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Abstract. To solve the problem that the flow dynamic characteristic of the bladder pressure
pulsation attenuator cannot be quantitatively analyzed, a bladder pressure pulsation attenuator was
taken as the research object, and the dynamic mesh technology was combined with the
User-Defined-Function (UDF) to numerically simulate the working process of the attenuator.
Overcoming the divergence problem in finite-element fluid calculation and the negative volume
problem in mesh updating process, the bladder pressure pulsation attenuator was dynamically
simulated under different fluctuating frequencies and different inflatable pressure, the change of
internal flow field was monitored in time. The results show that the resistance loss through the
attenuator increases with the increase of the frequency and the increase of the charging pressure.
The local resistance loss is much higher than the frictional resistance loss. The simulation results
match the experimental results, that verifies the model's validity and correctness, and also provides
a new method and idea to improve bladder attenuator's resistance loss and analyze the variable
boundary problem.

Keywords: dynamic mesh technology, user-defined-function, bladder pressure, resistance loss.
1. Introduction

A piping system may become a severe hidden problem of engineering safety since its service
life and operational accuracy could be affected by the vibration resulting from the pulsation of
flow rate and pressure. Installing a pulsation attenuator in the pipeline system is the most widely
used method for attenuating pressure pulsation and reducing fluid noise [1, 2].

To satisfy the needs of engineering, attenuator has been extensively studied at home and
abroad. The acoustic performance, hydrodynamic performance and structural performance of the
attenuator are the focus of research. As early as 1871, Baldwin began to study the energy storage
pressure fluctuation attenuator and applied for a patent [3]. Kenlchirgu simplified the bladder
movement of the bladder attenuator. He started to change the cross-sectional area of the bladder
in contact with the oil to change the attenuator’s research on high-frequency pulsation suppression
through experiments [4, 5]. Japanese scholars put forward an insertion loss characteristic
expression for attenuator from the acoustic perspective, and determined the optimal position for
inserting attenuator in a theoretical way, so as to help effectively find the optimal position for
insertion [6]. Wang et al. deduced the insertion loss of bladder-type attenuator by virtue of transfer
matrix [7], but insertion loss could not reflect the pulsation attenuation characteristics in front of
and behind attenuator, and not be used to analyze the influence of the structural dimensions of
attenuator on its attenuation properties. Reference [8] simplified the attenuator to a gas
spring-damping model, and established a mathematical model of the bladder attenuator. Reference
[9] adopted the same mathematical model theory to analyze and obtained the optimal attenuation
effect of the attenuator when the operating frequency is the same as the natural frequency.
However, this model cannot fully explain the influence of the structural parameters of the bladder
and the attenuator on the performance of the attenuator. Reference [10] proposed a pipeline
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pressure pulsation suppression device based on the principle of damper and orifice plate filtering,
using attenuator group to suppress low-frequency pressure pulsation and orifice plate to suppress
high-frequency pressure pulsation. The test showed that the attenuation reached up to 50 % when
the flow rate was pulsed at 20 Hz, but this study did not carry out an in-depth theoretical analysis
of the attenuator group, and there was a disadvantage of large volume. Luo et al. presented a
calculation method for optimizing multiple accumulators. Simulation and experiment analyses
revealed that integrating multiple accumulators into a seawater piston pump and optimizing the
precharged parameters can reduce the pressure pulsation under different levels of working back
pressure [11]. Kumar et al. studied the control of pressure fluctuation in a hydraulic system and
the energy savings from fluctuation by using a bladder-type hydraulic accumulator. A simulation
of the hydraulic system was conducted on MATLAB/Simulink. The results showed that the ability
to absorb fluctuation and stabilize the system is high in a small capacity accumulator. A time lag
occurs as the size of the accumulator increases [12]. Zhao et al. designed a new type of
double-bladder attenuator, and analyzed the relationship between its natural frequency and
structural parameters based on a Maxwell mechanical model, so as to provide a new approach to
the analysis of duplex attenuator characteristics [13]. Reference [14] simplified the mechanical
model of the bladder-type attenuator, provided theoretical support for the better selection of the
initial volume and pre-inflation pressure of the attenuator through programming simulation and
in-depth analysis of the performance of the attenuator. Based on the above mechanical model, Li
Mingjie et al. used AMESim software to carry out simulation analysis on the bladder attenuator.
The system pressure impact was relatively low when the pre-inflated pressure of the attenuator
was 80 % ~ 90 % of the working pressure of the system [15]. Nevertheless, their studies only
focused on the static effect of fixed fluid pressure, and overlooked the coupling effect of fluid and
bladder when the pulsating fluid flows through the attenuator.

