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ABSTRACT

In this study, the pressure compensation mechanism of a reducer bellows is analyzed. This device is typically used
to reduce the size of undersea instruments and improve related pressure resistance and sealing capabilities. Here,
its axial stiffness is studied through a multi-fold approach based on theory, simulations and experiments. The
results indicate that the mechanical strength of the reducer bellows, together with the oil volume and temperature
are the main factors influencing its performances. In particular, the wall thickness, wave number, middle distance,
and wave height are the most influential parameters. For a certain type of reducer bellows, the compensation
capacity attains a maximum when the wave number ratio is between 6:6 and 8:4, the wall thickness is
0.3 mm, and the wave height is between 4-5 mm and 5-6 mm. Moreover, the maximum allowable ambient pres-
sure of the optimized reducer bellows can reach 62.6 MPa without failure, and the maximum working water depth
is 6284 m.
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1 Introduction

As human move towards the deep-sea field, mounting number of equipment and instruments have been
applied. As an example, the diving depth of China Jiaolong reached 7020 m, and the pressure of ambient is
greater than 70 MPa. This poses a grand challenge regarding undersea instruments. In order to reduce the size
of submarine instruments, improve the performance of pressure and sealing, it is necessary to design a
compensation structure of pressure.

In recent years, there have been many structures to compensate for pressure, such as the piston, bladder,
diaphragm and bellows type [1]. This paper mainly adopts the bellows structure to realize the compensation
of pressure. The bellows can be divided into U-shaped, C-shaped, V-shaped, Q-shaped and S-shaped
according to the waveform. They can be divided into single-layer and multi-layer groupings according to
the number of layers, which can be used as compensation elements of pressure, sealing, heat exchange,
etc. In my patent [2], we put forward the thought of the reducer bellows to realize the compensation of
underwater pressure. The reducer bellows performance of pressure compensation must be studied in
compound with deep sea conditions.
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Sun et al. [3] researched the U-shaped single-layer bellows using fluidic soft bending actuators, showed
that the external water pressure can cause the actuator to bend more in both static and dynamic conditions,
and pointed out that the increase of the bending angle is positively related to the environment pressure. Huo
et al. [4] discussed the bending characteristics of the reinforced S-shaped single-layer bellows under the
action of internal pressure, and concluded that it has a high compensation ability. Zinovieva et al. [5,6]
studied the stability of the U-shaped single-layer bellows under hydrostatic load, and determined the axial
displacement of the bellows expansion joint seat under critical pressure. Aistov et al. [7] studied the
durability of the two-layer expansion bellows of the compensation fuel pipeline, and concluded that the
durability of the bellows corresponding to the strain amplitude 0.04811 is at least 67 loading cycles.
Reich et al. [8] studied the axial stiffness of multilayer bellows under different combinations by
combining the finite element method and experiment. Radhakrishna et al. [9] researched the changes of
axial stiffness and axial vibration of U-shaped bellows under different axial constraints. Huang et al. [10]
used the combining theory and simulation method to study the stiffness and volume deformation law of
U-shaped bellows under the combined axial load and internal pressure. Pratama et al. [11] used finite
element method to study the stress distribution of bellows under pressure and temperature rise, and put
forward suggestions for the design and installation of bellows. Li et al. [12] carried out finite element
simulation with ABAQUS software to obtain the regular relationship between the temperature change
displacement compensation behavior of bellows and various influencing factors. Pagar et al. [13] studied
the meridional and circumferential stresses of bellows under internal pressure loading, and obtained the
location of various stresses in convoluted section. Belyaev et al. [14] discussed the stress—strain state of
an U-shaped expansion bellows under an internal-pressure induced load. Subramanian et al. [15] studied
the compensation of expansion bellows under temperature and pressure loads, and put forward
improvement measures. Karagiozis et al. [16] studied the nonlinear dynamics and stability of bellows
clamped at both ends under the action of axial fluid flow, and determined its failure conditions. Liu et al.
[17] studied the influence of 316L stainless steel material parameters on the hydroforming process of U-
shaped bellows by method of finite element method and theoretical analysis, and established the
relationship between internal pressure and material parameters. Lv et al. [18] studied and obtained the
specific deformation law of the U-shaped bellows when one end is fixed and one end is subjected to axial
displacement. Shen et al. [19] used fluid-structure coupling method to study the vibration damping,
isolation characteristics and mechanical properties of U-shaped metal bellows pipe connections, and
obtained interaction between fluid and the bellows structure at different flow rates.

