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Abstract: As a representative fluid-transporting system, fluid-conveying pipes play an essential
role in many fields. For a fluid-conveying pipe system in operation, fluid pulsation in pipes con-
tains much information about fluid flow parameters (flow velocity, fluid pressure, etc.). Therefore,
the measurement of fluid pulsation is important for understanding the internal fluid flow. To use
polyvinylidene fluoride (PVDF) piezoelectric film sensors to indirectly measure the pressure fluctua-
tion of the internal fluid, we simulated a fluid-conveying pipe with PVDF piezoelectric film sensors
attached to the outer pipe wall. The simulation results showed that the variation of voltage signal
of PVDF, circumferential stress and strain of the pipe wall, and the pressure fluctuation of internal
fluid were highly positively correlated, which proved that the PVDF piezoelectric film sensor can be
applied to indirectly measure the pressure fluctuation of internal fluid. We also studied the influences
of flow velocity pulsation and mechanical vibration caused by the pipeline pump during operation.
It is found that the flow velocity pulsation had little influence on the measurements of the variation
of circumferential stress and strain of the pipe wall and the internal fluid pressure fluctuation. When
both ends of the pipe were fixed by hoops, mechanical vibration had little influence on the measure-
ment of the variation of circumferential stress and strain of the pipe wall as well as the fluid pressure
fluctuation. Finally, simulation results were verified by experiments.

Keywords: PVDF piezoelectric film sensor; circumferential stress and strain; fluid pressure fluctuation

1. Introduction

As a representative fluid-transporting system, fluid-conveying pipes play an essential
role in water conservancy and hydropower, the petrochemical industry, aerospace, and
municipal drainage. The change of fluid pressure and flow velocity will cause pipe
vibration and deformation. The vibration and deformation of pipe will in turn affect the
internal fluid flow, which is named fluid–structure interaction (FSI). For a fluid-conveying
pipe system, flow-induced vibration response is mainly a result of flow velocity pulsation
and mechanical vibration caused by the pipeline pump during operation [1]. The flow
velocity pulsation is caused by the interstitial pressure of the pipeline pump, and it is the
main reason for pipe vibration. The mechanical vibration is caused by the vibration of the
pipeline pump itself, which is attached on the pipe to affect the pipe vibration. Therefore,
development of a reasonable FSI model can guide the analysis of flow-induced vibration
and also help in actual pipes.

With the rapid development of technology and the continuous improvement of cal-
culation methods, more and more researchers use simulation software to analyze the
vibration, stress, and strain of fluid-conveying pipes. Several researchers [2–6] investigated
the influence of the FSI on radial forces, pressure distribution, equivalent stress, and rotor
deflection in a pipeline pump. Chen [7] studied the influence of pulsation frequency on the
vibration characteristics by simulating a hydraulic flexible pipe. Simulation results showed
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that the vibration amplitude and frequency of the pipe increased as pulsation frequency
increased, causing the natural frequency and the support stiffness of the pipe to decrease.
Dai [8] simulated an L-shaped hydraulic bellow to study the vibration characteristics of
the pipe when inlet pressure is a continuous pulse. The results showed that the L-shaped
hydraulic bellow expanded and stretched because of fluid pulsation, which caused the pipe
to vibrate violently. Liu et al. [9] investigated the effects of flow velocity on the vibration
responses of flexible marine pipes. They found that the internal flow had little influence
on vibration frequency and amplitude of flexible pipe when its velocity was relatively
small. Yang et al. [10] simulated a fluid-conveying pipe and took into consideration friction
coupling and Poisson coupling. It was found that the stress wave in the pipe wall and the
pressure wave in the water were generated simultaneously.

In addition to the above-mentioned theories and simulation results, some researchers
attempted to measure the pressure fluctuation of the internal fluid using piezoelectric
sensors. Nan et al. [11] used a flexible aluminum nitride (AIN) film sensor to measure
pressure fluctuation in pipe systems and vibration of pipe walls. Liang et al. [12] developed
a flexible lead zirconate titanate (PZT) diaphragm sensor and investigated its performance
in measuring fluctuating pressures in the low-frequency range. The experimental results
showed that the sensor was highly sensitive to low and quasi-static pressure load. Muggle-
ton et al. [13] reported that a polyvinylidene fluoride (PVDF) sensor located on a flexible
side branch of a fluid-filled pipe can effectively monitor pressure in the main pipe. Oko-
sun et al. [14] validated through experiments that PVDF patches are able to effectively
monitor and detect leakage in metal pipes. The authors also presented a numerical model
that includes FSI, which estimates the vibrations and dynamic strains on a fluid-carrying
pipe as well as the impact of leaks [15]. Although these researchers have used different
piezoelectric sensors to measure pressure fluctuation in pipe, no measurement principles
have been given to clearly describe the relationship between detected signals of sensors
and internal fluid pulsation.