In the previous studies on the acoustic performance, hydrodynamic performance and structural
performance of the bladder attenuator, the coupling effect of the bladder and the pressure oil has
been ignored, and the problem of the bladder variable boundary has been simplified into a fixed
boundary problem for analysis. Therefore, the performance of the balloon attenuator could not be
analyzed in a real way. Because the bladder attenuator exchanges energy through the bladder
boundary during operation, the boundary shrinks and expands continuously, its calculation
boundary changes constantly, and the internal flow field is constantly changing. It is a typical
nonlinear and unsteady fluid problem with variable boundary. Classical methods are often difficult
to obtain analytical results, and theoretical models are difficult to quantify the performance of
attenuators, and cannot meet the fine analysis required by modern industry. With the development
of finite element calculation software, there have been many successful cases of using dynamic
mesh technology to study the problem of variable boundaries. For example, Reference [16] used
dynamic grid technology to successfully predict the growth of dynamic cracks. The model
proposed in the article is very suitable for predicting the material discontinuities commonly
observed in composite structures. Reference [17] used dynamic grid technology to perform CFD
analysis on the wing's static and time-varying deformation, and developed an unsteady transient
analysis method for deformed airfoils. Reference [18] studied the mechanism of steam flow
excited vibration and its influence on the dynamic characteristics of the rotor based on the mesh
deformation simulation of the rotation motion of the three-dimensional rotor. Reference [19]
established a CFD finite element model based on the erosion-dynamic mesh coupling theory, and
analyzed the impact of sand on the erosion evolution of the wire-wound screen during the sand
control process. Reference [20] introduced VOF multiphase flow model and Schnerr-SAUer
cavitation model based on the finite volume method of N-S equation. Combined with the dynamic
grid technology, the numerical calculation models of underwater two-lien projectiles and
three-lien projectiles were established respectively, and the resistance characteristic curves of the
projectiles were obtained. In reference [21], in order to analyze the characteristics of the cavitation
flow field of a non-concentric squeeze film damper, a three-dimensional numerical model of
unsteady cavitation flow field was built by using the mixture multiphase flow model and the
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moving grid technology, and the pressure and gas phase volume fraction distribution of the flow
field of the squeeze oil film damper at different moments of the inner ring inculcations under
different oil supply pressures were calculated. It can be seen from the above successful cases that
the dynamic grid technology can be used to solve the problem of variable boundaries. Combined
with the dynamic grid technology, a numerical analysis model based on CFD is established
according to the features of bladder pulsation attenuator, so as to analyze the relationship between
the performance and structure of pulsation attenuator, optimize the structure of attenuator, and
improve the work performance of attenuator in a comprehensive way. This will lead the study of
pulsation attenuation into a new field.

In order to accurately predict the fluid dynamic characteristics of the attenuator, this paper
establishes the mathematical model and three-dimensional model of the bladder pressure pulsation
attenuator. The dynamic mesh technology was combined with user-defined functions (UDF) to
simulate the bladder movement and perform the numerical calculation. The flow field inside the
attenuator is monitored in time, the resistance loss of the bladder attenuator in the working process
is calculated, the factors affecting the resistance loss and the law of influence are analyzed, and a
test bench is built for experimental verification.

2. The mechanism of bladder attenuator resistance loss

The acoustic performance, hydrodynamic performance and structural performance of the
bladder attenuator are interrelated and mutually restricted, so the research on the hydrodynamic
performance of the attenuator is very important. According to the mechanism of resistance loss,
resistance loss can be divided into two categories [22]: friction resistance loss and local resistance
loss.

2.1. Friction resistance loss

The frictional resistance of the fluid is caused by the viscosity that appears when the fluid
moves. The frictional resistance can be calculated according to the Darcy-Weisbach formula as
follows:

l pvi
—-F7 1
Vp=2 R (1)
Among them, [ and d are the equivalent length and diameter of the attenuator, p is the fluid
density, v, is the fluid velocity, and A is the coefficient related to the Reynolds number of the fluid
flow.