Currently, the research mainly focuses on the non-reducing bellows, and the research on the reducer
bellows is less. This paper will study the compensation mechanism of pressure fixed at both ends for the
reducer bellows through theoretical research; verify the reliability of simulation model for the reducer
bellows through theoretical and experimental methods. For a certain undersea testing instrument, the
reducer bellows is studied and analyzed based on the principle of liquid compressibility, and the pressure
changes are discussed to determine its ability of compensation.

2 Theoretical Analysis of the Reducer Bellows Compensation of Pressure

2.1 Research on the Compensation Mechanism of Pressure with the Reducer Bellows Fixed at Both Ends

The reducer bellows is composed of two U-shaped bellows with different diameters, and the two ends
are respectively fixed on the device to realize the compensation of pressure. One surface of the reducer
bellows is in contact with insulating oil, and the other surface is in contact with seawater. The inside of
the reducer bellows contains a test instrument and a insulating oil (Fig. 1), and the red rectangle
represents the equivalent space of the instrument. The internal and external pressure balance of the
bellows requires being met:
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Pout = Pb+Poil (1)

where P,,; represents external pressure, P, represents the force generated by deformation of the reducer
bellows, and P,; represents internal insulating oil pressure.

Insulating
oil

Reducer
bellows

Solid

Figure 1: Schematic diagram of the reducer bellows

When the reducer bellows is lowered with the instrument in the sea, P,,,,, increases gradually. At the same
time, internal pressure of the reducer bellows will be lower than external pressure. In order to balance internal
and external pressure and achieve the purpose of pressure compensation, the reducer bellows will move
down from location of the middle joint when pressure increases, that, the large-diameter bellow is
compressed, and the small-diameter bellow is stretched. Since both ends are fixed, the total length in
axial direction is unchanged. Nevertheless, the length of each bellow with either small-diameter and
large-diameter varies differently (Fig. 2). Fig. 2a shows the initial state of the reducer bellows, and
Fig. 2b shows the deformed state. Different colors indicate different degrees of change in each position.
Therefore, internal insulating oil is squeezed, volume ¥}, of the reducer bellows becomes smaller and
reduction amount is AV}, insulating oil volume V,; decreases, and P,; increases. In a word, when
external pressure of the reducer bellows changes, the displacement of the reducer bellows with different
diameters will change, resulting the volume of internal insulating oil changes, which in turn changes
internal pressure, realizes balance of internal and external pressure, and achieves compensation of
pressure. Among them, the change of pressure P,; of insulating oil is passive:

(1) When ¥, becomes smaller, V,; will become smaller and P,;; will become bigger.

(2) When V,, becomes larger, V,; will become bigger and P,;; will become smaller.

o

00

(a) Original state (b) Deformed state

Figure 2: Structure diagram of the reducer bellows before and after deformation
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For 1, when external pressure changes, reducer bellows will deform, then V;, will also change, and the
change of volume 4V, determines its performance of compensation. When pressure of the reducer bellows
changes, its movement direction is primarily moving in the axial direction. The axial displacement
determines the size of AV,, and the axial stiffness generally expresses the axial displacement of the
reducer bellows. The smaller the axial stiffness is, the easier it is for the reducer bellows to move and
deform in the axial direction, and the larger the change in axial displacement, the larger 4V}, and the
better performance of compensation. At the same time, the mechanical strength of the reducer bellows
will also effect its axial change of displacement, which will affect performance of compensation. Under
the same external pressure, the smaller the equivalent stress of the reducer bellows, the greater the
mechanical-strength, the larger the allowable change of axial displacement, the larger 4V}, and the better
ability of pressure compensation. Therefore, the reducer bellows performance of pressure compensation
was studied in following two aspects: axial stiffness and mechanical strength.

For insulating oil inside the reducer bellows, its volume change is a passive change, but the pressure and
other forces generated by volume change will act on the reducer bellows in turn. Its volume change is
affected by external pressure and temperature, and formulas are shown as follows [18]:

AVp = ﬁ Voir - APy (2)
AVi=ay-(1 =) AT - Vog + ag-o- AT - Vo (3)

oil *

where AP,; represents the variable of internal insulating oil pressure, f,; represents the compression
coefficient, AV, represents volume change of insulating oil concerning pressure, a, represents the
expansion coefficient of insulating oil, a, represents air expansion coefficient, a represents gas content,
AT represents the temperature difference, AV, is the volume change of insulating oil with the change of
temperature, AV, represents the volume change of internal insulating oil with temperature changes.