Recently, we carried out a study on the indirect measurement of the pressure fluctu-
ation of internal fluid using piezoelectric PVDF sensors. We analyzed the measurement
principle on the basis of a numerical model, and then corresponding experiments were
conducted. Numerical results agreed well with experiments, which proved that the mea-
surement principle is correct and the measurement method for fluid pressure fluctuation
is feasible.

2. Modeling a Fluid-Conveying Pipe with PVDF Piezoelectric Film Sensor

Considering the circular cross-section of the pipe wall, it is advantageous to use PVDF
piezoelectric film sensors to measure the stress and strain in curved surface because it
is flexible and robust. In order to understand the physical principle among fluid, pipe,
and PVDF film, we modeled this fluid-conveying pipe with PVDF film by commercial
ANSYS software.

Flows in pipes in real applications are normally turbulent. In practice, there are three
main methods for the analysis of turbulent flows, namely, direct numerical simulation
(DNS), large eddy simulation (LES), and Reynolds-averaged Navier–Stokes (RANS) models.
Among them, the DNS has the highest accuracy and can be used to simulate turbulence
of all scales, although the computation cost is high. Therefore, it is difficult to apply it to
turbulence simulation. Although the RANS has the advantage of costing less computational
resources, its accuracy is poor. The LES is a numerical simulation method between the
RANS and DNS, which combines the advantages of both and is very suitable for turbulence
simulation [15]. For the reasons above, we chose the LES to simulate the turbulent flow in
the pipe.

Fluid–structure interaction and electromechanical coupling are used in finite element
method (FEM) simulation of a fluid-conveying pipe with PVDF piezoelectric thin film
attached to the outer wall. The FEM is a numerical technique that provides approximate
solutions of boundary value problems for partial differential equations.
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2.1. Fluid–Structure Interaction

First, the FEM formalism for the equation of motion of internal fluid flow is [16]

[Mf]
{ ..

P
}
+ [Cf]

{ .
P
}
+ [Kf]{P} = {Ff}, (1)

where {P} denotes the pressure vector of the fluid,
{ ..

P
}

denotes the second derivative of

fluid pressure vector with respect to time,
{ .

P
}

denotes the first derivative of fluid pressure
vector with respect to time, [Mf] is the mass matrix of the fluid, [Cf] is the damping matrix
of the fluid, [Kf] is the stiffness matrix of the fluid, and {Ff} denotes the load vector of the
force applied to the fluid by the pipe.

Then, considering the movements of the pipe under internal fluid forces and external
forces such as the mechanical vibration of the pump, the FEM for the pipe is [17,18]

[Ms]
{ ..

X
}
+ [Cs]

{ .
X
}
+ [Ks]{X} = {Fs}+ {Ft}, (2)

where {X} denotes the displacement vector of the pipe,
{ ..

X
}

denotes the second derivative

of pipe displacement vector with respect to time,
{ .

X
}

denotes the first derivative of pipe
displacement vector with respect to time, [Ms] is the mass matrix of the pipe, [Cs] is the
damping matrix of the pipe, [Ks] is the stiffness matrix of the pipe, {Fs} denotes the load
vector of the force applied to the pipe by the fluid, and {Ft} denotes the load vector of
external forces to the pipe.

From the discussion above, we know that the FSI is reflected in {Ff} and {Fs}, as
follows [19]

{Ff} = −ρf[Rfs]
{ ..

X
}

, (3)

{Fs} = [Rfs]
T{P}, (4)

where ρf is the density of water and [Rfs] is the coupling matrix at the fluid-structure
interface.

The coupling equation of the internal fluid and the pipe can be obtained from Equa-
tion (1) to Equation (4): [Mf]

{ ..
P
}
+ [Cf]

{ .
P
}
+ [Kf]{P}+ ρf[Rfs]

{ ..
X
}
= 0

[Ms]
{ ..

