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Abstract: In previous research, a bionic hydraulic pipeline (BHP) with a three-layer structure for
absorbing pulsation was invented. This paper proposes to disperse single-walled carbon nanotubes
(SWCNTs) in the elastic layer material, namely silicone rubber (RTV), to enhance its ability to absorb
pulsation. Firstly, the RTV-SWCNTs composite specimens with different SWCNT proportions are
prepared and tested. It was found that the mechanical property is optimal when the volume content
of the SWCNTs is 0.5 vol%. On this basis, BHPs with RTV-SWCNTs composite material as the elastic
layer are fabricated to study the influence of the thickness and length of the elastic layer on the
absorption flow pulsation. The results show that the addition of SWCNTs significantly improves
the mechanical properties of silicone rubber and reduces the friction between the elastic material
and oil, so that the BHP can absorb the pressure pulsation better. With the appropriate thickness
and length of the elastic layer, the addition of SWCNTs can increase the pulsation suppression effect
by 20%. Moreover, to analyze the influence of nanomaterials on pipeline friction, a comprehensive
fourteen-equation model for describing the fluid–structure interaction (FSI) of the pipe conveying
fluid considering friction coupling is established. And through numerical analysis and modal tests,
the evaluation error for the modified dynamic model of the BHP is less than 5%, verifying the
correctness of the proposed model and solution method.

Keywords: carbon nanotubes; pulsation absorption; bidirectional fluid–structure interaction; friction
coupling; bionic pipeline

1. Introduction

The hydraulic pipeline is considered the “blood vessel” of mechanical equipment used
for hydraulic transmission. Its function is to transmit power and energy. Meanwhile, the
pipeline system with excellent mechanical properties and a reasonable structure can also
absorb the pressure pulsation in the hydraulic system [1]. These functions are particularly
important in aviation equipment. “High speed, high pressure and high power to weight
ratio” is one of the main development directions in the aviation hydraulic system and
mobile machines [2]. Meanwhile, it also entails greater requirements for the stability and
reliability of the hydraulic pipeline system. Due to the high speed and high pressure,
as well as the complex spatial structure of the pipeline, the vibration mechanism for the
aviation hydraulic system is complex, making vibration control more difficult [3].

Many scholars have conducted a lot of research on the vibration control of hydraulic
systems. According to the mechanism, vibration control in the hydraulic pipeline includes
passive control and active control. Passive control is realized by installing dampers, vi-
bration absorbers, attenuators, and sticking damping materials. Zang [4] studied the
vibration absorption of a functionally graded materials fluid-conveying pipe coupled with
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NiTiNOL–steel, and the effects of structure parameters on the absorption performance.
The results show that NiTi–steel is an effective means of vibration absorption. Jiao [5]
designed a magnetic interaction-based vibration absorber for continuous beams, which has
a significant role in the vibration suppression of continuous structures. Chirathalattu [6]
investigated the effectiveness of passive vibration suppression for an FSI system using a
nonlinear energy sink. Shu [7] proposed a vibration control method for the typical pipelines
used in armored vehicles by changing the pipe diameter, bending the radius, and increasing
the pipeline branches, etc. Karimi [8] used a beam-based dynamic vibration absorber (beam
DVA) to analyze pipes with different sizes of harmonic excitation at different frequencies,
which showed that the mass ratio and stiffness ratio, respectively, have the highest and
lowest impact on pipe vibration absorption. Based on the sensitivity analysis method and
the Pareto optimal multi-objective genetic algorithm, Quan [9] optimized the parameters
for the pipeline support and proposed an optimization method for the passive vibration
control parameters in the aviation hydraulic pipeline. Although passive control has a clear
damping mechanism, a simple structure, and easy implementation, its control frequency
range is narrow, the effect of damping low-frequency vibration is limited, and the control
parameters are not variable. Active control acquires vibration signals through sensing
elements, obtains control signals through control algorithms, and applies them to actuators
to achieve vibration control in the pipeline system. Guan [10] designed a piezoelectric
direct drive spool valve that could adjust the parameters with the adaptive optimal control
method to reduce the pressure pulsation amplitude to a low level. Cheer [11] studied a
noninvasive structure controller composed of piezoelectric laminated actuators. And the
experiment proved that the controller could achieve around 20 dB of attenuation in the
dominantly radiating modes. Zhang [12,13] proposed an active constrained layer damping
(ACLD) system with piezoelectric materials, with the aim of investigating the vibration
and damping effect of an ACLD pipeline under fixed support. Active control technology
has good characteristics for pipeline vibration and a good vibration suppression effect for
low-frequency vibration, but its control algorithm is relatively complex, and the parallel
structure makes the fluid flow state more complicated.

Given the existing problems with pipeline vibration control technology, researchers
have begun to pay attention to the application of nanomaterials for vibration control
in hydraulic pipelines. Arenas [14] studied a nanocomposite made of thermoplastic
polyurethane (TPU) with laponite clay filler, which can improve the impact of sound
insulation performance at a resonance frequency compared with TPU. Lubecki [15] studied
the application of composite materials in hydraulic hoses and conducted experimental
studies on dynamic changes in the length of a microhydraulic hose under the influence of
step pressure and flow load. Rafie [16] studied the vibration and damping properties of
epoxy composites modified with pristine and amino-functionalized graphene nanoplatelets
(GNPs) at four different nanofiller loadings. Swain [17,18] conducted viscoelastic modeling
and vibration analysis on nanocomposite shell panels with different CNTs and presented a
detailed mathematical formulation for the determination of viscoelastic properties. Pan [19]
prepared single-walled carbon nanotubes (SWCNTs)/7075 aluminum matrix composites to
investigate the effects of different SWNTs contents on the microstructure and mechanical
properties. The results show that with the increase in SWCNTs, the strength and hardness
of the composites increase first and then decrease. Considering the excellent properties of
nanomaterials in tribology and vibration reduction applications, in this paper, SWCNTs
are uniformly dispersed in the matrix material (silicone rubber) by noncovalent modifi-
cation. Thus, based on the previous research on double-layer bionic hydraulic pipelines
(BHPs) [20], three-layer BHPs are made and the FSI analysis and experimental verification
are conducted to study the influence of nanomaterials on the damping effect of BHPs, to
further promote the research on BHPs in vibration reduction.

