constants constants
(C/m?)
Ci1 =1.272 x 10! E3| = — 6.623 k1) = 1704.4
Ci» = 8.021 x 1010 Ep = — 6.623 Kk = 1704.4
Cy =1.272 x 101 Es3 = 23.240 k33 = 1433.6
Ci3 = 8.467 x 1010 Epy = 17.035
Co3 = 8.467 x 1010 Eis = 17.035

Cs3 = 1.174 x 10!
Cyqq = 2.299 x 1010
Css = 2.299 x 1010
Cege = 2.347 x 1010

600 T T

— Impedance curve

Impedance (Ohm)

150 200 250 300 350 400 450
Frequency (kHz)

Fig. 2 The impedance signal of the simulated PZT wafer (150-450 kHz)

where f, represents the resonance frequency. B is a constant.
r is the radius of the PZT wafer. p denotes the density. cﬁ =
1/ lel is elastic stiffness constant at the constant electric field
in the loading direction of the PZT sensors. v, is the Poisson
coefficient of the piezoelectric materials which can be written
as [49]

©
o

Vi = — (18)

“
iy
—_t

where sg is the compliance coeffective at the constant electric
field.

Equation (17) indicates that once the material of the PZT
is determined, the resonance and anti-resonance frequen-
cies depend on its radius and vibrational order [50]. In our
finite element model (FEM) model, the properties of the PZT
includer =0.005m, p =7.5 x 103 kg/m®, s, =1.65 x 107!!
m3/N, sf, = —4.78 x 10712 m3/N, v;, = 0.29. Substituting
these parameters into Eqs. (17) and (18) yields the resonance
frequency f, = 279.87 kHz. Therefore, the sweep-frequency
range [150 kHz, 350 kHz] is adopted in our FEM model.
Figure 2 shows the impedance signal of the simulated PZT
wafer. The resonant frequency of the simulated PZT wafer is
275.83 kHz, which is very close to the theoretically derived
result (279.87 kHz).

Based on the PZT FEM model, the coupled structure
which consists of a PZT wafer and a conventional simple
domed rupture disc is established. The rupture disc is made
of 360L stainless steel. Its inner diameter and thickness are
100 mm and 0.1 mm, respectively. The height of the domed
rupture disc is 22 mm. The PZT is pasted on the top of the
rupture disc. Since the rupture disc is made of isotropic homo-
geneous material and is two-dimensional axisymmetric in its
cross-section view, a simplified 2D axial symmetry cross-
sectional model is established, as shown in Fig. 3a. The gray
dotted line at the radius of » = 0 is the symmetry axis. The
enlarged image in Fig. 3 shows the geometric composition
of the FEM model.

To accurately simulate the interaction between the PZT
and rupture disc, the adhesive layer should be considered.
The Young’s modulus, Poisson ratio, and density of the adhe-
sive are 1 x 10% Pa, 0.38,and 1.2 x 103 kg/m3, respectively,
which correspond to the properties of epoxy resin used in our
experiments. The thickness of the adhesive layer is 0.1 mm.
The PZT, adhesive layer, and rupture disc are assembled by
using Form Union. Since there is almost no relative displace-
ment between the edge of the rupture disc and the clamper
[6], the boundary is set to a fixed constraint. The pressure
is boundary load and it was applied in the inner boundary
of the 2 D model of the rupture disc, as shown in Fig. 3b.
The maximum mesh size of the model is less than 0.3 mm
[51] and local grid refinement was performed in the adhesive
layer. Since this research attempts to show the response of
the impedance of rupture discs under excitation by voltage
in the form of a frequency input, analyses in the frequency
domain have been performed.

3.2 EMI Results and Analysis

Considering the actual application situations, nine testing
scenarios, which are 0.2 Mpa to 1.8 Mpa with an interval
of 0.2 Mpa, were simulated. It should be noticed that the
loading scenarios in our simulation are consistent with the
experiments detailed in Sect. 4. The simulated impedance
curves are presented in Fig. 4.