X
}
+ [Cs]

{ .
X
}
+ [Ks]{X} − [Rfs]

T{P} − {Ft} = 0
(5)

Continuity of force and displacement is imposed at the fluid–structure interface.
Figure 1 shows the transitive relation at the fluid–structure interface, where physical
quantities such as force and displacement are exchanged across the interface.

x FOR PEER REVIEW 3 of 14 

2.1. Fluid–Structure Interaction  101 

First, the FEM formalism for the equation of motion of internal fluid flow is [16] 102 

[𝑀f]{�̈�} + [𝐶f]{�̇�} + [𝐾f]{𝑃} = {𝐹f}, (1) 

where {𝑃} denotes the pressure vector of the fluid, {�̈�} denotes the second derivative of 103 

fluid pressure vector with respect to time, {�̇�} denotes the first derivative of fluid pressure 104 

vector with respect to time, [𝑀f] is the mass matrix of the fluid, [𝐶f] is the damping ma- 105 

trix of the fluid, [𝐾f] is the stiffness matrix of the fluid, and {𝐹f} denotes the load vector 106 

of the force applied to the fluid by the pipe.  107 

Then, considering the movements of the pipe under internal fluid forces and external 108 

forces such as the mechanical vibration of the pump, the FEM for the pipe is [17,18] 109 

[𝑀s]{�̈�} + [𝐶s]{�̇�} + [𝐾s]{𝑋} = {𝐹s} + {𝐹t}, (2) 

where {𝑋} denotes the displacement vector of the pipe, {�̈�} denotes the second deriva- 110 

tive of pipe displacement vector with respect to time, {�̇�} denotes the first derivative of 111 

pipe displacement vector with respect to time, [𝑀s] is the mass matrix of the pipe, [𝐶s] 112 

is the damping matrix of the pipe, [𝐾s] is the stiffness matrix of the pipe, {𝐹s} denotes 113 

the load vector of the force applied to the pipe by the fluid, and {𝐹t} denotes the load 114 

vector of external forces to the pipe. 115 

From the discussion above, we know that the FSI is reflected in {𝐹f} and {𝐹s}, as fol- 116 

lows [19] 117 

{𝐹f} = −𝜌f[𝑅fs]{�̈�}, (3) 

{𝐹s} = [𝑅fs]T{𝑃}, (4) 

where 𝜌f is the density of water and [𝑅fs] is the coupling matrix at the fluid-structure 118 

interface. 119 

The coupling equation of the internal fluid and the pipe can be obtained from Equa- 120 

tion (1) to Equation (4): 121 

{
[𝑀f]{�̈�} + [𝐶f]{�̇�} + [𝐾f]{𝑃} + 𝜌f[𝑅fs]{�̈�} = 0

[𝑀s]{�̈�} + [𝐶s]{�̇�} + [𝐾s]{𝑋} − [𝑅fs]T{𝑃} − {𝐹t} = 0
 (5) 

Continuity of force and displacement is imposed at the fluid–structure interface. Fig- 122 

ure 1 shows the transitive relation at the fluid–structure interface, where physical quanti- 123 

ties such as force and displacement are exchanged across the interface. 124 

 125 

Figure 1. Transitive relation at fluid–structure interface. 126 

A two-way FSI analysis that coupled the Fluent solver with Transient Structural 127 

Solver in ANSYS Workbench was conducted in our study. In each time step, the force data 128 

obtained from the calculation of the fluid domain are transferred to the equation of motion 129 

of the pipe for calculation, and the displacement data obtained from the equation of mo- 130 

tion of the pipe are transferred back to the equation of motion of the fluid for calculation.  131 

2.2. Electromechanical Coupling  132 

Figure 1. Transitive relation at fluid–structure interface.



Appl. Sci. 2021, 11, 1299 4 of 14

A two-way FSI analysis that coupled the Fluent solver with Transient Structural Solver
in ANSYS Workbench was conducted in our study. In each time step, the force data
obtained from the calculation of the fluid domain are transferred to the equation of motion
of the pipe for calculation, and the displacement data obtained from the equation of motion
of the pipe are transferred back to the equation of motion of the fluid for calculation.

2.2. Electromechanical Coupling

The internal fluid pressure can be transferred through the fluid–structure interface
to load the pipe in the form of stress and strain [7]. Moreover, the contact region between
pipe and PVDF piezoelectric thin films is set to bonded contact region, which means that
there is no normal separation and relative tangential sliding on the contact surface. Thus,
the continuity of displacement, stress, and strain is imposed at the contact region.