In this paper, RTV-SWCNTs composites with different SWCNT content are prepared,
and the optimal mass ratio for their performance is obtained through experiments. Based on
the constitutive equation for elastic material and the effect of friction coupling, the dynamic
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model of BHP is established, and the model is validated through hammering modal
experiments. Through the bidirectional FSI analysis in ANSYS and experimental research,
the influence of the length and thickness of the elastic layer on the pulsation suppression
effect is discussed and compared with the double-layer BHP. Finally, several key issues to
be further studied in the future concerning bionic hydraulic pipelines are discussed.

2. Materials and Methods
2.1. The Structure of Three-Layer BHP

The structure of the three-layer BHP has been described in detail in [20], this is just
a brief introduction here. The structure of the BHP is shown in Figure 1. The outer layer
is made of stainless steel for support. The middle layer is the elastic layer, which plays a
role in absorbing and weakening the flow pulsation. And the inner layer is composed of
nanomaterials and an elastic matrix. SWCNTs are added to the matrix to form a smooth
film on the surface of the elastic layer, which can reduce the flow resistance and stabilize
the flow.
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and a cross-linking agent (component B). SWCNTs are used as the reinforced phase, and 
tetrahydrofuran (THF), which is a volatile solvent, is used as the dispersant. RTV-
SWCNTs composites with SWCNT volume contents of 0.25 vol%, 0.5 vol%, 1 vol%, 2 
vol%, and 4 vol% are prepared, respectively. Each SWCNTs-A solution is treated in a static 
state to observe whether there is precipitation in the solution and to preliminarily judge 
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Figure 1. Structure schematic of the three-layer BHP structure.

2.2. The Preparation of RTV-SWCNTs Composite

To improve the mechanical properties of the polymer matrix, the surface modification
of the SWCNTs is needed to improve its dispersion. The existing modification technologies
can be roughly divided into two categories: covalent functionalization and noncovalent
functionalization [21]. In this paper, noncovalent functionalization is used to modify the sur-
face of the SWCNTs. Two-component room temperature vulcanized silicone rubber (RTV)
is used as the matrix material, which consists of rubber (component A) and a cross-linking
agent (component B). SWCNTs are used as the reinforced phase, and tetrahydrofuran
(THF), which is a volatile solvent, is used as the dispersant. RTV-SWCNTs composites with
SWCNT volume contents of 0.25 vol%, 0.5 vol%, 1 vol%, 2 vol%, and 4 vol% are prepared,
respectively. Each SWCNTs-A solution is treated in a static state to observe whether there
is precipitation in the solution and to preliminarily judge the dispersion of the SWCNTs in
the RTV. The SWCNTs-A solution samples standing for 48 h are shown in Figure 2.
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It could be seen that there was no precipitation of the SWCNTs in the SWCNTs-A
solution, indicating that the solvent THF can disperse the SWCNTs in component A of
the RTV.



Appl. Sci. 2023, 13, 8862 4 of 26

2.3. Performance Test for RTV-SWCNTs Composite

Firstly, pour the prepared RTV-SWCNTs composite material solution into a dumbbell-
shaped tensile mold, and cure at room temperature to prepare the tensile specimens.
Then, the mechanical properties are tested using a tensile testing machine to obtain the
performance parameters for the composite. Finally, the dispersion of the CNTs in the matrix
material is observed through scanning electron microscope (SEM) experiments to find the
RTV-SWCNTs composite material with the best performance.

2.3.1. RTV-SWCNTs Composite Tensile Test

The RTV-SWCNTs composites are subjected to tensile experiments to measure their
elastic modulus, shear modulus, and Poisson’s ratio. The tensile test machine used in
this experiment is the Inspekt Table 100 tensile testing machine produced by Hegewald
& Peschke, Germany, as shown in Figure 3. The tensile properties of the RTV-SWCNTs
composites are tested at room temperature.
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The mechanical properties of the RTV-SWCNTs composites with CNT contents of
0 vol%, 0.25 vol%, 0.5 vol%, 1 vol%, 2 vol%, and 4 vol% are tested. Three tensile speci-
mens are prepared for each component group to reduce errors caused by measurement or
other factors.

The stress–strain relationship of the RTV-SWCNTs composite material is non-linear.
Because the elastic layer of the BHP has small deformation, the Mooney–Rivlin (M-R) consti-
tutive model is used to describe the constitutive model of RTV-SWCNTs composites [20–25].

σθ = 2C01

(
3εθ − 6ε2

θ

)
+ 2C10

(
3εθ − 3ε2

θ

)
(1)

where C10 and C01 are temperature-dependent material parameters. Then Equation (1) is
simplified as:

σθ

6
(
εθ − ε2

θ

) = C01

(
1−

ε2
θ

εθ − ε2
θ

)
+ C10 (2)

Among them, σθ is the stress of composite, and εθ is the strain of the composite. If,
x = 1− ε2

θ

(
εθ − ε2

θ

)
, y = σθ/6

(
εθ − ε2

θ

)
Equation (2) can be abbreviated to,

y = C01x + C10 (3)
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The tensile test data is substituted into Equation (2), and after linear fitting, the
composite parameters C10 and C01 are obtained.

When the elastic material RTV is subject to small and medium deformation, the
relationship between the elastic modulus E and the shear model G is as follows [26],

G = E/2(1 + µ) (4)

Due to the incompressibility of RTV, Poisson’s ratio µ = 0.5 can be substituted into
Equation (4) to obtain E = 3G. Among them, the relationship between the shear modulus G
and the parameters C10 and C01 is,

G = 2(C10 + C01) (5)

So, E = 6(C10 + C01)

2.3.2. Fracture Morphology Observation of Composite Materials

To better observe the fracture mechanism of the composites and the dispersion degree
of the SWCNTs in the matrix material, SEM experiments are conducted on the specimens
after tensile test fracture. The scanning electron microscope used in this experiment is the
S-4800II cold field emission SEM by Hitachi, Japan. Table 1 shows the specific technical
parameters for the SEM.