As shown in Fig. 4, the impedance signals of the coupled
structure changes significantly. With the pressure increase,
the peak frequency shifts to the left gradually, meaning that
the resonance frequency decreases with the increase of the
pressure. Specifically, when the pressure is 0.2 Mpa, the peak
frequency of the EMI signature is 252.1 kHz. As the pres-
sure increase to 1.0 Mpa, the peak frequency decreases to
251.5 kHz, and its amplitude is 430.1 Ohm. The central fre-
quency is 251.4 kHz when the pressure is 1.8 Mpa and the
amplitude of the EMI signal is less than half of that value at
0.2 Mpa. According to the theoretical analysis in Sect. 2, the
resonance frequency and the amplitude of the EMI signature
are related to the stiffness of the rupture disc. Specifically,

@ Springer



61 Page6of13

Journal of Nondestructive Evaluation (2023) 42:61

mm o
304
PZT
25 .
Rupture disk
204 <
\
154 o mm\\\ )
24 \
107 1,55 N\
] 23
5 22:5
04 22 Q{r’:—-
21.5 . v
51 2 Adhesive layer
20.5 r= ‘ mm
-104 r=00 2 4 mmf
0 20 40

(2)

Fig.3 2D FEM model of rupture disc a geometric composition, b inner pressure

"[—0.2 MPa
- - 04 MPa
—0.6 MPa
- = 0.8 MPa
—1.0 MPa
-~ 12MPa
— 1.4 MPa
- - 1.6 MPa
—1.8 MPa

600

S

=3

(=}
T

(%]

=3

=]
T

Resistance (Ohm)

0 = = . ; :
5 514 251.6 251.8 252 2522 2524 2526
Frequency (kHz)

252.8 253

e}
n

to
e}

Fig.4 The simulated impedance signatures for nine pressure scenarios

Eq. (5) shows that the resonance frequency decreases as the
stiffness decreases, and Eq. (16) denotes that the thickness
of the rupture disc is controlled by the inner pressure of the
rupture disc. Based on the simulated results, the resonance
frequency decreases gradually with the increase of inner pres-
sure, indicating that the increase of the pressure reduces the
stiffness of the rupture disc, and therefore reduces the peak
frequency and the amplitude of the EMI signal. The simulated
results validate the feasibility of utilizing the electromechan-
ical impedance (EMI) principle to monitor rupture disc.

4 Experimentation

4.1 PZT Transducer, Rupture Disc, and Experimental
Setup

In the experimental study, three conventional simple domed

rupture discs (LP100-1.90-100) are tested. The rupture disc
is manufactured by Dalian Duta Technology Safety System

@ Springer

Rupture disk
(conventional simple
domed)

Fig.5 Conventional simple domed rupture disc with PZT attached

Co., Ltd. Dalian, China. The rupture discs are made of 360L
stainless steel with 0.1 mm thickness. The inner radius and
the height are 50 mm and 22 mm, respectively. The designed
burst pressure is 1.90 MPa (at 25 °C). The leading wire is
connected to the commercially available PZT-5H wafer and
then bonded on the top of the rupture disc by using epoxy
resin. The specimen is shown in Fig. 5. The PZT transducer is
produced by Baoding Hongsheng Acoustics Electron Appa-
ratus Co. Ltd., Hebei, China. The thickness and radius of the
PZT transducer are 1 mm and 5 mm, respectively.

A schematic diagram of the experimental setups is pre-
sented in Fig. 6. It mainly consists of three parts: (1) the
air supply, (2) the clamp holder, and (3) the impedance ana-
lyzer. In our experiment, a multi-stage loading process is
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Fig.6 Schematic diagram of the

experimental setups Air FoRp ly

Pressure
relief valve

~  Pressure
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Impedance
analyzer

Air supply

Fig. 7 Experimental device (the inserted figure is the clamp holder)
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Fig. 8 Loading process of the rupture disc

used. Firstly, globe valve 2 is closed to ensure that no gas
leaks out. Secondly, the air supply valve is opened to release
the air pressure. The third step is to release the globe valve 1
and apply the air pressure to the inner surface of the rupture
disc. Finally, the above procedure is repeated until the burst-
ing of the rupture disc is achieved. Figure 7 is the photograph
of experimental devices. In our experiment, the step-loading
process was designed and implemented. As shown in Fig. 8,
the pressure increment for each loading step is 0.2 MPa. The
pressure holding time for each loading step is 60 s, during
which the impedance of coupled structure will be recorded.

Glot;e valves 1

Impedance analyzer

__/LOODD
° o
08©C|
0[]@@
o CINC T

Since the design burst pressure of the conventional single-
domed rupture disc is approximately 1.9 MPa, the maximum
pressure at which the impedance can be recorded is 1.8 MPa.