2.2. Local resistance loss

The local resistance loss of the fluid is produced when the normal flow is locally damaged.
When the fluid flows pass through the attenuator, the fluid diffuses, shrinks, bends and branches.
The rate, direction of the fluid flow or both of them change, causing the partial fluid to exchange
momentum and vortex, thus consuming energy and producing a local pressure drop, which is
called local drag loss. The calculation formula of local resistance loss is as follows:

2
Ap = g% )

Among them, ¢ is called the local drag coefficient, which depends on the local change of the
attenuator structure.

The cross-section of the connection between the attenuator and the pipeline changes greatly,
and the local resistance loss when the fluid flows through the attenuator is much greater than the
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frictional resistance loss. The resistance loss studied in this paper is the total resistance loss, which
is calculated by the formula Ap = p; — p, (where: p, is the inlet pressure of the attenuator and p,
is the outlet pressure of the attenuator).

3. Simulation analysis of bladder attenuator
3.1. Physical model of bladder attenuator

The structure diagram of the bladder attenuator is presented in Fig. 1. The main dimensions of
the attenuator are: bladder V = 25L, L; = 918.5 mm, d; = 280 mm, d, =42 mm. When the fluid
flows through the attenuator, the pressure of the fluid causes the bladder to deform. The
three-dimensional method is used to simulate the resistance loss of the attenuator. The key issue
is the correct handling of the bladder movement. The bladder attenuator in this article does not
consider the elastic modulus of the bladder when building the model, and treats the bladder as a
rigid wall. The movement of the bladder is transformed into a “gas spring-damper model”. The
physical model of the attenuator is presented in Fig. 2.

«~—| Outlet S O'lp

! ! Bladder =
. ~ cavity —
— | Inlet =

L1

I
Fig. 1. Structure diagram of bladder pressure pulsation attenuator

H ANSYS

R16.0

Fig. 2. Simplified model of bladder pressure pulsation attenuator
3.2. Calculation model of bladder attenuator

In this paper, the flow velocity of the fluid is much lower than the sound velocity of 1480 m/s
in water, and the density change of the fluid can be ignored, which is regarded as an
incompressible flow. This article studies the unsteady turbulent motion. It is generally believed
that no matter how complicated the turbulent motion is, the unsteady continuous equation and
Navier-Stokes equation are applicable to the instantaneous motion of turbulence. The components
of the velocity vectoruin the x, y, and z directions areu, v, and w, and the instantaneous turbulent
control equations are as follows [23]:

divu = 0, 3)
du 10p
oJu . __1op , 4
5t + div(uu) 0 9x + vdiv(gradu), @)
av 10p

. __1 . 5
% + div(vu) p_ay + vdiv(gradv), (5)
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M+ divwn) = —~ 2 1 vdiv(gradw) 6
T iv(wu) = 09z vdiv(gradw). (6)

At present, the most widely used turbulence model for numerical simulation is the standard
k-& model. In the standard k-& model, k and € are two basic unknowns, and the corresponding
transportation equation is as follows [24]:

) ) 9 e\ ok
&(pk)-l_a_xi(pujk)_a_acj[(ﬂ+a_k>6_3cj]+Gk+Gb_pS_YM+SK' (7)
0 0 0 Uy 0 € g2

E(PS) + a_xi(pgui) = 6_x] [(M + U_s) 6_xj] + ClsE(Gk + C3:Gp) — pCZE? + S, ®

In these laws, p is fluid density; u, v, w are the velocity component of velocity vector in the
directions x, y and z; u is dynamic viscosity of fluid; ut is turbulent viscosity; f is traversing
force; Gk, Gb are turbulent energy terms; C;, C,, C5 are empirical constants, which are 1.44, 1.92,
and 0.99 respectively; ok, ge are Prandtl numbers of turbulence, which are 1.0 and 1.3
respectively.

3.3. Dynamic mesh technology

The calculation model of attenuator is cylindrical, so that there are very high requirements for
the quality of mesh because of the generation and elimination of meshes in the motion of bladder.
For this reason, structured mesh generation calculation model is adopted since it features good
quality, simple data structure, and smooth area, and it is easier to approximate the actual model,
so as to prevent the occurrence of negative volume as much as possible. For several different parts
of the pipeline, oil cavity and bladder, different blocks are created respectively, and the parts are
processed as O-Block. The local division and local mesh are shown in Fig. 3.