Table 1. Technical parameters of the scanning electron microscopy.

Name Electron Beam Acceleration
Voltage (kV) Amplification (Times) Resolution (nm) Maximum Sample Size (mm)

value 0.5~30 30~800,000 1 (15 kV) Φ100

3. Theoretical Modeling
3.1. Dynamic Model Considering Friction Coupling of the BHP
3.1.1. The FSI Dynamic Model

The force schematic diagram of the BHP is established according to the right-hand
rule shown in Figure 4. To establish the dynamic model, we assume that the pipeline is
installed parallel to the horizontal plane.
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Considering the influence of elastic material deformation, fluid viscous friction,
pipeline, and fluid inertia [27], this paper establishes the FSI 14-equation for a single
straight pipe as follows [20]:

Axial dynamic model:
1
ρ1

∂P
∂z

+
∂V
∂t

+
ff

A1ρ1
= 0 (6)
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∂
.

wz

∂t
+

1
ρt At + ρr Ar

∂ fz

∂z
+

ff
ρt At + ρr Ar

= 0 (7)

[
1
K
+

1
3(C01 + C10)

rr

et + er

]
∂P
∂t

+
∂V
∂z

= 0 (8)

∂
.

wz

∂z
+

1 + vr

6C10 + 6C01

1
At + Ar

∂ fz

∂t
+

vr

6C10 + 6C01

rr

et + er

∂P
∂t

= 0 (9)

X-z plane vibration equation for the BHP:

∂ f x
∂z

+ (ρt At + ρr Ar + ρ1 A1)
∂

.
wx

∂t
+ (ρt At + ρr Ar + ρ1 A1)g = 0 (10)

∂ fx

∂t
+ k(AtGt + ArGr)

(
∂

.
wz

∂z
−

.
θy

)
= 0 (11)

∂my

∂z
+ fx + (ρt It + ρr Ir + ρ1 I1)

∂
.
θy

∂t
= 0 (12)

∂my

∂t
+ (Et It + Er Ir)

∂
.
θy

∂z
= 0 (13)

Y-z plane vibration equation for the BHP:

∂ f y

∂z
+ (ρt At + ρr Ar + ρ1 A1)

∂
.

wy

∂t
= 0 (14)

∂ fy

∂t
+ k(AtGt + ArGr)

(
∂

.
wy

∂z
+

.
θx

)
= 0 (15)

∂mx

∂z
+ fy + (ρt It + ρr Ir + ρ1 I1)

∂
.
θx

∂t
= 0 (16)

∂mx

∂t
+ (Et It + Er Ir)

∂
.
θx

∂z
= 0 (17)

Torsional vibration equation for the BHP:

(ρt Jt + ρr Jr)
∂

.
θz

∂t
+

∂mz

∂z
= 0 (18)

(Gt Jt + Gr Jr)
∂

.
θz

∂z
+

∂mz

∂t
= 0 (19)

where V is the liquid flow rate (m/s), K is the liquid elastic modulus (MPa), P is the liquid
pressure (MPa), ρ is the density (kg/m3), g is the acceleration of gravity (m/s2), E is the
elastic modulus (MPa), υ is the material Poisson’s ratio, G is the shear modulus (MPa), k
is the shear distribution coefficient, w is the straight-line displacement (m) of the BHP, A
is the cross-sectional area of each layer (m2), θ is the angle of rotation (rad) of the BHP, f
is the cross-section force of the BHP (N), m is the bending moment of the BHP (N·m), J is
the polar moment of inertia (kg/m2), r is the pipeline radius (m), e is the wall thickness for
each layer (m), and I is the moment of inertia (kg/m2). The subscripts x, y, and z are the
coordinate axis direction, t is the quantity related to the stainless steel material on the outer
layer of the pipeline, r is the quantity related to the elastic material in the pipeline, l is the
quantity related to the fluid, and C10 and C01 are temperature-related parameters for the
elastic materials, which can be obtained through experimental tests.
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3.1.2. Establishment and Analysis of Friction Term of BHP

In the FSI 14-equation for the BHP, Equations (6) and (7) are the incompressible viscous
fluid flow continuity equation (N-S equation) [28], which includes the friction term for the
BHP. The specific form is:

ff(t) = 2πrrτ0(t) (20)

τ0 is the shear friction force of the fluid on the inner wall of the pipeline. The Laplace
transform of Equation (20) is:

Ff(s) = 2πrr
∼
τ0(s) (21)

According to the Newton friction formula, Zielke [29] established the wall shear force
τ0 in Equation (20) and obtained the relationship between the instantaneous laminar flow
wall shear force τ0 and the instantaneous average velocity and the weighted historical
velocity. The specific expression is as follows:

τz(t) =
4ρ1v1

rr
V(t) +

4ρ1v1

rr

∫ t

0

∂V
∂t

(u)W(t− u)du (22)

where W is the weighting function of dimensionless time τ, τ = v1t/rr. The expression of
W(τ) is:

W(τ) =


5
∑

i=1
e−miτ , τ ≥ 0.02

6
∑

i=1
nie(i−2)/2, τ < 0.02

(23)

where the values for the weighted coefficients mi and ni are shown in Tables 2 and 3.

Table 2. Weighting coefficient mi.

m1 m2 m3 m4 m5

−26.3744 −70.80493 −135 −218.9216 −322.5544

Table 3. Weighting coefficient ni.

n1 n2 n3 n4 n5 n6

0.2821 −1.25 1.0579 0.9375 0.3967 0.3516

Based on the theory proposed by Zielke, Brunone proposed a friction model for the
turbulent flow. He believes that the wall shear force is related to the average flow velocity
V, instantaneous acceleration ∂V/∂t, and convection acceleration ∂V/∂z [30]. This model
is widely used in the calculation of wall shear force in a turbulent flow. The expression of
wall shear force in the Brunone model is:

τB =
ρ1 f V|V|

8
+

ρ1D
4
·k3

(
∂V
∂t
− α

∂V
∂z

)
(24)

Among them, f is the friction coefficient under turbulent flow; α is the wave velocity
of the water hammer; K3 is the Brunson friction coefficient; this numerical value generally
is an empirical value, which is determined by test or trial calculation.