The stress and strain of the pipe causes mechanical deformation of the polarized
piezoelectric film, and electrical charges are generated on its polarized surface simultane-
ously. The mechanical deformation can be attributed to mechanical behavior, and charge
generation can be attributed to electrical behavior. In piezoelectricity theory, the electrome-
chanical coupling between mechanical quantities (stress, strain) and electrical quantities
(electric displacement, electric field intensity) of the piezoelectric film is described by
piezoelectric equation.

The piezoelectric equation of the PVDF piezoelectric thin film is

{D} = [d]{T}+ [ε]T{E}, (6)

where {D} denotes the electric displacement vector, [d] is the piezoelectric constant matrix,
{T} denotes the stress vector, [ε] is the dielectric permittivity matrix, and {E} denotes the
electric field intensity vector. There is no external electric field when the piezoelectric film
is used as a receiving sensor, i.e., E is set to zero. Equation (6) can be simplified to

{D} = [d]{T}, (7)

Applying element discretization and using the Hamilton’s principle, we derive the
finite element dynamic equation for the piezoelectric film as [20][

Md 0
0 0

]{ ..
X
..
U

}
+

[
Cd 0
0 0

]{ .
X
.

U

}
+

[
Kd Kdv
KT

dv Kv

]{
X
U

}
=

{
F
Q

}
, (8)

where [Md] is the mass matrix of piezoelectric film, [Cd] is the damping matrix of piezoelec-
tric film, [Kd] is the stiffness matrix of piezoelectric film, [Kv] is the dielectric permittivity
matrix, [Kdv] is the piezoelectric coupling matrices, {X} denotes the displacement vector,

{U} denotes the electric potential vector,
{ ..

U
}

denotes the second derivative of electric

potential vector with respect to time,
{ .

U
}

denotes the first derivative of electric potential
vector with respect to time, {F} denotes the force vector, and {Q} denotes the charge vector.

Measuring the pressure fluctuation of the internal fluid using piezoelectric sensors
is a complex problem. The key to solving this problem is finding the correlation between
fluid pressure and voltage of PVDF film, and thus we first studied the correlation between
fluid pressure and stress and strain of the pipe on the basis of the simulation results of FSI.
Then, we investigated the correlation between voltage of PVDF film and stress and strain
of the pipe on the basis of the simulation results of electromechanical coupling. Finally,
we analyzed the feasibility of using PVDF piezoelectric thin film sensors to measure the
pressure fluctuation of the internal fluid on the basis of the above studies.

3. Parameter Setting

Combining the fluid–structure interaction and electromechanical coupling mentioned
above, we constructed the geometrical model of a fluid-conveying pipe with PVDF piezo-
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electric thin films attached to the outer wall, as shown in Figure 2. The figure shows a pipe
that is 4 mm in thickness, 300 mm in length, and 60 mm in its inner diameter. The length of
the PVDF piezoelectric thin film is 20 mm. The film width is 10 mm, and the film thickness
is 0.5 mm.x FOR PEER REVIEW 5 of 14 
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Figure 2. The geometrical model.

The relationship among internal fluid pressure signal, stress and strain signals of
pipe wall, and piezoelectric sensor response signal without the influences of flow velocity
pulsation and mechanical vibration were first investigated. We constructed the fluid model
by ANSYS Fluent in ANSYS Workbench. Because the geometry of the fluid domain is a
cylinder, we used structured meshing to mesh it. The finite element model of the fluid
domain is shown in Figure 3.
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Figure 3. The finite element model of fluid domain.

Transient analysis was selected in Fluent. Considering the influence of gravity, we
applied a gravity load in the Y direction of the fluid domain, and the gravitational accel-
eration was set to −9.81 m/s2. The fluid was water with a density of 998.2 kg/m3. The
viscous model was set to LES, and wall-adapting local eddy-viscosity (WALE) subgrid-
scale model was chosen [21]. From the previous turbulence simulations, we know that
WALE subgrid-scale model can produce satisfactory fluid simulation results in a wide
range of flow velocities. The velocity-inlet boundary condition (BC) was selected for the
pipe inlet. The velocity magnitude was set to 1.6 m/s, and gauge pressure was set to
100 kPa, considering the fluid pressure measured in experiments. The pressure-outlet BC
was selected for the pipe outlet, and gauge pressure was also set to 100 kPa. The outer
surface of the fluid was set to fluid–structure interface.

