Measurement 163 (2020) 107993

journal homepage: www.elsevier.com/locate/measurement

Contents lists available at ScienceDirect

Measurement

Nondestructive pressure measurement of pressurized vessels via local

magnetization and magnetic sensing

Huang Xinjing, Yan Yutian, Feng Hao *, Li Jian

t.)

Check for
updates

State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University, Tianjin 300072, People’s Republic of China
Binhai International Advanced Structural Integrity Research Centre, Tianjin 300072, People’s Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 24 February 2020

Received in revised form 25 April 2020
Accepted 17 May 2020

Available online 23 May 2020

Keywords:

Nondestructive pressure measurement
Magneto-mechanical effect

Local magnetization

Magnetic field

This paper presents a nondestructive method for measuring the pressure of pressurized vessels through
local magnetization (LM) and magnetic sensing. Firstly, tensile experiments of steel plates are carried out
to character the magnetic sensitivity to plate stress with LM; It is demonstrated that the sensitivity to
stress is higher when the magnet and magnetometer are fixed on different sides of the plate than that
on the same side, and demagnetizing the steel plate can enhance the sensitivity. Then, pressure measure-
ment comparison experiments on a pressurized vessel with and without optimized LM and magnetic
measurement configurations are carried out to test the sensitivity and anti-interference ability of this
method. It is demonstrated that LM can improve the magnetic sensitivity to vessel pressure by 2-3 times;
LM can reduce the radial, circumferential and axial magnetic sensitivity fluctuations due to moving/ro-
tating by 90.4%/94.4%, 96.5%77% and 82.4%(87.4%.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Traditional pressure measurement methods for pressurized
vessels require drilling a hole on the vessel, which destroys the
structural integrity and strength of the vessel. Nondestructive
pressure measurement does not require drilling to conduct the
pressure into a pressure gauge, which can maintain the structural
integrity of the pressurized vessel. Nondestructive pressure mea-
surement methods mainly include strain gauge based method
[1], optic fiber grating based method [2], capacitance measurement
based method [3], and ultrasonic method [4]. Among them, the
strain gauge and optic fiber grating based methods need to clean
the coating on the surface of the vessel and need high quality
bonding. In addition, optic fiber sensor requires costly light source
and demodulator. The capacitive method has fast dynamic
response and high sensitivity, but its measurement accuracy is
extremely susceptible to electromagnetic interference. The ultra-
sonic method measures the pressure or stress of a pressurized ves-
sel by measuring the velocity and amplitude changes of the
acoustic or stress waves that propagate through the content inside
or the wall of the vessel, but the deployment of acoustic transducer
pair is complex and requires couplant.
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According to the thin-wall stress theory of pressurized vessels,
the wall stress of a vessel will increase as the internal pressure
increases, and they have a linear proportional relationship [5].
The stress of a ferromagnetic material will significantly change
the magnetic behavior of the material, such as magnetization state,
magnetic permeability, magnetic anisotropy, Barkhausen noise,
etc. These phenomena are called magneto-mechanical effects
[6-8]. Magneto-mechanical effects have been widely used to
assess the stress state or residual stress of steel structures, such
as steel cables [9-11], steel strips [12-14], rails [15,16], pipelines
[17,18], etc. The magneto-mechanical effect is a potential method
for pressure measurement of pressurized vessels, although this
has rarely been reported elsewhere.

For ferromagnetic pressurized vessels, under the magneto-
mechanical effect, the magnetization state of the vessel wall will
change under the combined effects of stress and ambient magnetic
fields, which will cause the magnetic field around the vessel to
change. Characterization of the change of the wall stress and/or
the internal pressure by using the magnetic field change near the
vessel surface has the advantages of being nondestructive, non-
contact and simple layout.