Based on the Brunone friction model, Vardy established a semi-empirical and semi-
theoretical formula for K3 by introducing the assumption of global acceleration [31]:

k3 =

√
7.41/Rek4/2 (25)

k4 = log
(

14.3/Re0.05
)

(26)
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The weighted function model by Zielke does not depend on empirical parameters,
thus, it is more consistent with experimental test results on laminar flow and low Reynolds
number turbulence calculations. In this paper, the fluid state in the BHP is the laminar flow,
so the Zielke friction model is used as the friction term in the FSI 14-equation.

3.2. Boundary Matrix Model

The two ends of the BHP are blocked with mass blocks of m0 and mL, and the
excitation force F is applied along the z-direction of the pipeline at the initial end. The
overall boundary constraint equation for the BHP is consistent with [20]. It will not be
repeated here, only the concrete form for the boundary matrix at both ends of the BHP
is given.

D0 =



1 0 −1 0
0 A1 Kz0 1

Zx0 1 0 0
0 0 −Yy0 1

Zy0 1 0 0
0 0 −Yx0 1

−Tz0 1


(27)

D0 =



1 0 −1 0
0 A1 −KzL 1

−ZxL 1 0 0
0 0 YyL 1

ZyL 1 0 0
0 0 YxL 1

TzL 1


(28)

3.3. Excitation of the BHP

In the hydraulic pipeline system, the pipeline excitation form can be divided into two
categories: fluid excitation and solid excitation. In this paper, the modal analysis for the
BHP is carried out by solid excitation. The function form is,

F(t) = Fr[1(t)− 1(t− T)] (29)

The initial end excitation vector for the BHP can be obtained by the Laplace transform
of Equation (29),

Q0 =
[
0 −(Fr/s)

(
1− e−sT) 0 0 0 0 0

]T (30)

No excitation is applied at the end of the BHP, so its excitation vector is:

QL =
[
0 0 0 0 0 0 0

]T (31)

4. Analysis Example and Methods
4.1. Frequency-Domain Characteristic Analysis and Experimental Verification of the FSI
Dynamic Model
4.1.1. Analysis of Frequency-Domain Characteristics of FSI Dynamic Model

The specific parameters for the BHP are shown in Table A1 (Appendix A). A mechan-
ical impact excitation is applied to the initial end of the BHP, where the mean value of
the impact force Fr is 15,000 N and the knocking time T is 2 ms. The boundary matrix,
excitation vector, and pipeline structure parameters are substituted into the FSI 14-equation
for the BHP for the modal solution. The result is shown in Figure 5.
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Figure 5. The curve on the effect of the friction term on the axial velocity of the BHP.

It can be observed that the frequency corresponding to each peak in the curve is the
natural frequency of the BHP. By comparing the axial velocity response curve for the BHP
with/without friction terms, it can be seen that friction coupling does not affect the resonant
frequency, but affects its resonant peak.

4.1.2. Modal Verification Test

The modal experiment generally uses a hammer or the exciter as the excitation device.
The experimental object in this paper is the BHP, which belongs to light and small equip-
ment. The hammer is used as the excitation equipment and its specific technical parameters
are shown in Figure 6a. Considering the effect of the oil on the pipeline, the oil is sealed
in the pipeline. And the BHP filled with oil is suspended by a string with small rigidity.
The acceleration sensor is stuck to the middle of the pipeline, as shown in Figure 6b. Then,
the left end (inlet end) of the pipeline is knocked by the calibrated hammer to produce the
frequency response curve.
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Figure 6. Modal test. (a) Hammer used in the modal test. (b) The tested pipeline.

The modal experiment needs to collect the input signal and the output signal (accelera-
tion signal). The collected input/output signals are transformed into the frequency domain
using Fourier transform. Then, according to Equations (32)–(34), the auto-power spectrum
of the input signal, the auto-power spectrum of the output signal, and the cross-power
spectrum of the input–output signal are obtained, respectively. Finally, the frequency
response curve for the axial velocity of the BHP is obtained by Equation (35), as shown
in Figure 7.

Gxx =
1
N

N

∑
i=1

Fx
i Fx∗

i (32)
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Gyy =
1
N

N

∑
i=1

Fy
i Fy∗

i (33)

Gxy =
1
N

N

∑
i=1

Fy
i Fx*

i (34)

H =
Gxy

Gxx
(35)

where F is the data in the frequency domain after the Fourier transform, N is the number of
sampling points, superscript ∗ represents the complex conjugate, subscript x is the input
signal, and subscript y is the output signal.
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The comparison results for the experiment and simulation are shown in Table 4. The
error between them is less than 5%. The validity of the FSI 14-equation dynamic model
considering friction coupling is verified.

Table 4. Comparison of the modal analysis simulation and experimental data.