Then, the finite element model of pipe and PVDF piezoelectric thin films was con-
structed by using the structured meshing in Transient Structural, as shown in Figure 4.
Since polyvinyl chloride (PVC) has small rigidity and it is highly deformable, it is conve-
nient to carry out experiments with this pipe material. The pipe material was specified to be
PVC, of which density was 1380 kg/m3, Young’s modulus was 3.4 GPa, and Poisson’s ratio
was 0.319. The density of PVDF piezoelectric thin films was 1780 kg/m3. The gravitational
acceleration was also set to −9.81 m/s2 in the Y direction of the pipe. The pipe support
type was specified to be fixed supports as both inlet and outlet boundary conditions. The
internal wall of the pipe was set to fluid–structure interface. The PVDF piezoelectric thin
films were set to piezoelectric body.
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The interactive transmission of data between the fluid and the structure was realized
by System Coupling in ANSYS Workbench. The time step size was set to 0.001 s, and the
simulation time was set to 0.15 s.

4. Results and Analysis
4.1. Fluid–Structure Interaction Analysis

In the finite element model of the fluid domain, we created three planes perpendicular
to the direction of fluid flow, corresponding to the locations where PVDF piezoelectric thin
films were attached, namely, Plane1, Plane2, and Plane3, as shown in Figure 5.
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Considering the circular shape of cross-sections, we compared the circumferential
stress and strain signals at Point1 with the fluid pressure signal, as shown in Figure 7a,b.
In Figure 7, the Y-axis on the left stands for pressure, which is the blue curve, and the
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Y-axis on the right represents circumferential strain or circumferential stress, which is the
green curve. Figure 7a,b shows intuitively that the variation of circumferential stress and
strain signals at Point1 was very close to the fluid pressure fluctuation signal. To study
the correlation between two signals more accurately, we used correlation coefficient to
quantitatively describe their degree of correlation. The correlation coefficient is defined as

R(i, j) = C(i, j)/
[√

D(i)·
√

D(j)
]

, (9)

where R(i, j) denotes the correlation coefficient of signal i and signal j, C(i, j) denotes
the covariance of signal i and signal j, D(i) denotes the variance of signal i, and D(j)
denotes the variance of signal j. According to Equation (9), a correlation of +1 indicates a
perfect positive correlation, meaning that signal i and signal j change in the same direction
simultaneously.
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Figure 7. Comparison curves of (a) fluid pressure and circumferential strain at Point1; (b) fluid pressure and circumferential
stress at Point1.

The correlation coefficients of the circumferential strain and circumferential stress
signals at Point1 with the fluid pressure signal calculated by Equation (9) were 0.9256 and
0.9225, respectively, which were both very close to 1. A conclusion can be drawn that the
variation of circumferential stress and strain at Point1 was highly positively correlated to
the pressure fluctuation of internal fluid. We also compared the circumferential stress and
strain signals at Point2 and Point3 with the fluid pressure signal. Similar conclusions can be
drawn from the correlation coefficients, as shown in Table 1. Thus, the pressure fluctuation
of internal fluid can be measured indirectly by measuring the variation of circumferential
stress and strain of the pipe wall.

Table 1. Correlation coefficient.

Circumferential Strain and Fluid
Pressure

Circumferential Stress and Fluid
Pressure

Point1 and Plane1 0.9256 0.9225
Point2 and Plane2 0.9318 0.9311
Point3 and Plane3 0.9223 0.9261

4.2. Electromechanical Coupling Analysis

As shown in Figure 2, the crystal orientation of flexible PVDF piezoelectric film
made it suitable for the detection of circumferential stress and strain of the pipe wall.
Circumferential strain and circumferential stress signals at Point1 were compared with
the voltage signal of the piezoelectric thin film labeled PVDF1, as shown in Figure 8a,b.
The correlation coefficients were 0.9437 and 0.9570, respectively. Comparison of signals
measured at Point2 and Point3 are listed in Table 2. Thus, it can be concluded that the
voltage variation of PVDF piezoelectric film sensor was highly positively correlated with
the variation of circumferential stress and strain of the pipe wall.
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Figure 8. Comparison curves of (a) circumferential strain and PVDF voltage; (b) circumferential stress and PVDF voltage.

Table 2. Correlation coefficient.

Circumferential Strain and PVDF
Voltage

Circumferential Stress and PVDF
Voltage

Point1 and PVDF1 0.9437 0.9570
Point2 and PVDF2 0.9924 0.9912
Point3 and PVDF3 0.9583 0.9483

In conclusion, the PVDF piezoelectric film sensor can be applied to indirectly measure
the pressure fluctuation of internal fluid by measuring the variation of circumferential
stress and strain of the pipe wall.