Previously we proposed a nondestructive, non-contact pressure
measurement method for pressurized vessels based on the
magneto-mechanical effect, and demonstrated that the magnetic
fields near the vessel surface can sensitively characterize the pres-
sure changes in weak geomagnetic environment [19]. Because the
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magnetic field is passively measured, the pressure measurement
accuracy of this method is easily disturbed by the ambient mag-
netic field fluctuation, and measurement device needs to be recal-
ibrated after the pressurized vessel is moved or rotated. Against
this drawback, this paper proposes to utilize active local magneti-
zation (LM) to improve the magnetic sensitivity and anti-
interference ability of pressure measurement based on the
magneto-mechanical effect.

Firstly, this paper investigates the sensitivity of near-surface
magnetic flux density to the stress of steel plates when the plate
is subjected to strong local magnetization (LM) via tensile tests.
In order to optimize the magnetic measurement configurations,
several relevant factors are investigated including the layout of
the magnet and the magnetometer, measuring point locations,
and the effect of demagnetization on the sensitivity. Then, the
magnetic sensitivity and anti-interference ability of pressure mea-
surement of a pressurized vessel with the optimized configuration
are compared with the method without LM. The second group of
tests include sensitivity enhancement tests for many randomly dis-
tributed measuring points, and anti-interference ability tests by
moving and rotating the vessel to change the magnitude and direc-
tion of the ambient magnetic field and hence induce magnetic
interferences.

2. Feasibility verification via tensile tests of steel plates

Tensile tests of steel plates were carried out to determine the
optimal configuration including magnet and magnetometer layout,
measuring point locations and demagnetization. Tensile test appa-
ratus is shown in Fig. 1. Two types of experiments were carried out

Fig. 1. Tensile test apparatus for steel plates: (a) tensile test machine; (b) (d) type B
experiment, the magnet and the magnetometer are attached at different sides; (c)
(e) type A experiment, the magnet and the magnetometer are placed at the same
side.

for each steel plate: A-- the magnet and the magnetometer are
attached on the same side of a steel plate to be tested; and B--
the magnet and the magnetometer are attached on two different
sides of the plate. In type A experiment, the magnet and the mag-
netometer are separated with a large interval to prevent the mag-
netometer from saturation. In this case, the magnet cannot firmly
hold the plate by itself, so a clamping device was used. In type B
experiment, a 2 mm spacer was placed between the magnet and
the plate, so the magnet can firmly hold the plate by itself; the
magnetometer was stuck in the mirror-symmetrical position on
the other side of the test piece. Dimension drawings and photos
of the tested steel plates are shown in Fig. 2(a). Two thicknesses
of steel plates were tested, 1: T=5 mm and 2: T = 7.5 mm. Wall
thickness of the pressurized vessel used in the subsequent experi-
ment is also 7.5 mm. Steel plates are numbered by combining the
thickness number and the test order. For example, 1-3 plate is the
third 5 mm thick steel plate.

In the tensile test, the tensile force was increased at a speed of 1
kN/s, and the triaxial magnetic flux density near the surface of the
steel plate were collected at the same time. The specimens with
T=5mm and T = 7.5 mm were loaded to 50kN and 75kN respec-
tively, and both of their maximum tensile stresses were 167 MPa.
In type A and B experiments, each steel plate was linearly stretched
from O to 167 MPa for three times to eliminate irreversible magne-
tization. One typical stress/strain curve of the sample in the tensile
test is shown in Fig. 2(b). Both the stress and strain linearly change
as a function of time, which means that during this process, the
specimens were all in the stage of elastic deformation. Change
amount of the magnetic flux density detected by the magnetome-
ter during the third stretching process is taken as the magnetic
sensitivity to the stress, and the results are summarized in Fig. 3.
After demagnetizing these steel plates, tensile tests were per-
formed again to obtain the magnetic sensitivity to stress, and the
results are shown in Fig. 4. Demagnetized samples 1-3 and 2-3
were destroyed due to the accidental control-losing failure of the
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Fig. 2. Information about the tested steel plates: (a) Dimension drawing and photos
of tested steel plates; (b) One typical stress-strain curve of the sample in the tensile
test.
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Fig. 3. Summary of the magnetic sensitivity to stress before the steel plates are
demagnetized: (a)-(c) steel plates with T = 5 mm, (d)-(f) steel plates with
T=75mm.
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Fig. 4. Summary of the magnetic sensitivity to stress after the steel plates are
demagnetized: (a)-(c) steel plates with T = 5 mm, (d)-(f) steel plates with
T=7.5mm.

tensile test machine. These sets of data are invalid, and therefore
not included. The raw data of all the curves in Figs. 3 and 4 is
put in the supplementary material file.