Fig. 3. Schematic diagram of local subdivision and mesh

It can be seen from Figs. 1 and 2 that the movement of the bladder is affected by the
combination of the oil cavity, the air pressure in the bladder, its own gravity and other forces. The
oil pressure changes cause the bladder to move, which makes the air pressure change. The bladder
movement is coupled with the flow field. It is difficult to express it in expressions. The coupling
movement of the bladder and the flow field is described by writing a macro function. The
movement area includes the movement of the bladder and the deformation of the cylindrical
surface. The movement of the bladder is described by a user-defined function. Its core is the macro
function DEFINE-SDOF-PROPERTIES. The principle of the macro function is to release the
translational freedom of the Z axis and constrain X, Y axis translation and X, Y, and Z axis
rotation (the positions of X, Y, and Z are shown in Fig. 3, where the Z axis is the axial direction
of the attenuator); the cylindrical surface is used as the deformation area by setting the cylindrical
surface deforming, the movement process is controlled by the cylinder. The mesh update method

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 1015



STUDY ON FLOW DYNAMIC CHARACTERISTIC OF BLADDER PRESSURE PULSATION ATTENUATOR BASED ON DYNAMIC MESH TECHNOLOGY.
QING XIN, YONGXIANG ZHANG, JIAWEI LI

selects the dynamic layer method, the control parameter selects the constant height option, and the
default split factor and merge factor are maintained.

3.4. Simulation scheme

The fluid medium is 46# lubricating oil with initial temperature 40 °C, density 860 kg/m* and
kinematic viscosity 46 mm?/s. The boundary conditions are as follows:

(1) Wall boundary conditions.

The viscous fluid has no translation or rotation at the boundary of the wall, and the boundary
condition of speed must satisfy the non-slip condition, so the wall is set as a non-slip wall.

(2) Inlet boundary conditions.

The power of the experiment in this article comes from the twin-head screw pump. In order to
be unified with the subsequent experimental verification, the simulation inlet boundary is set as a
pressure inlet with sinusoidal regular fluctuations to simulate different inlet conditions at the
output of the screw pump. The inlet conditions are defined by a user-defined function (UDF)
definition.

(3) Outlet boundary conditions.

The outlet boundary condition is set to static pressure outlet, and the outlet pressure is set to
zero, which is easier to converge in the iterative calculation.

The main purpose of this simulation is to simulate and calculate the resistance loss when the
fluid flows pass through the attenuator. It can be seen from formula 1 and 2 that the resistance loss
is mainly affected by the structure of the attenuator and the fluid flow rate. By setting different
speeds and inlet velocity, the resistance loss of the attenuator under different working conditions
is simulated. In order to accurately measure the pressure, after the system is stabilized, the velocity
vector diagram of the attenuator is observed to avoid the fluid backflow area and the measuring
points A and B are arranged as shown in Fig. 3.

Table 1. Simulation conditions
Frequency f /Hz 18 22 26 30 34 38 42 46
Rotate speed r /min | 540 | 660 | 780 | 900 | 1020 | 1140 | 1260 | 1380
Inlet velocitym /s | 0.62 | 0.77 | 091 | 1.05 | 1.19 | 1.33 | 148 | 1.61

This paper takes a self-made pressure pulsation attenuator as the research object. According to
the actual working conditions, the average pressure of the system is selected as 0.8x10° Pa, and
the initial inflation pressure of the bladder is 0.2x10° Pa-0.5x10° Pa. The flow process in the
pipeline and attenuator is considered to be adiabatic, without considering the energy exchange
with the outside world. According to the theoretical flow calculation formula of screw pump [25]
Q = 2ATn (Q is the flow, A is the cross sectional area of the spiral working length, T is the spiral
lead, and n is the rotate speed), the inlet velocity at different speeds can be calculated. The
simulation operating conditions are set as shown in Table 1.

3.5. Mesh number independence test

For non-steady-state numerical simulations, it is necessary to determine the mesh
independence verification between the number of meshes used and the results of the calculation.
This paper studies the resistance loss caused by fluid flowing through the attenuator, so the
pressure value in the simulation calculation results needs to be independently tested. When the
bladder pressure is 0.5x10° Pa and the pulse frequency of the lubricant is 18 Hz, the five different
mesh quantities are independently tested, and the average result of the pressure of inlet A and
outlet B is obtained when the system pressure stabilizes, as shown in Table 2.