Ignoring the effect of temperature, P,,,, increases, and V}, decreases. When P,; increases, the change of
pressure is AP,;, and the insulating oil change of volume is AV,,. When V, and V,,; decrease, the purpose of
bellows pressure compensation is achieved. Considering the effect of temperature, provided that the external
temperature is raised without the change of P, 4T increases, AV, increases, V,; increases, and V, increase,
which decreases the deformation volume of the reducer bellows and increases the range of variation in
volume. The ability of pressure compensation will increase due to the increase in temperature.

2.2 Analysis of Axial Stiffness of the Reducer Bellows

Through research on the compensation of pressure excitation of the reducer bellows, it is determined that
the axial stiffness has a great influence on it, so it is necessary to discuss and analyze the axial stiffness of the
reducer bellows. The empirical formula for calculating the axial elastic stiffness K, of non-reducing bellows
is:

“)

where K, represents the axial stiffness of the bellows, N/mm; D,, represents average diameter of the bellows,
D,, = (Dy*+D)/2, mm; Ej, represents elastic modulus of bellows at the selected temperature, Pa; 7, represents
nominal thickness of a layer of material of the forming bellows, mm; n represents number of layers of
bellows; & represents the wave height, mm; Cyrepresents the correction factor for calculation of U-shaped
bellows; N represents the wavenumber of bellows. The geometric structure of the reducer bellows is
shown in Fig. 3.
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Figure 3: Schematic diagram of the geometric structure of the reducer bellows

For the designed reducer bellows, the empirical formula of bellows cannot be directly used for
calculation. It is necessary to calculate the axial stiffness of the large-diameter bellow and the small-
diameter bellow separately, and then use the equivalent stiffness principle to calculate the axial stiffness
of the reducer bellows.

When the reducer bellows is fixed on one end face, a load is applied to the other end face; at this time
both the large-diameter bellow and the small-diameter bellow are stretched, and the two bellows are both
subjected to the same force. It can be determined that the combination of the reducer bellows is in series,
and its equivalent stiffness is:

"~ 1
Keqzl/;E (5)

When the reducer bellows is in a fixed state at both ends, a pressure load is applied to its surface, the
large-diameter bellow is compressed, the small-diameter bellow is stretched, and the displacement
generated by the two bellows alone is the same. The combination mode of the reducer bellows is parallel,
and its equivalent stiffness is:

Ky => K (6)
i=1

3 Simulation Model Validation of the Reducer Bellows

For the reducer bellows, due to its innovative structure, it does not directly apply previous theories. It is
necessary to use the combination of finite element simulation method, theoretical and experimental method
to verify the simulation model correctness. On this basis, the sensitivity analysis of parameters affecting the
pressure compensation is carried out, and the optimal parameter combination is determined. Firstly, perform
a pressure analysis on the reducer bellows to determine the maximum pressure it can withstand. Furthermore,
the bidirectional Fluid-Solid Interaction simulation is performed on the reducer bellows and the insulating oil
inside. Then the deformation and maximum depth of the ocean determined under the change of external
pressure and temperature. Now the specific structure of the reducer bellows can be obtained is simulated
and analyzed.
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3.1 Finite Element Model of the Reducer Bellows

3.1.1 Structure Parameters

The material of bellows is 304 stainless steel, its 06Cr19Ni10, the elastic modulus is 1.94 x 10'! Pa, the
Poisson’s ratio is 0.3, the density is 7930 kg/m> . The bellows for experiments are mature products, which
standard is GB/T 16749-2018 and the specifications are shown in Table 1.

Table 1: Bellows structural parameters for validation of finite element models

Bellows D,/mm D/mm t/mm h/mm E}/Pa Cr N
Small-diameter bellow 16 12 0.2 1.8 1.94 x 10" 2.517 12
Large-diameter bellow 20 15 0.25 225 1.94 x 10" 2.186 12

3.1.2 Finite Element Model and Reducing Conditions

Finite element analysis of the axial stiffness of bellows is extensive. The research results show that it is
feasible to use finite element method to study the axial stiffness of bellows. In this paper, finite element
analysis software ANSYS Workbench is used to analyze the axial stiffness of bellows. Solidworks is used
for 3D modeling of bellows, and then the model is imported to ANSYS Workbench for analysis. The
simulation model uses a C3D8R mesh, which supports nonlinear parameters such as large deformation,
stress strengthening and plasticity. The simulation model adopts the C3D8R grid, and Fig. 4 shows the
finite element simulation model of the reducer bellows. The middle position of the large-diameter bellow
and the small-diameter bellow is connected by welding. Now the end face of the small-diameter bellows
is fixed, and a load is applied to the end surface of the large-diameter bellow to ensure the consistency of
simulation boundary conditions in operating conditions.