Simulation (Hz) Experimental (Hz) Error (%)

First-order mode 78 81.26 4.01

Second-order mode 331 333.68 0.8

4.2. Bidirectional FSI Simulation and Experimental Methods for Bionic Pipelines
4.2.1. Simulation Analysis of Bidirectional FSI for the BHP

To study the influence of different types of BHP on the vibration of the pipe wall when
the flow pulsation is the same, the bidirectional FSI analysis for the BHP is carried out in
the ANSYS Workbench software. The grid division of the solid and fluid regions is shown
in Figure 8. The structural parameters and fluid parameters are shown in Table A1; where,
the parameters for the RTV are C01 = 1.213 MPa, C10 = −0.01679 MPa. The standard k-ξ
turbulence model is adopted for the fluid, the wall shear force in the BHP with RTV as the
elastic layer is the wall shear force in the Brunone model, and the inner wall of the BHP
with RTV-SWCNTs composite materials as the elastic layer is set as the smooth wall. The
boundary condition for the pipeline inlet is set as the flow pulsation at the outlet of the
axial piston pump, as shown in Figure 9. The pipeline outlet is set as the pressure outlet
and the pressure is set as 2 MPa.
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1. Influence of the thickness of the elastic layers on the vibration of the BHP

To study the effect of different thicknesses of the elastic layer and materials on the
vibration of the pipeline wall in the BHP, the thickness of the stainless steel on the outer
layer of the BHP is set at 2 mm, the length of the pipe is set at 100 mm, and the thickness of
the elastic layer is, respectively, set at 5 mm, 10 mm, 20 mm, and 25 mm.

2. Influence of the length of the BHP on the vibration of the pipe wall

To study the effect of the different lengths and materials in the elastic layer on the
vibration of the pipeline wall in the BHP, the thickness of the stainless steel on the outer
layer of the BHP is set at 2 mm, the thickness of the elastic layer is set at 5 mm, and the
length of the pipeline is, respectively, set at 100 mm, 150 mm, 250 mm, and 300 mm.

4.2.2. BHP Fabrication and Experimental System

The outer layer of the BHP is made of stainless steel and the middle layer is the elastic
layer, which is composed of RTV-SWCNTs composite materials. The content of the SWCNTs
in the RTV-SWCNTs composite materials is 0.5 vol%. Some of the SWCNTs adhered to
the inner wall of the pipeline form a smooth film, forming the inner layer of the BHP. The
double-layer BHP is used for a comparative experiment, whose outer layer is made of
stainless steel and the inner layer is made of RTV. The BHP is shown in Figure 10. The
structural parameters for the BHP specimens are shown in Table 5.
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with RTV-SWCNTs composite materials as the elastic layer.

Table 5. The structural parameters for the BHP specimens.

No. Length (mm) Thickness of Elastic Layer (mm) Thickness of Outer Layer (mm) Inside Diameter (mm)

1 130 5 3 10
2 130 10 3 10
3 130 15 3 10
4 130 20 3 10
5 130 25 3 10
6 180 5 3 10
7 230 5 3 10
8 280 5 3 10
9 330 5 3 10

The experiment on the flow pulsation absorption of the BHP is to study the absorption
effect of the length, the material in the elastic layer, and the thickness of the elastic layer
in the BHP on the flow pulsation at the outlet of the axial piston pump, by comparing the
outlet flow pulsation of the different types of BHP. The vibration experimental apparatus is
shown in Figure A1 (Appendix B).

4.2.3. Experiment on the Vibration Absorption of the BHP

1. Influence of the thickness of the elastic layers on the flow pulsation

The No. 1–5 pipelines in Table 5 are installed at the outlet of the hydraulic pump,
according to Figure A1. The pressure of the pipelines is set at 2 MPa.

2. Influence of the length of the BHP on the flow pulsation

The No.1, 6–9 pipelines in Table 5 are installed at the outlet of the pump, according to
Figure A1. The flow pulsation curves for the different BHPs are shown in Figure 9.

3. Influence of the thickness of the elastic layers on the vibration of the BHP

The No. 1–5 pipes in Table 5 are installed at the outlet of the hydraulic pump, as shown
in Figure A1. The load pressure of the pipeline is set to 2 MPa and the radial acceleration
amplitude of the pipe wall at the middle node (point P) for each BHP is measured.

4. Influence of the length of the pipeline on the vibration of the BHP

The No. 1, 6–9 pipes in Table 5 are installed at the outlet of the hydraulic pump,
as shown in Figure A1. The load pressure of the pipeline is set to 2 MPa and the radial
acceleration amplitude of the pipe wall at point P for each BHP is measured.

5. Results and Discussion
5.1. Experimental Results on the Properties of the RTV-SWCNTs Composites
5.1.1. Tensile Test Results for the RTV-SWCNTs Composites

The tensile test results are shown in Figure 11.
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Figure 11. Stress–strain curve for the RTV-SWCNTs composites with different SWCNTs content. 
The content of the SWCNTs is: (a) 0 vol%; (b) 0.25 vol%; (c) 0.5 vol%; (d) 1 vol%; (e) 2 vol%; (f) 4 
vol%. 

Figure 12 shows the fitting curves for the composite materials under different 
SWCNT contents. 

Figure 11. Stress–strain curve for the RTV-SWCNTs composites with different SWCNTs content. The
content of the SWCNTs is: (a) 0 vol%; (b) 0.25 vol%; (c) 0.5 vol%; (d) 1 vol%; (e) 2 vol%; (f) 4 vol%.

Figure 12 shows the fitting curves for the composite materials under different SWC
NT contents.
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Figure 12. The fitting curve for the tensile experimental data on the composites with different
SWCNTs content. The content of the SWCNTs is: (a) 0 vol%; (b) 0.25 vol%; (c) 0.5 vol%; (d) 1 vol%;
(e) 2 vol%; (f) 4 vol%.
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It can be seen that with the increase in the content of the SWCNTs, the elastic modulus
first increases and then decreases. When the content of the SWCNTs is 0.5 vol%, the elastic
modulus of the composite material reaches the maximum, which is 10.24242 MPa. And
C10 = 1.733 MPa, C01 = −0.02593 MPa.

5.1.2. The Results of SEM Experiment on the Composite Materials

Under different SWCNT contents, the fracture morphology for each specimen is shown
in Figure 13.
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The content of the SWCNTs is: (a) 0 vol%; (b) 0.25 vol%; (c) 0.5 vol%; (d) 1 vol%; (e) 2 vol%; (f) 4 vol%.