As can be found from Table 2, the number of meshes has a great impact on the simulation
results, when the number of meshes is less than 270,000, the simulation results vary greatly, and
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when the number of meshes is greater than 270,000, the simulation results tend to stabilize. Taking
into account the simulation time and simulation error, it is concluded that the independence
requirements of the number of grids can be met when the number of grids is 277370.

Table 2. Results of mesh number independence test

Mesh quantities
131885 | 190752 | 277370 | 426576 | 739047
Average inlet pressure / Pa | 854156 | 865632 | 795482 | 793588 | 794215
Average outlet pressure / Pa | 815475 | 826588 | 731268 | 730025 | 730894

Content

3.6. Simulation results and analysis

Fig. 4 is the velocity vector diagram and turbulent kinetic energy clouds when the bladder
pressure is 0.5x10°Pa and the lubricating oil pulsation frequency is 18 Hz and the system pressure
is stable. It can be seen from the figure that when the fluid flows into the attenuator, at the entrance
of the attenuator, part of the fluid maintains its original state of motion, while the other part quickly
spreads to the attenuator, and has irregular motions such as vortices and vortices, and the fluid
collides on the wall surface, the size and direction of the fluid velocity have changed at this time,
resulting in energy loss. After the fluid enters the attenuator, it contacts the bladder, causing
resistance loss again. Finally, a similar fluid phenomenon occurs again when the fluid flows out
of the attenuator, a resistance loss occurs. Therefore, the fluid flow state changes when the fluid
flows through the attenuator, causing resistance loss.

——

e il
Fig. 4. Velocity vector graphs and turbulent kinetic energy clouds

When the bladder pressure is 0.5x10° Pa and the lubricating oil pulsation frequency is 18 Hz,
according to the simulated pressure response curve in Fig. 5, the analysis shows that when the
system pressure is stable, the maximum pressure at the inlet is 836x10° Pa, the minimum pressure
is 755x103 Pa and the average pressure is 795.5x10°Pa. The maximum pressure at the outlet is
758%10° Pa, the minimum pressure is 704x10° Pa, and the average pressure is 731x103 Pa. At this
point, the resistance loss is 64.5x103 Pa. Similarly, when the bladder pressure is 0.5x10° Pa and
the lubricating oil pulsation frequency is 46 Hz, according to the simulated pressure response
curve in Fig. 6, the analysis shows that when the system pressure is stable, the maximum pressure
at the inlet is 867x10° Pa, the minimum pressure is 730x10° Pa and the average pressure is
798.5x10% Pa. The maximum pressure at the outlet is 698x10° Pa, the minimum pressure is
658x103 Pa, and the average pressure is 678x10° Pa. At this point, the resistance loss is
120.5%10° Pa.

By using the same method to calculate and analyze other working conditions, the results of the
resistance loss in other working conditions can be obtained. Table 3 shows the results of the
resistance loss when the attenuator is simulated under different working conditions. It can be seen
from the simulation results in Table 3 that the attenuator's resistance loss is different under
different working conditions.
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With the increase of the lubricating oil pulsation frequency, the resistance loss when the fluid
flows through the attenuator continues to increase. The reason is that the speed of the screw pump
increases, which increases the lubricating oil pulsation frequency, causing the increase in the flow
rate of the screw pump and making the lubricating oil in the attenuator the flow rate increases
continuously, which in turn increases the resistance loss, and the simulation results conform to the
theoretical calculation rules of Literature 22. With the increase of the inflation pressure of the
bladder, the resistance loss of the fluid flowing through the attenuator increases continuously. The
reason is that after the increase of the initial aeration pressure of the bladder, the volume of the
bladder becomes larger, and the contact area between the oil and the bladder becomes larger,
which makes the resistance loss becomes larger.