4.2 Replacement Matrices Based on RMSD, MPDA,
and CCD

To prevent catastrophic overpressure accidents, the rup-
ture disc should be replaced before its premature failure.
Although the impedance signals indicate the variation in
rupture disc operating conditions, it remains unclear when
to update the trend-to-failure state rupture disc. To address
this issue, replacement matrices (RM) are proposed. To date,
there are many EMI signal processing techniques. Among
them, the most popular and widely used are [52]: the root
mean square deviation (RMSD), the mean absolute per-
centage deviation (MAPD), and the correlation coefficient
deviation (CCD).

The replacement matrices (RMs) based on RMSD [52] and
MAPD can be written as Egs. (19) and (20), respectively.

" | [Re(Z”)—Re(Z/)2

RMgusp = (19)
P [Re(Z{")]?
" |Re(2")—Re(Z!"
e
i=1 i

where Z f and Z f / are considered as the baseline impedance
signal at the healthy state and the impedance curve for the
comparison, respectively. i denotes the sampling points of
one impedance curve. Since the impedance signal is in com-
plex form, in Egs. (19) and (20), Re represents the real part
of the impedance curve, which is also named resistance.
Although the RMSD and MAPD are simple and widely
used, these matrices approach zero when a slight perturbation
of the large impedance signal occurs, which does not provide
a valid indication of the working conditions of the rupture
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Fig. 10 The resistance curves of the coupled structure at different air
pressure

disc. To address this issue, the CCD matrix is applied.

RMccp =1—CC, where

1 n , oy
€= o (ZP Yo (ZPo) Z{[Re(zip )—Re(Z" )] (21

i=1

x [Re(z{"’)—Re(?"’)] }

where the Z”° and Z” signify mean values of ZP° and Z v,
respectively. o (ZP%) and o (ZP l) represent the standard devi-
ations of Z”° and Z”'.

4.3 Experimental Results

To effectively reveal the working status of the rupture disc
using the impedance signal, it is essential to determine the
appropriate sweep range. Therefore, a large sweep range
from 10 kHz to 1 MHz was triggered when no pressure was
applied (0 MPa). Figure 9 is the real part of the impedance sig-
nal, which is also named the resistance. As shown in Fig. 10,
the peak frequency of the coupled structure is 278.5 kHz and
the corresponding resistance is 526.1 Ohm. By narrowing
the sweep range to 200-400 kHz, the frequency shift can be
observed.

Figure 10 shows the resistance curves under different air
pressure in the sweep range of 200—400 kHz. When the pres-
sure is 0.2 MPa, the resonant frequency is 285.25 kHz. As
the pressure increases to 1.4 MPa, the resonant frequency
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decreases to 280.875 kHz. In addition, when the air pressure
is between 0.6 and 1.4 MPa, the resonant frequency of the
PZT pasted rupture disc remains constant, meaning that the
impedance characteristic of the coupled structure is relatively
stable. However, when the air pressure exceeds 1.4 MPa, the
peak frequency shifts to the left significantly, indicating that
the resonant frequency of the coupled structure decreases
as the pressure increases. When the air pressure increases to
1.8 MPa, the resonant frequency and resistance are 269.5 kHz
and 314.2 Ohm, respectively. The impedance curve is differ-
ent from others, indicating that the impedance characteristic
of the coupled structure changes significantly and the rupture
disc is in a dangerous working state. In this case, the internal
pressure of the rupture disc should be relieved and the rupture
disc replacement is recommended.

To quantitatively reveal the working states of the rupture
disc, replacement matrices (RMs) based on RMSD, MPDA,
and CCD are calculated and compared. As shown in Fig. 11a,
the RMSD-based replacement matrices are almost zero when
the pressure is in the range of 0—1.8 MPa. The RM value
increases abruptly when the rupture disc burst. Therefore,
the RM rysp can not indicate the inner pressure changes of
the rupture disc.