In Figure 13a–c, when no SWCNTs are added to the matrix material, the fracture
morphology is relatively smooth and has distinct folds, which is an obvious feature of a
brittle fracture in the elastic material. As the content of the SWCNTs increases, the fracture
morphology of the material gradually becomes rough and wrinkled, so the energy required
in the stretching process increases, indicating that the tensile strength and elastic modulus
of the material increase accordingly [32,33]. The surface roughness of the material in
Figure 13d is similar to that in Figure 13c, but there are obvious pits on the surface. The pits
are caused by the agglomeration of the SWCNTs, which indicates that the filling capacity
of the SWCNTs has reached the supersaturated state. In Figure 13e,f, the pit phenomenon
is more obvious, and the agglomeration is intensified, which indicates that the probability
of CNTs agglomeration intensifies with the increase in the content.

Combined with the existing tensile experimental and SEM test data (the additional
amount of the SWCNT is 0–4 vol%), when the content of the SWCNTs is 0.5 vol%, the
mechanical properties of the RTV-SWCNTs composites are the best. Therefore, the RTV-
SWCNTs composite material with the SWCNTs content of 0.5 vol% is used as the elastic
layer material in the BHP.
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5.2. Results from the BHP Bidirectional FSI Simulation
5.2.1. Simulation Results for the BHP Vibration with Different Elastic Layer Thicknesses

The curve for the radial acceleration at the middle node (point P) in the BHP with
different thicknesses of the elastic layer is shown in Figure 14.
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RTV as the elastic layer; (b) BHP with RTV-SWCNTs composite materials as the elastic layer.

As can be seen in Figure 14 that the amplitude of the radial acceleration in the BHP
decreases with the increase in the thickness of the elastic layer.

Figure 15 shows the comparison curves for the radial acceleration at point P in the
BHPs with RTV or SWCNTs added when the thickness of the elastic layer is the same.
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Figure 15 shows that when the thickness of the elastic layer is the same, the vibration
acceleration in the three-layer BHP with SWCNTs added is lower than that of the double-
layer BHP and the vibration absorption effect is better. Adding the SWCNTs to the elastic
layer increases its tensile strength and the smooth inner wall of the pipeline can not only
reduce the fluid resistance but also stabilize the flow.

The vibration reduction is ‘the standard deviation of the radial acceleration of the BHP
with RTV as the elastic layer minus the standard deviation of the radial acceleration of the
BHP with RTV-SWCNTs composite material as the elastic layer’. The vibration reduction
reflects the degree of vibration suppression in the BHP with the same elastic layer thickness
and different materials, as shown in Table 6.

Table 6. The suppressive effect of the different thicknesses of the elastic layer on pipeline vibration.

Thickness (mm)
RTV RTV-SWCNTs Composite Materials

Vibration Reduction (%)
The Standard Deviation for the Vibration Acceleration

5 7.58 × 10–10 5.89 × 10–10 22.3
10 6.73 × 10–10 5.23 × 10–10 22.3
20 5.775 × 10–10 4.297 × 10–10 25.6
25 4.82 × 10–10 3.375 × 10–10 29.98

It can be seen from Table 6 that the standard deviation for the radial acceleration in the
three-layer BHP with SWCNTs added is significantly lower than that of the double-layer
BHP with RTV as the elastic layer. And with the increase in the pipeline thickness, the
suppressive effect of the vibration increases.

5.2.2. Simulation Results for BHP Vibration with Different Lengths of Pipeline

The curves for the radial acceleration at point P in the BHP with different lengths of
the elastic layer are shown in Figure 16.
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In Figure 16, the amplitude of the radial acceleration in the BHP decreases with the
increase in the pipeline length. In reference to Section 5.2.1, Figure A2 (in Appendix C)
shows the radial acceleration curves for the BHPs with different elastic layer materials at P
point when the pipe length is the same.

As shown in Figure A2, when the pipeline length is the same, the vibration acceleration
in the three-layer BHP with SWCNTs added is lower than that of the double-layer BHP with
RTV as the elastic layer, and the effect of the vibration absorption is better. The suppressive
effect of the different lengths in the BHP on the vibration of the pipeline wall is shown
in Table 7.
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Table 7. The suppressive effect of the different lengths in the BHP on the vibration of the pipeline wall.

Length (mm)
RTV RTV-SWCNTs Composite Materials

Vibration Reduction (%)
The Standard Deviation for the Vibration Acceleration

100 1.956 × 10−6 1.675 × 10−6 14.4
150 1.736 × 10−6 1.435 × 10−6 17.3
250 1.542 × 10−6 1.237 × 10−6 19.8
300 1.373 × 10−6 1.176 × 10−6 14.3

It can be seen that the standard deviation for the radial acceleration in the BHP with
RTV-SWCNTs composite materials as the elastic layer is significantly lower than that of the
BHP with RTV. And with the increase in the pipeline length, the suppressive effect of the
vibration increases. Besides, when the length of the pipeline is 250 mm, the percentage of
pulsation reduction in the pipeline is the largest and the effect of the vibration reduction is
the best, which lays the foundation for further optimization in the design of the BHP.

5.3. Results from the BHP Vibration Experiment
5.3.1. Pulsation Absorption Experiment Results for the BHP with Different Thicknesses of
Elastic Layer

The outlet flow pulsation curves for the different BHPs are shown in Figure 17.
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Figure 17. Effect of thickness of the elastic layer on flow pulsation. (a) BHP with RTV as the elastic
layer; (b) BHP with RTV-SWCNTs composite materials as the elastic layer.

The amplitude of the flow pulsation at the outlet of the double-layer BHP with RTV as
the elastic layer and the three-layer BHP with RTV-SWCNTs composite materials as the
elastic layer decreases with the increase in the thickness of the elastic layer. This shows
that the elastic materials (RTV and RTV-SWCNTs composite materials) have an absorption
effect on the flow pulsation at the outlet of the hydraulic pump. And with the increase in
the thickness of the pipeline, the absorption effect of the flow pulsation increases.

The comparison curves for the flow pulsation at the outlet of the double-layer BHP
with RTV as the elastic layer and the three-layer BHP with RTV-SWCNTs composite
materials as the elastic layer under the same thickness of the elastic layer are shown
in Figure 18.