8=X105 .
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Fig. 5. Simulation pressure response curve when the bladder pressure is 0.5x10° Pa and 18 Hz
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Fig. 6. Simulation pressure response curve when the bladder pressure is 0.5x10° Pa and 46 Hz

Table 3. Resistance loss AP / 103 Pa simulation results
Frequency f / Hz

6

Bladder pressure p, / 10° Pa 13 2 T261 30 1341331 1 26
0.2 50 59 [ 61| 68 | 75|84 92 98
0.3 55 67 | 721755 |81 |90 | 98 106
0.4 62 | 705 |81 | 8 [ 90|95 | 105 | 111
0.5 645 | 71 82 1 90 |94 |98 | 109 | 120.5

4. Experimental study
4.1. Experimental principle and scheme

In order to verify the correctness and feasibility of the dynamic grid technology for calculating
the resistance loss of the attenuator, an experimental platform was built according to the actual
layout of a certain type of diesel engine lubricating oil pipeline, and the experiment verified the
actual engineering and simulation content. The experimental platform was mainly comprised of
double-head screw pump, oil tank, lubricating oil pipeline, bladder-type attenuator, precision
pressure gauge, and control box, and its schematic diagram and facilities are as shown in Fig. 7
and Fig. 8. Due to the long pipeline, in order to accurately obtain the pressure value of the inlet
and outlet of the attenuator, select the position close to the gate valve 1 and 2 to set the measuring
points 1 and 2, and compare the data by selecting the same working conditions as the simulation
to verify the reliability of the simulation. When the test bench is working, the gate valves 1 and 2
are opened. At this time, the lubricating oil is output from the screw pump, passes through the
attenuator, and returns to the oil tank from the throttle valve 3 through the circulation loop. The
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rotation speed of the screw pump is controlled by the control box, the pulsation frequency of the
inlet lubricating oil is controlled, the throttle valve 3 is adjusted to make the oil circuit reach the
required oil pressure. By analyzing and comparing the pressure of measuring points 1 and 2, the
resistance loss of the pulsating oil pressure through the attenuator can be obtained.

® Gate 1  Attenuator

crew pump

Measurement
Point 2

‘ Throttle 3

Oil tank
Fig. 7. Schematic diagram of attenuator resistance loss experiment

The same frequency and work pressure as used in simulation were selected for the experiment.
The work pressure was set to 0.8x10°Pa. The main frequency of oil pulsation in the piping system
was twice of the rotational frequency of double-head screw pump. The setting of operating
conditions is presented in Table 4. The test system for the experiment was comprised of
HM90-H2-3-V2-F1-W2 pressure sensors with the range of 0-3x10° Pa, B&K3610-A-042 data
collector with the highest sampling frequency of 131,072Hz, and pressure gauges. The output end
of pressure sensor was connected to the PLUSE system collector produced by B&K for
transmission to computer. The signal sampling frequency in the experiment was 32,768 Hz.

Table 4. Experimental conditions
Frequency f /Hz 18 22 26 30 34 38 42 46
Rotate speed r /min | 540 | 660 | 780 | 900 | 1020 | 1140 | 1260 | 1380

Table 5. Sensor calibration data

Output voltage / V
Measurement potilr)lt 1 Mgeasurement point 2 Pressure measurement / 10°Pa
0.32 0.43 0.2
0.64 0.77 0.4
0.97 1.11 0.6
1.30 1.46 0.8

The range of HM90-H2-3-V2-F1-W2 pressure sensor is 0-3x10° Pa, the accuracy is 0.1 % and
the signal output is 0-5 V. Due to the influence of region and time on the sensor for a long time in
use, the sensor will drift to some extent. The manual calibration of the pressure sensor is carried
out according to the method in Literature 26 to reduce the influence of measurement error on the
experiment. Calibration parameters are shown in Table 5. After fitting the calibration parameters,
the following linear relationship is obtained between the measured pressure values of sensor 1 and
sensor 2 and the output voltage:
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Y = 608640X + 8295.3, (9)
Y = 585470X — 52459. (10)

In these laws, X is output voltage and Y is measured pressure.
4.2. Analysis of experimental results

Import the experimental data into MATLAB for filtering processing, and obtain the
time-pressure curve around measuring points 1 and 2. When the bladder pressure is 0.5%10° Pa
and the lubricating oil pulsation frequency is 18Hz, according to the experimental data in Fig. 9,
the analysis shows that when the system pressure is stable, the maximum pressure at the inlet is
745x103 Pa, the minimum pressure is 716x10° Pa, and the average pressure is 731x10° Pa. The
maximum pressure at the outlet is 663x10° Pa, the minimum pressure is 653x10° Pa, and the
average pressure is 658x103 Pa. At this time, the resistance loss is 78%10% Pa. Similarly, when the
bladder pressure is 0.5x10° Pa and the lubricating oil pulsation frequency is 46 Hz, according to
the experimental data in Fig. 10, the analysis shows that when the system pressure is stable, the
maximum pressure at the inlet is 817x10° Pa, the minimum pressure is 749x10° Pa, and the average
pressure is 781x103 Pa. The maximum pressure at the outlet is 668x10° Pa, the minimum pressure
is 643x10° Pa, and the average pressure is 654x103 Pa. At this time, the resistance loss is
127x10° Pa.
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Fig. 9. Experimental pressure response curve when the bladder pressure is 0.5%10°Pa and 18 Hz
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Fig. 10. Experimental pressure response curve when the bladder pressure is 0.5x10°Pa and 46 Hz