Axial
load

Fixed

Figure 4: Reducer bellows finite element model

3.2 Axial Stiffness Verification of the Reducer Bellows

3.2.1 Theoretical Calculation of Axial Stiffness
The axial stiffness of the large-diameter bellow and the small-diameter bellow can be calculated by
formula (4).

Large-diameter bellow: K,; = 368.69 N/mm;
Small-diameter bellow: K,., = 256.16 N/mm.

In the experiment, the fixed method of the reducer bellows is to fix one end face and apply a load to the
other end face. It can be determined that the combination method is a series connection, and its equivalent
axial stiffness is calculated by the formula (5).

K, =151.15 N/mm.
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3.2.2 Experiment of the Reducer Bellows

Before the experiment, the large-diameter bellow and the small-diameter bellow are welded together. In
order to reduce errors caused by welding, a set of comparative experiments are now performed. There are
three samples in the experiment, that is to say numberl, number2 and number3 (Fig. 5a). The
experimental device used is a universal electronic material testing machine in the course of experiment.
One end of the small-diameter bellow is fixed on the upper side of experimental device, and one end of
the large-diameter bellow is fixed on the lower side of experimental device (Fig. 5b). The bellows were
subjected to tensile experiments. The stress-strain curves of the reducer bellows measured after the
experiment are shown in Fig. 6.

Number3

Number2

Numberl

(a) (b)

Figure 5: Experimental diagram of the reducer bellows

00 o Numberl

—=A— Number2
—=— Number3

Stress/MPa

1 1 1 1
0.00 0.02 0.04 0.06 0.08
Strain

Figure 6: Stress-strain curve of the reducer bellows

The axial stiffness of the reducer bellows can be obtained through linear regression equation:
Number 1: K,,; = 147.05 N/mm;
Number 2: K,,> = 146.34 N/mm;
Number 3: K,,; = 136.13 N/mm.
The average axial stiffness of the reducer bellows is:
K,= (K, + K,, + K,3)/3 = 143.17 N/mm.



2556 FDMP, 2023, vol.19, no.10

3.2.3 Simulation Calculation of Axial Stiffness
(1) Mesh sensitivity analysis

The reducer bellows is analyzed statically and large deformation is opened. The 8-node hexahedral
element is used in the reducer bellows, and its mesh size independence is verified. The linear force is
applied to the reducer bellows in the elastic deformation range and the displacement of the reducer
bellows in different mesh sizes is observed. Now set the order of the reducer bellows mesh size is 0.3,
0.35 and 0.4 mm, 0.45 and 0.5 mm, the grid number is 168590, 102568, 76041, 66633, 52699. Table 2
shows the specific data of displacement changes of the reducer bellows when they are subjected to force
under different mesh sizes, and its trend can be visually seen in Fig. 7. It can be seen from the Fig. 7 that
the reducer bellows changes of displacement is close to each other under different mesh sizes, satisfying
verification of grid independence. Increasing the number of grids will increase the calculation time of
simulation, so in the subsequent simulation, the mesh size can be set at 0.5 mm.

Table 2: Mesh sensitivity analysis

Mesh size/mm

Force/N
0.3 0.35 0.4 0.45 0.5
9 0.0607 0.0553 0.0573 0.0542 0.0561
18 0.1214 0.1107 0.1147 0.1084 0.1121
27 0.1823 0.1663 0.17249 0.1627 0.1681
36 0.2431 0.2217 0.2301 0.217 0.2241
45 0.3037 0.2774 0.2893 0.2716 0.2802
54 0.3647 0.332 0.3462 0.3257 0.3362
040  —=— mesh size 0.30mm
[ —e— mesh size 0.35mm
035 [ —a— mesh size 0.40mm
g 030 [ —v— mesh size 0.45mm
g I —¢— mesh size 0.50mm
= 025 |
= L
% 020 |
2 o015 F
(= L
A 010 |-
0.05
0.00 ) 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50