5. Influences of Flow Velocity Pulsation and Mechanical Vibration

The above study was conducted without taking into consideration influences outside
the pipeline system. The flow velocity pulsation and mechanical vibration caused by the
pipeline pump in the actual pipeline system affect the measurement accuracy of the PVDF
piezoelectric film sensor. Therefore, we next performed two simulations to analyze these
two sources of influence.

5.1. Flow Velocity Pulsation

To study the influence of flow velocity pulsation, we set the internal fluid to pulsation
flow. First, the influence of pulsation frequency was studied. Under the premise that the
inlet velocity was still 1.6 m/s, the pulsation frequencies were set to 5, 10, 20, and 40 Hz. The
pulsation amplitudes were all set to 0.1 m/s, which meant that the flow velocity oscillated
between 1.5 m/s and 1.7 m/s. Keeping all the other conditions unchanged, we compared
the circumferential stress and strain signals of the pipe wall and the fluid pressure signal
with the voltage signal of PVDF piezoelectric thin film on the basis of the simulation
results. The correlation coefficients are listed in Tables 3 and 4. It can be seen that the flow
velocity pulsation frequency had little influence on the measurements of the variation of
circumferential stress and strain of the pipe wall and the fluid pressure fluctuation.

Table 3. Correlation coefficient.

Pulsation
Frequency

(Hz)

Ponit1 and PVDF1 Point2 and PVDF2 Ponit3 and PVDF3

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

0 0.9437 0.9570 0.9924 0.9912 0.9583 0.9483
5 0.9277 0.9438 0.9989 0.9973 0.9187 0.9309

10 0.9453 0.9668 0.9981 0.9977 0.9368 0.9542
20 0.9609 0.9695 0.9974 0.9980 0.9608 0.9717
40 0.9728 0.9786 0.9986 0.9989 0.9668 0.9767
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Table 4. Correlation coefficient.

Pulsation Frequency
(Hz)

Plane1 and PVDF1 Plane2 and PVDF2 Plane3 and PVDF3

Pressure and Voltage Pressure and Voltage Pressure and Voltage

0 0.8651 0.9754 0.8598
5 0.8323 0.9631 0.8397
10 0.8686 0.9712 0.8536
20 0.8971 0.9598 0.8911
40 0.9164 0.9457 0.9098

Then, the influence of pulsation amplitude was studied. The pulsation amplitudes
were set to 0.025 m/s, 0.05 m/s, and 0.1 m/s, and the pulsation frequencies were all set to
40 Hz. Keeping other conditions unchanged, we compared the circumferential stress and
strain signals of the pipe wall and the fluid pressure signal with the voltage signal of PVDF
piezoelectric thin film on the basis of simulation results. The correlation coefficients are
listed in Tables 5 and 6. Figure 9a–c shows the curves of physical quantities (circumferential
stress and strain of the pipe wall and fluid pressure) in comparison with voltage signals, as
pulsation frequency was 40 Hz and pulsation amplitude was 0.1 m/s. It can be concluded
from Tables 5 and 6 and Figure 9 that the flow velocity pulsation amplitude had little
influence on the measurement of the PVDF piezoelectric film sensor. In conclusion, the flow
velocity pulsation caused by the pipeline pump had little influence on the measurements
of the variation of circumferential stress and strain of the pipe wall as well as the internal
fluid pressure fluctuation by PVDF piezoelectric film sensor. Moreover, the accuracy of
measurement was higher when the PVDF piezoelectric film sensor was placed in the
middle of the pipe.
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Figure 9. Comparison curves of (a) circumferential strain at Point2 and PVDF2 voltage; (b) circumferential stress at Point2
and PVDF2 voltage; (c) fluid pressure and PVDF2 voltage.

Table 5. Correlation coefficient.

Pulsation
Amplitude

(m/s)

Point1 and PVDF1 Point2 and PVDF2 Point3 and PVDF3

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

0 0.9437 0.9570 0.9924 0.9912 0.9583 0.9483
0.025 0.9498 0.9605 0.9952 0.9973 0.9589 0.9687
0.05 0.9676 0.9748 0.9973 0.9979 0.9636 0.9737
0.1 0.9728 0.9786 0.9986 0.9989 0.9668 0.9767
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Table 6. Correlation coefficient.