For the RMypps in Fig. 11b, the indicator gradually
increases with the increase of pressure. Specifically, when
the pressure is in the range of 0-0.6 MPa, the index grows
sluggishly, which means that the rupture disc is in a stable
and safe working state. However, as the air pressure increases
to 1.8 MPa, which is very close to its designed burst pressure,
the RM ypp4 increases significantly, indicating a significant
growth in stress in the conventional simple domed rupture
disc. When the rupture disc bursts, the RM ysppa is 1.0. The
trends of RM yspps were generally consistent across all spec-
imens. Based on the RM y;pp4, the time at which the rupture
disc should be replaced can be determined. Therefore, the
replacement matrix based on the MPDA algorithm allows a
quantitative evaluation of the working condition of the rup-
ture disc and it can be utilized as an indicator to effectively
prevent catastrophic overpressure of the pressure vessel. It
should be noticed that there are slight changes in the EMI
signals between 0.6 and 1.4 MPa in Fig. 10 and the RM psppa
remains stable during this period in Fig. 11b. This phe-
nomenon is mainly caused by the shear lag effect, meaning
that the strain of the structure cannot be fully transmitted to
the piezoelectric ceramic sensor [53]. Further investigation
will be carried out in our future work.

In Fig. 11c, the replacement matrices based on the CCD
show large fluctuation among the three specimens. To be spe-
cific, before the air pressure of the first specimen reaches the
maximum pressure (1.8 MPa), the RM ccp remains virtually
unchanged, which means that the RM c¢p is not sensitive to
the stress variation caused by inner air pressure. When the
rupture disc bursts, the index reaches its maximum value.
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Fig. 11 Replacement matrices based on a RMSD, b MPDA, and ¢ CCD
algorithm

The same trend can be found in the third specimen. Only
the working status of the second specimen is successfully
predicted by using the RM ccp. Its RM ccp is less than 0.05
when the pressure is below 1.6 MPa. When the air pressure
rises to 1.8 MPa, the index is 0.2, which means that there is
a significant change in the working state of the rupture disc
and it should be replaced for the safety of the pressure ves-
sels. It should be noticed that the CC coefficients in Eq. (18)
are negative for the first and second specimens due to the
CCD algorithm, resulting in the RM ccp being greater than
1.0. Generally speaking, the RM y;pps shows more stable and
superior performance than the RMgysp and RM ccp.

| Tewpenm oA

Temperature test chamber

=

Fig. 12 Experimental setup for temperature variations investigation

X 240180
Y 813.952

1.5 2 2.5 3 3.5
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Fig. 13 The resistance curves of the coupled structure at different tem-
peratures

5 Temperature Variations Investigation

For the in-site monitoring, the temperature of the inner
medium (gas or liquid) of pressure vessels varies in real-
time. Although there are temperature shielding devices in
the bursting disc which protect the bursting disc from direct
exposure to excessively high/low temperatures, the conse-
quential effect of internal temperature and direct exposure
to the environment should be investigated and temperature
compensation technology should be considered in real-time
monitoring. Figure 12 shows the experimental setup for tem-
perature variation investigation. Specifically, the temperature
change is simulated in a temperature test chamber. The range
of the temperature variation is from 10 to 30 °C and the
impedance signals are measured at 5 °C intervals. The resis-
tance signals are presented in Fig. 13.

As shown in Fig. 13, the resonance frequency is
245.391 kHz at a temperature of 10 °C. When the tempera-
ture is increased to 35 °C, the resonance frequency changes to
240.18 kHz. Therefore, as the temperature increases, the res-
onance peak shifts to the left gradually. Using the impedance
signal obtained at room temperature (25 °C) as a baseline,
the frequency shifts (Af) of the peak frequency at different
temperatures against the baseline can be obtained. Table 2
shows the frequency shifts at different temperatures.

As shown in Fig. 14, the frequency shifts linearly with
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Table 2 Frequency shifts at

different temperatures Temperature (°C) 10 15 20 25 30 35
Frequency shift (kHz) 3.593 2.39 0.787 0 - 0415 - 1.618
4 — o Test result disc, there are other types of bursting discs, such as the reverse
<3 - - - Fitting line domed bursting disc, flat bursting disc, graphite bursting disc,
@ 5 et al. The feasibility of using EMI to monitor all types of
b= bursting discs will be investigated in our future work. It
5 y=-0.201*x +5.32 . . L
ool R%— 0,971 should be noticed that the reverse domed bursting disc is
g ol .. arched, and the convex surface is on the high-pressure side
= o, .
g of the pressure system. Therefore, it is a challenge to bond
-
Lr the PZT transducer to the external surface of the reverse
) w w w w P domed bursting disc; (ii) the marked burst pressure on the
10 15 20 25 30 35