Force/N

Figure 7: Mesh sensitivity analysis

(2) Simulation calculation

The model with mesh size of 0.5 mm is selected for the simulation calculation, and the axial stiffness of
the reducer bellows only needs to be calculated in linear range, which can be obtained by Hooke’s law:

F,=K, x @)
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where F, represents the axial force, K, represents the axial stiffness in the linear phase and x represents the
axial displacement. During the simulation, the initial axial load was selected as 9 N, in order to correspond to
formula (7), and to make the relationship between stiffness, force and deformation easier to understand, we
chose multiple relationships to apply force, and obtained the axial displacement of the reducer bellows
through simulation. The axial stiffness under multiple relational forces can be obtained by formula (7), as
shown in Table 3. Due to the simulation error, the axial stiffness is slightly different, so it is necessary to
solve the axial stiffness of the reducer bellows by a linear regression equation:

K, =160.61 N/mm.

Table 3: Calculated values of the reducer bellows axial stiffness simulation

Force/N 9 18 27 36 45 54
Displacement (mm) 0.0561 0.1121 0.1681 0.2241 0.2802 0.3362
Axial stiffness (N-mm_l) 160.43 160.57 160.62 160.64 160.59 160.62

3.2.4 Error Analysis

Through theoretical calculation, experiment and simulation, the axial stiffness of the reducer bellows
obtained is: 151.15, 143.17, and 160.61 N/mm, respectively. The error between simulation and theoretical
calculation is 6.3%, and the error between simulation and experiment is 10.9%. The error between
theoretical calculation and simulation is small, which shows that the calculation method of equivalent
stiffness can be used to calculate the axial stiffness of the reducer bellows. The error between experiment
and simulation is large, which may be due to the following reasons: the wall thickness of the selected
bellows is relatively thin, the shell is perforated during welding, which cannot achieve the ideal welding
quality, and is different from the simulation model; The axial stiffness of different corrugated pipes
cannot be guaranteed, resulting in a discrepancy with the real situation when calculating the displacement
at the end. Through experiments and theoretical calculations, the final comparison shows that the error
obtained by the simulation method is within the acceptable range, which verifies the reliability and
authenticity of the simulation analysis.

4 Sensitivity Study of the Reducer Bellows Parameters Performance of Compensation

In order to obtain the reducer bellows performance of compensation, it is necessary to carry out a
sensitivity analysis on the parameters affecting the performance of compensation, such as wall thickness,
wave number, and wave height. In this experiment, an undersea test instrument was selected as the
research object, and the structural size of the reducer bellows was initially determined (Table 4). Now,
the Transient Structure module of ANSYS Workbench software is used to optimize and simulate the
structural parameters, which can obtain the specific changes of the structure with time when the reducer
bellows is under external load. The simulation model uses C3D8R mesh, and the large deformation state
needs to be turned on during setting. The two ends of the bellows are fixed, and the uniform load is
applied on the external surface. The external load applied to the reducer bellows P, is 0—0.2 MPa.

Table 4: Structural parameters of the reducer bellows

Bellows Dp/mm D/mm t/mm n h/mm N

Small-diameter bellow 111 104 0.2 1 3.5 6
Large-diameter bellow 117 110 0.2 1 4.5 6
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4.1 Effect of Wall Thickness on Performance of Pressure Compensation

The wall thickness of the reducer bellows has a significant impact on its axial stiffness and mechanical
strength, and it has an enormous impact on the ability to resist and compensate for pressure in the deep ocean.
Now analyze the variation law of the displacement and equivalent stress of the reducer bellows with the
external pressure P, when the wall thickness is 0.2, 0.25, 0.3, 0.35 and 0.4 mm.

It can be seen from Fig. § that with the increase of external pressure, the displacement of the reducer
bellows also increases. As the wall thickness increases, the slope of the displacement change decreases.
As the wall thickness increases, the slope of the displacement change decreases. It can be concluded that
increasing the wall thickness will increase the axial stiffness of the reducer bellows, reduce its ability to
compensation and increase the ocean depth allowed to use. It can be seen from Fig. 9 that with the
increase of external pressure, the stress of the reducer bellows will increase, and the thicker the wall
thickness, the smaller the slope of the stress change. Increasing the wall thickness can improve the
resistance of the reducer bellows to pressure and increase the maximum depth of the ocean. But when
the wall thickness increases from 0.35 to 0.4 mm, the slope of stress reduction tends to be gentle. At the
same time, consider the ability to compensate for pressure and resist pressure, when the wall thickness is
0.3 mm, the reducer bellows can have a large change on displacement, a small axial stiffness, and a
greater ability to withstand pressure and mechanical strength. Under the same external conditions, it can
obtain large compensation in volume.