Pulsation Amplitude
(m/s)

Plane1 and PVDF1 Plane2 and PVDF2 Plane3 and PVDF3

Pressure and Voltage Pressure and Voltage Pressure and Voltage

0 0.8651 0.9754 0.8598
0.025 0.8756 0.9704 0.8689
0.05 0.8085 0.9562 0.8897
0.1 0.9164 0.9457 0.9098

5.2. Mechanical Vibration

Because the fluid-conveying pipe is fixed at regular intervals with fixing devices to
reduce pipe vibration in actual application, we added hoops to fix the pipe model to better
simulate it. The inner diameter of the hoop was 68 mm. The hoop width was 6 mm, and
the hoop thickness was 2 mm. Since steel has large rigidity and it is difficult to deform, it
is suitable to use this material to support the pipeline structure. The hoop material was
specified to be structural steel, of which the density was 7850 kg/m3, Young’s modulus
was 200 GPa, and Poisson’s ratio was 0.3. To study the influence of mechanical vibration,
we applied a sinusoidal vibration (Y direction) to the inlet and outlet faces of the pipe, as
shown in Figure 10a. First, the influence of the mechanical vibration frequency was studied.
The vibration frequencies were set to 5, 10, 20, and 40 Hz, and the vibration amplitudes
were all set to 0.1 mm. Simultaneously, the pulsation amplitudes of the flow velocity were
set to 0.1 m/s, and the pulsation frequencies were set to 40 Hz. Figure 10b shows the
sinusoidal vibration as the vibration frequency was 40 Hz and the vibration amplitude
was 0.1 mm. Keeping other settings unchanged, we compared the circumferential stress
and strain signals of the pipe wall and the fluid pressure signal with the voltage signal of
PVDF piezoelectric thin film on the basis of simulation results. The correlation coefficients
are listed in Tables 7 and 8. It is shown that the mechanical vibration frequency had little
influence on the strong correlation between physical quantities (including circumferential
stress and strain of the pipe wall and fluid pressure) and the signal of the PVDF piezoelectric
film sensor when both ends of the pipe were fixed by hoops.
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Table 7. Correlation coefficient.

Vibration
Frequency

(Hz)

Ponit1 and PVDF1 Point2 and PVDF2 Ponit3 and PVDF3

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

0 0.9544 0.9632 0.9641 0.9735 0.9533 0.9660
5 0.9611 0.9692 0.9535 0.9656 0.9293 0.9468

10 0.9752 0.9802 0.9564 0.9677 0.9387 0.9539
20 0.9775 0.9783 0.9716 0.9756 0.9389 0.9473
40 0.9727 0.9781 0.9812 0.9834 0.9436 0.9592
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Table 8. Correlation coefficient.

Vibration Frequency
(Hz)

Plane1 and PVDF1 Plane2 and PVDF2 Plane3 and PVDF3

Pressure and Voltage Pressure and Voltage Pressure and Voltage

0 0.9207 0.9179 0.9075
5 0.9211 0.9145 0.8973
10 0.9234 0.9187 0.9046
20 0.9198 0.9221 0.8996
40 0.9317 0.9373 0.9012

Then, the influence of the mechanical vibration amplitude was studied. The vibration
amplitudes were set to 0.1, 0.2, 0.3, and 0.4 mm, and the vibration frequencies were all
set to 40 Hz. Keeping all the other settings unchanged, we compared the circumferential
stress and strain signals of the pipe wall and the fluid pressure signal with the voltage
signal of PVDF piezoelectric thin film on the basis of simulation results. The correlation
coefficients between physical quantities and PVDF signals are listed in Tables 9 and 10.
Figure 11a–c displays the curves that compared the physical quantities and the measured
signal of PVDF films as the vibration frequency was 40 Hz and the vibration amplitude
was 0.1 mm. It can be concluded from Tables 9 and 10 and Figure 11 that the mechanical
vibration amplitude had little influence on the measurement of the PVDF piezoelectric
film sensor. In conclusion, the mechanical vibration caused by the pipeline pump had
little influence on the measurements of the variation of circumferential stress and strain of
the pipe wall as well as the internal fluid pressure fluctuation by PVDF piezoelectric film
sensor when both ends of the pipe were fixed by hoops.
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Figure 11. Comparison curves of (a) circumferential strain at Point2 and PVDF2 voltage; (b) circumferential stress at Point2
and PVDF2 voltage; (c) fluid pressure and PVDF2 voltage.