Figure 18 shows that the amplitude of the flow pulsation in the three-layer BHP with
RTV-SWCNTs composite materials as the elastic layer is significantly lower than that of the
double-layer BHP with RTV as the elastic layer.
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The absorption effect of the flow pulsation in the BHPs with different thicknesses of
the elastic layer is shown in Table 8. The pulsation reduction is ‘the standard deviation of
flow pulsation at the outlet of BHP with RTV as the elastic layer subtracts the standard
deviation of flow pulsation at the outlet of BHP with RTV-SWCNTs as the composite elastic
layer’. The pulsation reduction reflects the flow pulsation absorption effect for the BHP
with the same pipeline thickness and different elastic layer materials.

Table 8. The absorption effect of the flow pulsation for the BHP with different thicknesses of the
elastic layer.

No. Thickness (mm)
RTV RTV-SWCNTs Composite Materials

Pulsation Reduction (%)
The Standard Deviation for the Flow Pulsation

1 5 0.319 0.248 22.3
2 10 0.291 0.215 26.1
3 15 0.253 0.177 30.04
4 20 0.1802 0.128 28.97
5 25 0.1197 0.0872 27.15

The standard deviation for the flow pulsation in the three-layer BHP with SWCNTs
added is significantly lower than that of the double-layer BHP with RTV as the elastic
layer. With the increase in the thickness of the pipeline, the standard deviation for the flow
pulsation at the outlet of the pipeline decreases, and the effect of the pulsation absorption
increases. When the thickness of the elastic layer is 15 mm, the percentage of pulsation
reduction is the largest and the absorption effect of the flow pulsation is the best, which
lays the experimental foundation for further optimization of BHPs.
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5.3.2. Pulsation Absorption Experiment Results for the BHP with Different Lengths of Pipeline

The flow pulsation curves for the different BHPs are shown in Figure 19. The amplitude
of the flow pulsation at the outlet of both the double-layer BHP with RTV as the elastic
layer and the three-layer BHP with RTV-SWCNTs composite materials as the elastic layer
decreases with the increase in the length of the pipeline. In the limited length range of the
experiment, the capacity of the BHP to absorb flow pulsation increases with the increase in
its length.
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Figure 19. Flow pulsation curve for the BHP outlet. (a) RTV as the elastic layer; (b) RTV-SWCNTs 
composite as the elastic layer. 
Figure 19. Flow pulsation curve for the BHP outlet. (a) RTV as the elastic layer; (b) RTV-SWCNTs
composite as the elastic layer.

In reference to Section 5.3.1, the comparison curves for the flow pulsation at the outlet
of the double-layer BHP with RTV or RTV-SWCNTs composite materials as the elastic layer
under the same length of pipeline are shown in Figure A3 (Appendix C).

It can be seen from Figure A3 that the amplitude of the flow pulsation in the three-layer
BHP with RTV-SWCNTs composite materials as the elastic layer is significantly lower than
that of the double-layer BHP with RTV as the elastic layer. The absorption effect of the flow
pulsation in the BHPs with different lengths is shown in Table 9.

Table 9. The absorption effect of flow pulsation in the BHPs with different lengths of pipeline.

No. Length (mm)
RTV RTV-SWCNTs Composite Materials

Pulsation Reduction (%)
The Standard Deviation for Flow Pulsation

1 130 0.319 0.248 22.3
6 180 0.301 0.216 28.2
7 230 0.2702 0.1779 34.16
8 280 0.1824 0.1296 28.9
9 330 0.128 0.0913 28.7

The standard deviation for the flow pulsation in the three-layer BHP with SWCNTs
added is significantly lower than that of the double-layer BHP with RTV as the elastic
layer. With the increase in the length of the pipeline, the standard deviation for the flow
pulsation at the outlet of the pipeline decreases, and the effect of the pulsation absorption
increases. When the length of the pipeline is 230 mm, the percentage of pulsation reduction
is the largest and the absorption effect of the flow pulsation is the best, which lays the
experimental foundation for further optimization of BHPs.

5.3.3. Vibration Experiment Results for the BHP with Different Elastic Layer Thicknesses

The radial acceleration amplitude for the pipe wall at the middle node (point P) in
each BHP is shown in Figure 20.
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Figure 20. Effect of elastic layer thickness on the radial acceleration at point P.(a) BHP with RTV as 
the elastic layer; (b) BHP with RTV-SWCNTs composite materials as the elastic layer. 
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Figure 20. Effect of elastic layer thickness on the radial acceleration at point P.(a) BHP with RTV as
the elastic layer; (b) BHP with RTV-SWCNTs composite materials as the elastic layer.

The radial acceleration amplitude at point P in the two-layer BHP with RTV as the
elastic layer and the three-layer BHP with RTV-SWCNTs composite as the elastic layer
decreases as the thickness of the elastic layer increases. This indicates that elastic materials
(RTV or RTV-SWCNTs composites) can suppress pipeline vibration by absorbing the
flow pulsation. With the increase in the elastic layer thickness, the effect of the vibration
suppression is more obvious.

In reference to Section 5.2.1, Figure A4 (Appendix C) compares the amplitude of the
radial acceleration at point P in the BHPs with RTV or RTV-SWCNTs composite as the
elastic layer when the thickness of the elastic layer is the same.

In Figure A4, it can be seen that the radial acceleration at point P in the three-layer BHP
with RTV-SWCNTs composite material as the elastic layer is significantly lower than that
of double-layer BHP with RTV as the elastic layer. The data on the vibration suppression
effect in the BHP with different thicknesses of the elastic layer is shown in Table 10.

Table 10. Suppression effect in BHPs with different thicknesses of the elastic layer on pipe vibration.