0.08 [ ——02mm
0.07 F ——025mm
—— 0.3mm
g006 " 035mm
§0.05 - ——0.4mm
g L
5004
g
2.0.03
[ 0.02
0.01
0.00 . * L * L * L * !
0.00 0.05 0.10 0.15 0.20
Pressure/MPa

Figure 8: Variation of displacement with different wall thickness
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Figure 9: Variation of equivalent stress with different wall thicknesses
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4.2 Effect of Wavenumber on Performance of Pressure Compensation

The wavenumber combination of the reducer bellows has an influence on its axial stiffness and
mechanical strength, and the influence on the capacity of the compensation cannot be ignored, so it is
necessary to select a right combination. Now change the wavenumber combination mode of the small
diameter-bellow and the large-diameter bellow, and analyze the variation law of the displacement and the
equivalent stress of the reducer bellows with the external pressure. When the total wavenumber is 12, the
displacement and equivalent stress of the reducer bellows with a wavenumber ratio of 4:8, 5:7, 6:6,
7:5 and 8:4 are analyzed.

It can be seen from Fig. 10 that the displacement of the reducer bellows increases with the increase of
external pressure. When the wavenumber ratio is 7:5 or 5:7, the slope of displacement change is the largest.
When the wavenumber ratio is 8:4 or 4:8, the slope of displacement change becomes smaller, and the slope of
displacement change is the minimum at 6:6. Therefore, when the total wavenumber is unchanged,
appropriately increasing the wavenumber of large diameter bellow or small diameter bellow can increase
the slope of displacement variation, reduce the minimum axial stiffness, and improve the performance of
compensation. It can be seen from Fig. 11 that with the increase of external pressure, the stress of the
reducer bellows will also increase, and the slope of stress change increases with the increase of
wavenumber ratio. When the wavenumber ratio is 4:8, due to the small wave number of the small-
diameter bellow, the overall structure of the reducer bellows will reach plastic deformation in advance
during the deformation process, consequently the subsequent equivalent stress contour will not show a
straight state. At the same time, considering the capacity of compensation and the capacity of bearing
pressure, when the wavenumber ratio of the reducer bellows is selected within 6:6 to 8:4, it has a high-
pressure performance of compensation, which can increase the bellows depth of the ocean.

0.08 1

—4:8
0.07 —57
—06:6
0.06
& — 75
 0.05 8:4
g
£ 0.04
8
=003
2
A 002
0.01
000 1 1 1 |
0.00 0.05 0.10 0.15 0.20
Pressure/MPa

Figure 10: Variation of displacement with different wave number ratios

4.3 Effect of Intermediate Distance on Performance of Pressure Compensation

In the reducer bellows structure, the intermediate distance between the small diameter bellow and the
large diameter bellow significantly impacts its axial stiffness and mechanical strength. Therefore, it is
necessary to determine a suitable distance of intermediate to improve the reducer bellows ability of
compensation. Now change the middle distance of the reducer bellows, and analyze the changing law of
the displacement and equivalent stress of the reducer bellows with the external pressure when the middle
distance of the reducer bellows is 0, 1, 2, 3, 4 mm.
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Figure 11: Variation of equivalent stress with different wavenumber ratios

It can be observed from Fig. 12 that with the increase of external pressure, the displacement of the
reducer bellows will increase. When the middle distance of the reducer bellows is in the range of 2 to
4 mm, the slope of the displacement change is relatively nearby, indicating that the displacement change
of the reducer bellows within this range is larger, the axial stiffness is smaller, and the specific
performance of pressure compensation is higher. It can be seen from Fig. 13 that with the increase of
external pressure, the stress of the reducer bellows will increase. When the middle distance is from 0 to
2 mm, the slope of the change in pressure will decrease with the increase of the middle distance; when
the middle distance is greater than 2 mm, the slope of the change in pressure will increase with the
increase of the middle distance; when the middle distance is 2 mm, the slope of the change in pressure is
the smallest. At this time, the reducer bellows capacity of bearing pressure is the highest and the
mechanical strength is high. Therefore, considering the capacity of compensation and the capacity of
bearing pressure, when the distance of intermediate is 2 mm, the axial stiffness is small, and the
mechanical strength is high, it can provide a large compensation of volume, and the capacity of pressure
compensation is the highest. The larger the distance of intermediate is, the greater the slope of the
displacement change will be.
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2 —— 3mm
2006 — 4mm
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Figure 12: Variation of displacement with different intermediate distance
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Figure 13: Variation of equivalent stress with different intermediate distance