Table 9. Correlation coefficient.

Vibration
Amplitude

(mm)

Point1 and PVDF1 Point2 and PVDF2 Point3 and PVDF3

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

Circumferential
Strain and

PVDF Voltage

Circumferential
Stress and

PVDF Voltage

0 0.9544 0.9632 0.9641 0.9735 0.9533 0.9660
0.1 0.9727 0.9781 0.9812 0.9834 0.9436 0.9592
0.2 0.9873 0.9898 0.9772 0.9828 0.9576 0.9689
0.3 0.9907 0.9925 0.9767 0.9856 0.9589 0.9696
0.4 0.9866 0.9893 0.9768 0.9824 0.9534 0.9654
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Table 10. Correlation coefficient.

Vibration Amplitude
(mm)

Plane1 and PVDF1 Plane2 and PVDF2 Plane3 and PVDF3

Pressure and Voltage Pressure and Voltage Pressure and Voltage

0 0.9207 0.9179 0.9075
0.1 0.9317 0.9373 0.9012
0.2 0.9282 0.9314 0.9063
0.3 0.9369 0.9195 0.8982
0.4 0.9305 0.9294 0.8874

6. Experimental Testing

The experimental setup for the fluid-conveying pipe was composed of three parts:
pipeline systems, PVDF piezoelectric film sensors for measurement, and the system for
signal acquisition and processing, as shown in Figure 12. To minimize possible electromag-
netic interference from outside environment, we installed a shield case to cover the PVDF
piezoelectric film sensors.
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Figure 12. Experimental setup: (a) panoramic view; (b) details of the pipe and the signal processing unit.

The experimental data, the voltage of PVDF piezoelectric film sensors, were filtered
and amplified by a preamplifier circuit, as shown in Figure 13a. Spectrum analysis of
the experimental data is shown in Figure 13b. The simulation data under the same flow
velocity are shown in Figure 13c, and their spectrum analysis is shown in Figure 13d.

From Figure 13, it can be seen that the curve patterns of the simulation results and
experimental results matched well when the mean velocity of the internal fluid was 1.6 m/s.
Moreover, the dominant vibration frequency of the experimental results was 11 Hz, which
differed from the simulation results only in its magnitude. The possible reasons were as
follows: (1) the preamplifier circuit amplified the measured voltage of the PVDF piezoelec-
tric film sensor; (2) the boundary condition constraint was different, namely, the hoops in
the experimental measurement for the displacement restraint capacity of the actual pipe
was much smaller than fixed support in the simulation; (3) the amplitudes of the flow
velocity pulsation and mechanical vibration were set too small in the simulation, making
the turbulence simulation signal obvious; (4) the simulation results were obtained under
ideal conditions, while the experimental results were measured under realistic conditions
(environmental temperature, noise interference, etc.), and thus there will be differences.
We will continue to research and analyze this in the future.
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Figure 13. Diagrams of (a) experimental results; (c) simulation results. Frequency analysis diagrams of (b) experimental
results; (d) simulation results.

7. Conclusions

In this paper, we first analyzed the circumferential stress and strain signals of the pipe
wall and the fluid pressure signal on the basis of the FSI and found that the variation of
circumferential stress and strain of the pipe wall was highly positively correlated with
the pressure fluctuation of internal fluid. We next analyzed the voltage signal of PVDF
piezoelectric thin film and the circumferential stress and strain signals of the pipe wall
on the basis of the electromechanical coupling and found that the voltage variation of
PVDF piezoelectric film sensor was highly positively correlated with the variation of
circumferential stress and strain of the pipe wall. In conclusion, the PVDF piezoelectric
film sensor can be applied to indirectly measure the pressure fluctuation of internal fluid
by measuring the variation of circumferential stress and strain of the pipe wall. Then,
the influences of flow velocity pulsation and mechanical vibration caused by the pipeline
pump were studied. It was found that the flow velocity pulsation had little influence on
the measurements of the variation of circumferential stress and strain of the pipe wall and
the internal fluid pressure fluctuation; the mechanical vibration had little influence on the
measurements of the variation of circumferential stress and strain of the pipe wall as well
as the internal fluid pressure fluctuation by PVDF piezoelectric film sensor when both
ends of the pipe were fixed by hoops. Finally, the simulation was verified by experiments.
Therefore, the above research is of great significance and can guide the application of
the PVDF piezoelectric film sensor in practical engineering measurements of fluid flow
parameters in pipe-like structures.
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