Table 6. Resistance loss AP / 103 Pa experimental results

Frequency f / Hz
Bladder pressure p, / 10°Pa T T 22126 1301 34 1 38 T 2 | 46
0.2 59 | 66 | 69 | 76 | 84 91 | 101 | 111
0.3 63 172 |83 |87 | 92 [ 100 ] 110 | 115
0.4 69 | 79 [ 87 | 91 | 100 | 108 | 115 | 120
0.5 73 180 | 89 |93 | 103 | 109 | 116 | 127

Table 6 is the experimental results of the resistance loss when the attenuator is working under
different working conditions. From the experimental results in Table 6, it can be found that with
the increase of frequency, the resistance loss continues to increase, which is consistent with the
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simulation results, and this conforms to the law of theoretical analysis. As the inflation pressure
of the bladder increases, the resistance loss continues to increase, which is consistent with the
simulation results.

150 —=e=— Simulation Results 150  —=#=—Simulation Results
—=— Experimental Results - == Experimental Results
100 100
50 50
0 0
18 22 26 30 34 38 42 46 18 22 26 30 34 38 42 46
Fig. 11. Simulation and experimental results at Fig. 12. Simulation and experimental results at
different frequencies at 0.2x 10°Pa different frequencies at 0.3x10° Pa
150 == Simulation Results 150 —¢—Simulation Results
Experimental Results
o 118
100 0
50
0 0
18 22 26 30 34 38 42 46 18 22 26 30 34 38 42 46
Fig. 13. Simulation and experimental results at Fig. 14. Simulation and experimental results at
different frequencies at 0.4x10°Pa different frequencies at 0.5x10° Pa

From the comparative analysis of the experimental results and simulation results in
Figs. 11-14, it can be found that the experimental results are higher than the simulation results.
The reasons include the following aspects. One is that the elastic model of the bladder is ignored
in the simulation and simplified into a “gas spring-damping model”, which makes the contact area
between the oil and the bladder smaller and makes the simulation value lower than the
experimental value. Second, the simulation analysis did not take into account the friction between
the fluid and the pipe wall and the inner surface of the attenuator. However, the inner surface of
the bladder-type attenuator used in the experiment was not smooth enough and had burrs. Third,
it can be seen from the design of the experimental platform that there are pipe joints and pressure
gauges between measuring point 1 and measuring point 2. The setting of these fluid components
will also have a certain impact on fluid resistance, which is not considered in the simulation
analysis. In addition, there are errors in experimental measurements.

The error between the experimental results and the simulation results is within the acceptable
range, so it is feasible and effective to use dynamic grid technology to simulate the bladder
movement and analyze the resistance loss of the bladder attenuator in the working process.

5. Conclusions

In this paper, a numerical analysis model of the bladder attenuator is established based on the
dynamic grid technology. The motion of the bladder is simulated numerically by combining the
user-defined function, and the flow field inside the attenuator is analyzed. The following
conclusions are obtained:

1) The resistance loss of the capsule attenuator consists of local resistance loss and frictional
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resistance loss, among which the local resistance loss is much larger than the frictional resistance
loss.

2) Both simulations and experiments show that within a certain range, the initial inflation
pressure of the bladder increases, the volume of the bladder continues to increase, and the
resistance loss of the attenuator is also greater.

3) Both simulation and experiment show that with the increase of the speed of screw pump,
the flow rate of screw pump increases, the flow rate of lubricating oil inside the attenuator
increases, and the resistance loss of the bladder attenuator increases.

4) The simulation results are basically consistent with the experimental results, and the
variation law of the resistance loss is consistent, which indicates that the simulation calculation
method based on the dynamic grid technology is feasible and effective for the bladder attenuator,
which provides a new idea for the correct prediction of the performance of the bladder attenuator,
and also provides a new method for the study of the variable boundary problem.
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