4.4 Effect of Wave Height on Performance of Pressure Compensation

The change of the wave height and the combination of the wave height of the reducer bellows will affect
its axial stiffness and mechanical strength, and affect its ability of pressure compensation, so it needs to be
discussed and analyzed. Two groups of analyses will be performed: one group changes the wave height of the
small-diameter bellow and the large-diameter bellow at the same time, and the other group changes the wave
height of the large-diameter bellow alone, and analyzes the variation law of the reducer bellows performance
of pressure compensation under different wave heights.

4.4.1 Wave Height Variation of Small Diameter Bellows and Large Diameter Bellows

Change the wave height of the small diameter bellow and the large diameter bellow at the same time,
analyze the variation law of displacement and equivalent stress of the reducer bellows with external
pressure when the wave height is 3.5—4.5 mm, 4-5 mm, 4.5-5.5 mm, 5-6 mm and 5.5-6.5 mm.

It can be seen from Fig. 14 that with the increase of external pressure, the displacement of the reducer
bellows will increase, and the slope of the displacement change will increase with the change of the wave
height. The increase in the height of the bellows will make the bellows have a small axial stiffness, and
at the same time have a higher capacity of pressure compensation. It can be seen from Fig. 15 that with
the increase of external pressure, the stress of the reducer bellows will increase, and the slope of the
stress change will increase due to the larger wave height. The increase in the wave height will reduce
the reducer bellows capacity of bearing pressure and mechanical strength. For the reducer bellows used in
the deep-sea field, the capacity of compensation and the capacity of bearing pressure are considered
simultaneously, and the wave height range is selected from 4—5 mm to 5—6 mm. At this time, the axial
stiffness of the reducer bellows is small, the mechanical strength is high, the deformation of volume is
large, and the capacity of bearing pressure and the capacity of compensation are maintained at a high level.

4.4.2 Wave Height Variation of Large Diameter Bellows

Now we keep the wave height of the small-diameter bellow at 3.5 mm, analyze the variation law of the
displacement and equivalent stress of the reducer bellows with external pressure when the wave height of the
large-diameter bellow at 4.5, 5, 5.5, 6 and 6.5 mm.
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Figure 14: Variation of displacement with different wave heights
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Figure 15: Variation of equivalent stress with different wave heights

It can be seen from Fig. 16 that with the increase of external pressure, the displacement of the reducer
bellows will increase, and the slope of the displacement change increases with the increase of the lower wave
height. Therefore, increasing the lower wave height will cause the axial stiffness of the reducer bellows to
decrease, and the larger the deformation of volume, the higher the performance of pressure compensation.
Comparing Figs. 16 and 17, it can be concluded that the maximum change of displacement is 0.105 mm
when the wave height changed alone. When the wave height is changed at the same time, the maximum
change of displacement is 0.141 mm. It can be seen that the influence of the lower wave height on the
axial stiffness is smaller than that of the upper wave height. Therefore, the upper wave height should be
considered first when increasing the wave height.

It can be seen from Fig. 17 that with the increase of external pressure, the stress of the reducer bellows
will increase, the slope of stress change will increase with the increase of the lower wave height, and the
mechanical strength will decrease with the increase of the lower wave height. Comparing Figs. 15 and
17, it can be seen that there is little difference in the reducer bellows change of stress, and the mechanical
strength of the large-diameter bellow alone and the wave height of the reducer bellows are similar.
Therefore, in order to obtain larger deformation of displacement and smaller equivalent stress, the wave
height of the small-diameter bellow should be firstly considered when designing the wave height of the
reducer bellows, because the influence of the wave height of the small-diameter bellow on the
displacement and equivalent stress of the reducer bellows is greater than that of the large-diameter
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bellows. Appropriately increasing the wave height of small-diameter bellow and decreasing the wave height
of large-diameter bellow can greatly improve the reducer bellows mechanical strength and ability of pressure
compensation, and increase the ability of volume deformation.
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Figure 16: Displacement variation of wave height of different large diameter bellows
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Figure 17: Equivalent stress variation of wave height of different large diameter bellows