Temperature (°C)

Fig. 14 Frequency shifts versus temperatures changes

the temperature changes. The linear fitting equation can be
expressed as

V= —0.201x 4 5.32 (22)

According to Eq. (22), it can be seen that temperature
does not affect the basic trend of the real impedance curve
but only shifts the real impedance peak frequency. There-
fore, the temperature effect can be compensated by shifting
the impedance curve in the opposite direction. For the prac-
tical measurement, the baseline of the impedance curves at
different temperatures should be obtained first. The tempera-
ture effect can be eliminated by compensating the difference
between the measured impedance signal and the baseline
curve. This will shift the curve to the right if the test tem-
perature exceeds the reference temperature and to the left if
the test temperature falls below the reference temperature.
The algorithm used to compensate for temperature can be
expressed as follows,

Re(Z;) =Re(Z]) +Re(Z['%,) (23)

where Zf "10 is the baseline impedance signal with different

/
temperatures, Zip ; is the impedance signal with temperature
compensated.

6 Discussion
The EMI-based RMypps replacement matrix shows great
potential for burst warning of the rupture disc. However,

challenges still exist in adopting this approach in practical
applications: (i) beyond the conventional domed bursting

@ Springer

bursting disc is the arithmetic mean of the measured burst
pressures when testing rupture discs from the same batch at
the specified design (or permitted test) burst temperature. (iii)
for most cases, the pressure vessels are large and complex.
Data transmission using traditional leading wires is costly
and laborious. Due to its advantages of simple layout (no
leading wires), broad transmission range, and fast transmis-
sion speed, wireless impedance devices are getting more and
more popular [54-56]. Future work involves the development
of wireless impedance devices for rupture disc monitoring.

7 Conclusion

The main objective of this research is to develop areliable and
effective rupture disc working state monitoring approach that
can prevent catastrophic overpressure accidents of pressure
vessels. Monitoring principles based on Electro-mechanical
impedance (EMI) of PZT transducers are proposed. A con-
ventional simple domed rupture disc was modeled, and three
conventional simple domed rupture discs (LP100-1.90-100)
were experimentally tested. The main conclusions of this
study can be summarized as:

(1) Based on the EMI technique, the one-degree-of-
freedom SMD system model shows that the coupled
mechanical impedance of the structures (PZT transduc-
ers and the rupture disc) is determined by the local
stiffness. For a clamped rupture disc, its stiffness is
mainly related to the thickness, the pressure, and the
boundary conditions. For a rupture disc with a fixed
boundary condition, the radius is related to its inner pres-
sure. By monitoring the mechanical impedance of the
PZT and rupture disc, the working states of the rupture
disc can be effectively revealed.

(2) The numerical model shows that the peak frequency
gradually shifts to the left as the pressure increases. The
numerical simulation results validate that the impedance
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curve can be an effective ‘probe’ to evaluate the working
state of the rupture disc.

(3) The resonant frequency of the PZT and rupture disc
is stable when the inner pressure is low (< 1.2 MPa).
However, as the loading pressure is larger than 1.2 MPa,
the peak frequency shift to the left significantly. When
the air pressure is close to its specified bursting pres-
sure (1.9 MPa), the impedance curve is totally different,
indicating that the inner pressure of the rupture disc
increases significantly and it may be in a dangerous
working state.

(4) Three replacement matrices (RM gysp, RM papp, and
RM ccp) were proposed and compared. The results show
that replacement matrix based on the MPDA algorithm
can quantitatively reveal the working states of the rup-
ture disc.

(5) For the in-site monitoring, the consequential effect of
internal temperature and direct exposure to the environ-
ment should be investigated and temperature compen-
sation technology should be considered. Experimental
results show that, as the temperature increases, the res-
onance peak shifts to the left gradually. The resonant
frequency shifts linearly with the temperature changes.

The study presented in this paper verifies that the EMI-
based monitoring technique can estimate the working state
of the rupture disc. The RM y;4pp can give a warning before
the bursting of the rupture disc. By doing so, the quantitative
evaluate the working states of the rupture disc can be achieved
and the catastrophic overpressure of pressure vessels will
be effectively prevented. The proposed methodology holds
promising potential for the monitoring of rupture discs.
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