No. Thickness (mm)
RTV RTV-SWCNTs Composite Materials

Vibration Reduction(%)
The Standard Deviation for Radial Acceleration

1 5 0.179 0.162 9.5
2 10 0.143 0.106 25.9
3 15 0.1202 0.0758 36.9
4 20 0.098 0.0689 29.7
5 25 0.0892 0.0689 22.8

It can be seen that the standard deviation for the radial acceleration in the three-layer
BHP with SWCNTs is significantly lower than that of double-layer BHP with RTV as the
elastic layer. As the thickness increases, the standard deviation for the radial acceleration
decreases, and the effect of the pulsation absorption increases. When the thickness of the
elastic layer is 15 mm, the percentage of the pulsation reduction is the largest, and the
vibration suppression effect in the BHP is the best. This conclusion lays the experimental
foundation for the further optimization of BHPs.

5.3.4. Vibration Experiment Results for the BHP with Different Lengths of Pipeline

The radial acceleration amplitude for the pipe wall at point P for each BHP is shown
in Figure 21.
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Figure 21. Effect of the length of the elastic layer on the radial acceleration at point P. (a) RTV as the 
elastic layer; (b) RTV-SWCNTs composite materials as the elastic layer. 
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elastic layer; (b) RTV-SWCNTs composite materials as the elastic layer.

The radial acceleration amplitude in the double-layer BHP with RTV as the elastic
layer and the three-layer BHP with RTV-SWCNTs composite material as the elastic layer
both decreased with the increase in the pipeline length. Moreover, as the length increases,
the vibration suppression effect in the BHP on the pipeline system increases.

In reference to Section 5.2.1, Figure A5 (in Appendix C) compares the radial accelera-
tion amplitude in the BHP with the same pipeline length and different elastic layers.

As shown in Figure A5, the acceleration amplitude in the three-layer BHP with RTV-
SWCNTs composite as the elastic layer is significantly lower than that of the double-layer
BHP with RTV as the elastic layer.

The vibration suppression effect of the BHPs with different lengths of pipeline is
shown in Table 11.

Table 11. Suppression effect in the BHPs with different lengths of pipeline on pipe vibration.

No. Length (mm)
RTV RTV-SWCNTs Composite Materials

Vibration Reduction (%)
The Standard Deviation for Radial Acceleration

1 130 0.179 0.174 2.8
6 180 0.138 0.132 4.3
7 230 0.1202 0.102 15.14
8 280 0.108 0.0615 43.1
9 330 0.0712 0.03697 48.1

The standard deviation for the radial acceleration in the three-layer BHP with SWCNTs
added is significantly lower than that of the double-layer BHP with RTV as the elastic layer.
As the length increases, the standard deviation for the radial acceleration decreases, and
the effect of the pulsation absorption increases. Moreover, when the length is 330 mm, the
percentage of the pulsation reduction is the largest, and the vibration suppression effect in
the BHP is the best. This lays a certain experimental foundation for further optimization
of BHPs.

6. Conclusions

In this paper, based on the vibration control in the double-layer BHP to the hydraulic
pump port, the BHP with a three-layer structure is made by adding the SWCNTs. The
simulation analysis and experiments are carried out, and the results are compared with
those for the double-layer BHPs with RTV as the elastic layer, thus the following conclusions
are obtained:
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1. The RTV-SWCNTs composite is prepared by surface modification of the SWCNTs
with noncovalent functionalization. And through the tensile test and SEM experiment,
it is found that the CNTs are saturated in the composites when the content of the
CNTs is 0.5 vol%~1 vol%, and the mechanical properties of the composites are better.
When the content of the CNTs exceeds 1 vol%, the CNTs will agglomerate, which will
reduce the mechanical properties of the composite. By comparing the experimental
data, the mechanical properties of the RTV-SWCNTs composites are the best when
the content of the CNTs is 0.5 vol%.

2. Based on the previously established BHP dynamic model, considering the influence
of friction coupling, the dynamic model of BHP is modified. The response curve for
the BHP in the frequency domain is obtained by solving the dynamic model with
MATLAB software, and the modal test verified the correctness of the modified model.

3. The BHP with nanomaterials added is prepared, and the effect of the BHP on absorbing
the flow pulsation and inhibiting pipeline vibration is verified through simulation
analysis and experiments. Compared with the previous test data, the effect of the BHP
with nanomaterials added on inhibiting pipeline system vibration is more obvious
than that of the double-layer BHP with RTV as the elastic layer material. The effect
increases with the increasing thickness of the elastic layer and increases with the
growing length of the BHP.

4. This paper provides new theoretical and technical support for further design opti-
mization of BHPs and the engineering application of vibration suppression.

In the following research work, we will conduct further research on the BHP. In this
paper, only THF is used as a dispersant to disperse SWCNTs in RTV. We will explore better
dispersion methods and matrix materials to improve the material properties in the BHP’s
elastic layer. The thickness and length of the BHP’s elastic layer will be further optimized to
find the optimum thickness and length for absorbing pipeline vibration and flow pulsation
in the pump outlet pipeline.
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Appendix A. Nomenclature and Numerical Values for the Parameters in the
Theoretical and Simulation Models

Table A1. Structural parameters for the BHP.

Parameter Name Value Parameter Name Value

Length of the pipeline (L) 0.33 m The bulk modulus of stainless steel (K) 1.95 GPa
Inside diameter of the pipeline (r) 0.005 m Young’s modulus of stainless steel (E) 213 GPa
The thickness of the elastic layer (er) 0.005 m Shear modulus of stainless steel (G) 81.9 GPa

The thickness of the stainless steel layer (et) 0.002 m The density of elastic material (ρr) 1150 kg/m3

Poisson’s ratio for elastic material (υr) 0.5 Stainless steel density (ρt) 7800 kg/m3

Poisson’s ratio for stainless steel (υt) 0.3 Fluid viscosity (v) 10−5 m2/s
Elastic material parameters C10 −0.02593 MPa Plug quality (mt) 0.6 kg
Elastic material parameters C01 1.733 MPa

Appendix B. The Specification for the Experimental Apparatus and Measurement System
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Figure A2. Radial acceleration at point P with different materials in the elastic layer. The length of
the pipeline is: (a) 100 mm; (b) 150 mm; (c) 250 mm; (d) 300 mm.
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