5 Example Analysis

Through the sensitivity analysis of the parameters of the reducer bellows, the preferred parameters of the
reducer bellows is: the wall thickness is 0.3 mm, the wavenumber ratio is 7:5, the intermediate distance is
2 mm, the inner diameter of the small bellow is 104 mm, the wave height is 5 mm; the inner diameter of
the large bellow is 111 mm, the wave height is 5 mm. The inside of the reducer bellows is insulating
liquid; the density of the insulating liquid is 920 kg/m’, the bulk modulus is 6 x 10® Pa, and the thermal
expansion coefficient is 0.0008. The density of seawater is 1020 kg/m’. The reducer bellows initial
volume of internal is ¥}, = 671180 mm®, the volume of insulating oil is V,; = 442986 mm°, the volume
of solid is ¥, = 228194 mm?, and the initial temperature is set to 25°C. The boundary conditions are: fix
both ends of the bellows and apply pressure of 0.89 MPa to the outer surface.

When the external pressure P, is 0.89 MPa, the axial motion position of the large-diameter bellow
reaches the limit, and the reducer bellows capacity of compensation reaches the maximum at this time.
The maximum displacement is the middle position of the deformed bellows, and the maximum value is
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1.1504 mm (Fig. 18). The maximum equivalent stress is the trough position of the small-diameter bellow, and
the maximum value is 178.01 MPa (Fig. 19). After being subjected to external pressure, the internal volume
of the reducer bellows is 625569 mm®, and the volume reduction is 45611 mm®. From the compressibility
formula (2) of the liquid, AP can be calculated; by substituting P, and P,; into formula (1), we can be
obtained that P,,, = 62.6 MPa and the maximum allowable ocean depth is 6284 m, which means that the
maximum allowable ambient pressure without failure of the reducer bellows under this environmental
condition.
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Figure 18: Axial displacement cloud map after deformation
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Figure 19: Equivalent force cloud after deformation

The model is simulated and verified by two-way Fluid-solid Interaction (Fig. 20). The optimized reducer
bellows parameters are selected as the simulation size. The internal insulating oil parameters are set as shown
above, and the insulating oil is set as a compressible and non-Newtonian fluid. Considering that the
convergence of the simulation calculation is difficult to meet, the condition of applied boundary is that
the external pressure is increased to 60 MPa, and the volume change of the insulating oil is observed
after the external pressure is applied. The simulation results show that when external pressure increases to
60 MPa, the volume of insulating oil becomes 399404 mm?> (Fig. 21), and the reduction of volume is
43582 mm’. According to formulas (1), (2), the pressure of the reducer bellows is 0.97 MPa. At this
time, the external pressure of the reducer bellows slightly exceeds its limit, and the error may be due to
the time step being set too fast, resulting in the deformation not being transmitted in time, but the error is
within an acceptable range.

Considering the principle of compressibility of liquids, the following measures can be taken to improve
the reducer bellows performance of pressure compensation: reduce the initial volume V,;; of the internal
insulating oil; choose insulating oil with a larger bulk modulus K; optimize the design of the structural
parameters of the reducer bellows. All the above measures can increase the reducer bellows maximum
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pressure of external and increase its maximum depth of working. This provides a basis for the subsequent
design and research of the reducer bellows.
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Figure 20: Two-way fluid-structure interaction operation settings
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Figure 21: The volume of insulating oil varies with pressure

6 Conclusion
The following conclusions can be drawn from the study:

(1) It is determined that the axial stiffness and mechanical strength are the main factors affecting the
reducer bellows compensation of pressure.

(2) Sensitivity analysis of the reducer bellows parameters to clarify the influence of wall thickness, wave
number ratio, intermediate distance and wave height on performance of pressure compensation.

(3) A certain type of bellows used in testing instruments of the deep ocean is analyzed, and the following
conclusions are drawn: the capacity of compensation is best when the wavenumber ratio is between 6:6 and
8:4, the wall thickness is 0.3 mm, and the wave height is between 4—-5 mm and 5-6 mm. The reducer bellows
can be used in the deep sea with a pressure of 62.6 MPa and a working water depth up to 6284 m after
optimization in the example analysis. Moreover, it will improve the resistance of bellows to external
pressure when increasing the axial stiffness K., the volume of inner V;, and the bulk elastic modulus of
the internal insulating oil K,;;, or lowing the insulating oil volume V.
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(4) The research results not only have pertinence and significance for the design and optimization

components of pressure balance used in deep-sea instruments, but also provide reference value for other
structures such as a large high-pressure deformation and fluid thermal deformation of volume.
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