It can be seen from Fig. 3 and Fig. 4 that whether demagnetizing
the steels or not, the sensitivity of each magnetic component to
stress is greater when the magnet and magnetometer are dis-
tributed at different sides of the plate (type B experiment) than
that when the magnet and magnetometer are distributed at the
same side (type A experiment). The sensitivity of normal compo-
nent B, to stress is greater than that of the other two tangential
components (B, and B,). For type B configuration, when the steel
plate is demagnetized, the sensitivity of B, to stress is 1000-
2000mGs, which is much higher than that when the steel plate is
not demagnetized. For type B configuration, the sensitivity of B,
to stress is 1000mGs higher than that of type A configuration.
Therefore, in the pressure measurement experiment, in order to
obtain higher sensitivity, the pressurized vessel should be demag-
netized, and the magnetometer and the magnet should be placed
on different sides of the vessel wall.

The raw data of all the curves in Figs. 3 and 4 is put in the sup-
plementary material file. It is worth noting from the raw data that
the curves of the near-surface magnetic flux density as a function
of the increasing stress are not all monotonic, and the extreme

points of the non-monotonic curves appear between about
40 MPa and 100 MPa. Therefore, internal pressure measurement
of the vessel based on the magneto-mechanical effect with LM
can only be implemented in low pressure range. For example, the
thickness t of the pressurized vessel used in subsequent experi-
ments is 7.5 mm, and its diameter D is 275 mm, height H is
300 mm. Its allowable pressure p € [0, 3 MPa], so the hoop stress
o.=pD/(4t)=9.2p <276 MPa and the axial stress
o, =pDH/(2(D + H)t) = 9.6p < 28.8 MPa; both of them are below
the extreme points and p is in the monotonic interval of pressure
measurement.

3. Pressure measurement experiments

Experimental apparatus for measuring the pressure of a pres-
surized vessel with LM is shown in Fig. 5(a). A pressure pump
injects water into the pressurized vessel, a pressure regulator con-
trols the pressure inside the vessel, and a high-precision pressure
gauge is used to display the pressure. Several identical magnets
are adsorbed at 18 different positions on the inner surface of the
vessel, and the magnetometers are fixed outside the vessel oppo-
site to the magnets. Then magnetic sensitivity to the pressure at
different positions was tested. Measurement points were randomly
distributed, and approximate heights and circumferential positions
are shown in Fig. 5(b). During the pressure measurement experi-
ments, firstly, the vessel was pressurized to its allowable pressure
3 MPa by the pump, and then the pump was closed and the regu-
lator was opened to a small aperture to slowly release the pressure
to 0 MPa. During the entire pressure adjustment process described
above, the magnetometers were recording triaxial magnetic
signals.

Contrast test of pressure measurement based on the magneto-
mechanical effect without LM was carried out. The experiment
apparatus is shown in Fig. 6, which is the same as that in [19].
There are 10 magnetometers, and the height of the measurement
points is adjusted by a lifting structure. Magnetometers measure
the triaxial magnetic components around the container: radial, cir-
cumferential, and axial magnetic flux densities, denoted by B,, B,
and By, respectively. The FPGA (Field Programmable Gate Array)
controller synchronously collects magnetic signals of all the mag-
netometers through the IIC (Inter-Integrated Circuit) bus, and
transmits them to a personal computer via USB for saving and dis-
playing. Pressure regulation process of the vessel is in the same
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Fig. 5. Experiments for measuring the pressure of the pressurized vessel with LM:
(a) schematic and photo of experimental apparatus; (b) diagrammatic drawing of
random distribution of measurement points.
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Fig. 6. Experiment for measuring the pressure of the pressurized vessel immersed
in weak geomagnetic fields: (a) schematic of experiment apparatus; (b) measure-
ment devices; (c) experiment photo.

way as that tests with LM. In the experiment, the measurement
board was moved to three heights: the upper, middle, and lower
parts of the pressurized vessel, as shown in Fig. 6(a). Each time
when the height was adjusted, the vessel was pressurized to
3 MPa first and then released to O MPa. Pressurization and releas-
ing were repeated three times for three height. At each height, 10
magnetometers measure the triaxial magnetic components around
the container, so 3 x 10 x 3 curves of B,, B., and B, vs pressure were
obtained.

Contrast tests above can determine whether the pressure mea-
surement of pressurized vessels with LM based on the magneto-
mechanical effect is feasible and whether the LM can generally
improve the sensitivity of pressure magnetic measurement at dif-
ferent measurement points. In addition, as shown in Fig. 7, pres-
sure magnetic measurements of the pressurized vessel in the
weak geomagnetic environment without and with LM are tested
and compared via moving and rotating the vessel in the laboratory
to determine whether LM can enhance the anti-interference
ability.

4. Results and discussions

4.1. Sensitivity

Test results of the magnetic flux density vs the pressure at 30
measurement points near the surface of the pressurized vessel

3 ——

2 3
5 |
8
7
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Fig. 7. Anti-interference ability tests of pressure magnetic measurement with and
without LM by moving (a) and rotating (b) the pressurized vessel.
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without LM are shown in Fig. 8, and Fig. 8(a)-(c) are the radial, cir-
cumferential, and axial magnetic flux density, respectively. To cal-
culate the magnetic sensitivity to pressure, only the initial/final
magnetic flux density and pressure are required, so the pressure
as a function of time was not recorded. The pressure variations
from the initial 3 MPa to the final 0 MPa are all identified and
known. For the convenience of comparison, different measurement
curves have their own initial values subtracted and the magnetic
flux density shifts are presented. The pressure was released at
10 s. Curves 1-10, 11-20, and 21-30 are the test results of 10 mea-
surement points located at the upper, middle, and lower parts of
the pressurized vessel, respectively. The change in magnetic flux
density at these 30 points is divided by the change in pressure to
get the sensitivity of each point as well as the maximum and aver-
age sensitivity of the three magnetic components; the results are
listed in Table 1. S,, S., and S, represent the magnetic sensitivity
in the radial, circumferential, and axial directions, respectively.
Test results of the magnetic flux density vs the pressure at 18
measurement points near the surface of the pressurized vessel
with LM are shown in Fig. 9, and Fig. 9(a)-(c) are the radial, circum-
ferential and axial magnetic flux density, respectively. For the con-
venience of comparison, different measurement curves have their
own initial values subtracted and the magnetic flux density shifts
are presented. The pressure was released at 10 s. The approximate
positions of each measurement point are shown in Fig. 5(b). The
change in the magnetic flux density at these 18 points is divided
by the change in pressure to get the sensitivity of each point as
well as the maximum and average sensitivity of the three magnetic
components; the results are as listed in Table 2. S, S, and S,
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Fig. 8. Measurement results of magnetic sensitivity to pressure at different
measurement points on the vessel surface without LM.
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Table 1
Summary of sensitivities of each measurement point on the vessel surface without
LM, unit: mGs/MPa.

No. Sr Se Sa

1 22.45 46.08 41.33
2 23.53 55.43 29.34
3 59.18 15.22 19.52
4 97.67 37.77 15.41
5 47.27 21.19 29.86
6 66.59 3.66 51.88
7 61.11 19.33 14.33
8 63.62 15.06 16.44
9 59.74 29.99 53.45
10 14.10 45.55 27.12
11 19.72 3.69 2.51
12 14.80 12.72 22.36
13 27.00 20.37 32.65
14 25.02 4.25 23.01
15 13.00 5.55 23.52
16 19.45 4.69 5.92
17 25.59 3.61 18.34
18 36.86 21.19 19.14
19 8.43 15.56 21.69
20 13.90 17.75 16.26
21 5.11 12.68 21.16
22 10.55 5.89 4.44
23 7.91 20.05 20.74
24 6.34 15.57 19.56
25 6.62 6.05 4.58
26 15.99 17.02 8.27
27 25.27 11.21 5.51
28 24.32 21.70 7.53
29 12.90 7.64 13.45
30 7.40 5.78 26.59
Average 28.05 17.41 20.53
Maximum 97.67 55.43 53.45

represent the magnetic sensitivity in the radial, circumferential,
and axial directions, respectively.

It can be seen from Fig. 8 and Fig. 9 that the three magnetic
components at each measurement point change as the pressure
in the vessel changes, whether with LM or not. The sensitivities
at different measurement points are quite different, and being pos-
itive or negative is also uncertain. Comparing Fig. 8 and Fig. 9, it
can be seen that when the change of pressure in the vessel is the
same, the change of magnetic flux density when LM is used is lar-
ger than that under weak geomagnetic environment with no LM.
More specifically, comparing the sensitivities in Table 1 and
Table 2, it can be seen that the average and maximum sensitivities
of the three magnetic components when LM is used are signifi-
cantly higher than that under the weak geomagnetic environment
with no LM, and the former are about 2 to 3 times larger than the
latter.

In the experiments of pressure measurement for the vessel with
LM, there are noticeable differences in sensitivity at different mea-
surement points, which are caused by the residual stress and resid-
ual magnetization on the pressurized vessel itself. As can be seen
from Table 2, the sensitivity of the point 11 is the highest among
the 18 measurement points, so it is taken as the best measurement
point. Then the magnets and magnetometer are placed at point 11
to test whether the sensitivity is affected by movement and rota-
tion of the pressurized vessel.

4.2. Anti-interference ability

The anti-interference ability of the proposed method based on
LM was tested by moving and rotating the pressurized vessel. Mov-
ing the vessel can change the nearby ambient magnetic field, while
rotating the vessel can change the direction of the magnetization
by the ambient field to the vessel. The magnet and the
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Fig. 9. Measurement results of magnetic sensitivity to pressure at different
measurement points on the vessel surface with LM.

Table 2
Summary of sensitivities of each measurement point on the vessel surface with LM,
unit: mGs/MPa.

No. Sr Se Sa

1 28.97 27.77 42.97
2 -32.17 -56.53 29.77
3 99.27 —66.83 33.70
4 -11.27 18.97 -36.13
5 82.43 99.10 29.17
6 -51.13 -33.77 -18.27
7 -75.13 121.33 —174.40
8 -173.00 —35.20 40.50
9 31.73 -54.17 15.27
10 -151.07 21.70 —-67.37
11 —-210.87 82.13 175.33
12 206.43 -92.87 54.37
13 —43.13 —47.83 35.00
14 46.07 100.10 -17.73
15 51.10 -98.13 11.23
16 —86.27 66.90 -61.33
17 52.57 -16.27 —23.43
18 24.73 64.10 —26.67
Average 80.96 61.32 49.59
Maximum 210.87 121.33 175.33

magnetometer (D were arranged at the measurement point
No.11. In addition, a set of contrast tests were carried out by
attaching the magnetometer @ to the outer surface of the pressur-
ized vessel far from the magnet where there is no LM except for
weak geomagnetic magnetization. During the test, the pressurized
vessel was first pressurized to 3 MPa, then the pressure regulator
began to reduce the pressure with an interval of 0.5 MPa. Each
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pressure was maintained for a duration of several seconds, during
which the pressurized vessel was moved to four different positions
in the laboratory (moved from position 1 to position 4 in the order
as shown by the arrows in Fig. 7(a). and rotated by eight angles (ro-
tated from angle 1 to angle 8 in the order as shown by the arrow in
Fig. 7(b). At each position and each orientation mentioned above,
the magnetic flux densities of the magnetometers (O with LM
and @ without LM were measured, respectively. Average and stan-
dard deviation of the magnetic signals at each place were calcu-
lated, and the results are shown in Fig. 10 and Fig. 11. Among
them, (a)-(c) are the data with LM, while (d)-(f) are the data with
no LM.

It can be seen from Fig. 10 and Fig. 11 that the sensitivity with
LM is much higher than that under weak geomagnetic magnetiza-
tion without LM. Fluctuations of the triaxial magnetic components
with LM when the position and direction of the vessel change are
significantly smaller than that without LM. Under LM, the anti-
interference ability of the magnetic flux density characterizing
pressure is significantly enhanced. However, under LM, changes
in vessel position and direction will in some extent still affect
the pressure measurement accuracy. Specifically, the position
change has a small effect on the sensitivity of the circumferential
and axial magnetic components and a relatively large effect on
the sensitivity of the radial component. The change in direction
has a large impact on the sensitivity of the radial and circumferen-
tial magnetic components, and a small effect on the sensitivity of
the axial component, because rotation does not change the orien-
tation of the magnetometer in the axial direction.

Due to large differences in variation of the magnetic value, raw
magnetic fluctuations for a fixed pressure value cannot truly reflect
the pressure measurement accuracy. Therefore, relative fluctuation

coefficient C; = §,~ /AB; is defined and used to express the fluctua-
tion intensity of the measurement results caused by movement
and rotation. Wherein, i = r, ¢, and a denoting radial, circumferen-

tial, and axial directions, respectively. B; represents the standard
deviation and AB; represents the magnetic variance when the pres-
sure changes by 3 MPa. A larger C; means a more severe fluctuation.
The calculation results are shown in Table 3. For movement, LM
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Fig. 10. Effect of moving the vessel on pressure magnetic characterization: (a) (b)
(c), with LM; (d) (e) (f), contrast group without LM, the vessel is immersed in weak
geomagnetic fields.
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Table 3
Effects of movement and rotation on the fluctuations of magnetic measurement
results.

Magnetic component With LM® Without LM® D@

Move the vessel gr /AB; 0.0864 0.8972 9.6%
EC /AB; 0.0177 0.5008 3.5%
BNa /ABq 0.0335 0.1910 17.6%

Rotate the vessel B, /AB, 0.2398 4.2648 5.6%
BNE /AB, 0.1711 0.7437 23.0%
B“ﬂ /AB, 0.0209 0.1663 12.6%

reduces radial fluctuations by 90.4%, circumferential fluctuations
by 96.5%, and axial fluctuations by 82.4%. For rotation, LM reduces
radial fluctuations by 94.4%, circumferential fluctuations by 77%,
and axial fluctuations by 87.4%. The experimental results demon-
strate that LM can complete the pressure magnetic measurement
of the pressurized vessel, and can effectively reduce the magnetic
interference on the pressure measurement results due to the
change of the position and orientation of the vessel.

5. Conclusions

This paper proposes to utilize LM to improve the sensitivity and
anti-interference ability of nondestructive pressure measurement
of pressurized vessels based on the magneto-mechanical effect.
Firstly, the sensitivity of the near-surface triaxial magnetic field
to the stress of the steel plate with LM is investigated by tensile
tests of steel plates. The results demonstrate that in order to obtain
higher sensitivity, the pressurized vessel should be demagnetized,
and the magnetometer and the magnet should be placed on differ-
ent sides of the steel plate and the vessel wall. Then, the magnetic
sensitivity and anti-interference ability of pressure measurement
of a pressurized vessel with and without LM are experimentally
tested and compared using the optimized magnetization and mag-
netic measurement configuration.
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It is demonstrated that LM can improve the average and maxi-
mum magnetic sensitivity to the vessel pressure by 2-3 times
compared with passive magnetic measurement without LM,
although the sensitivity at different measurement points varies
greatly. When the vessel is moved/rotated, LM can reduce the sen-
sitivity fluctuation of the radial magnetic component by
90.4%/94.4%, reduce the sensitivity fluctuation of the circumferen-
tial magnetic component by 96.5%/77%, and reduce the sensitivity
fluctuation of the axial magnetic component by 82.4%/87.4%.
Therefore, LM can significantly improve the sensitivity and anti-
interference ability compared with the pressure magnetic mea-
surement based on the magneto-mechanical effect without LM.
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