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Abstract

:

Based on the effect of damped shear deformation on energy dissipation, a new constrained damping base for a polymer injection platform deck is proposed to reduce the excessive vibrations caused when multiple plunger pumps are jointly operated. A model for analyzing the vibration response of an I-beam-constrained damping base for a polymer injection platform with multiple plunger pumps was established using Abaqus 6.14 software and compared with rigid base and traditional rubber vibration isolators in terms of its vibration isolation performance. Furthermore, the effects of the damping material’s loss factor, the thickness of the damping layer, and the number of expansion layers on the vibration isolation characteristics of the constrained damping base were explored. This study shows that, with an increase in the damping material’s loss factor, the thickness of the damping layer and the number of extended layers, the vibration isolation performance of the constrained damping base is gradually enhanced. When the damping material’s loss factor is 1.0, the thickness of the damping layer is 20 mm, and the number of extended layers is 3, the constrained damping base’s vibration damping effect is optimized, and its vibration isolation rate becomes as high as 46.63%, which can significantly reduce the vibration response of the polymer injection platform.
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1. Introduction


The use of plunger pumps to inject polymer into wells to enhance the oil content recovered is a common enhancement technique in the later stages of oilfield development. The high viscosity of the polymer results in a high output pressure in the plunger pump, leading to a significant excitation force. Consequently, when multiple plunger pumps are operated simultaneously during the polymer injection process, severe vibrations can occur on the platform deck. These vibrations have the potential to cause fatigue damage to the platform and pose a serious threat to the safety of both the platform and personnel. Therefore, it is crucial to conduct research on vibration response control technology for injection platforms subjected to the action of multiple plunger pumps. Additionally, developing vibration isolation bases with excellent performance is essential to ensure the structural safety of injection platforms.



The vibration control methods commonly used in engineering are mainly categorized into these three types of methods: passive control [1,2], semi-active control [3,4], and active control [5,6]. As typically used passive vibration isolation devices, rubber vibration isolators have the advantages of a simple structure, absorbing a substantial amount of energy, coming in various forms, and requiring no additional energy input, among other things, and are widely used in engineering. Jin et al. [7] studied the fatigue life of rubber vibration isolators using experimental methods, which provided an important basis for the design, operation, and maintenance of rubber vibration isolators. Rahnavard et al. [8,9] investigated the performance of steel–rubber vibration isolators under axial tension, compression, base shear, and the nature of the influence of the number and size of the rubber cores on the vibration damping performance of vibration isolators. Roncen et al. [10] conducted numerical simulations and experimental studies on the performance of nonlinear rubber vibration isolators under harmonic and random excitation to verify the temperature dependence of their mechanical properties. Wang et al. [11] experimentally investigated the nature of the influence of rubber vibration isolators’ dynamic stiffness on the dynamic performance of seawater piston pumps and found that the vibration response of the piston pump decreases with an increase in the dynamic stiffness of the rubber vibration isolator.



Kerwin [12] further proposed a constrained damping structure based on rubber vibration isolators and established a basic theory on the vibration damping in constrained damping structures. Constrained damping structures are widely used in the field of vibration and noise reduction in rail transportation, such as on railroads and aircraft. In light of this, Wei et al. [13] experimentally tested the peak acceleration of rails with and without damping plates and verified that constrained damping structures suppress rail vibrations. Zeng et al. [14] optimized conventional, constrained damped rails and proposed a wide-frequency labyrinth-type constrained damped rail that effectively reduced the vibrations and noise, which improved the service life of the wheels and rails. Similarly, Li et al. [15,16] used an experimental method to comparatively analyze the vibration response of rail structures with and without labyrinth-type constrained damping, verifying that labyrinth-type constrained damping rails reduced vibrations and noise efficiently in a wide frequency range. Levraea et al. [17] applied a constrained damping structure to the surface of an aircraft skin, which effectively reduced the local vibration of the skin and extended the service life of the aircraft. Gu et al. [18] used parameter optimization and experimental analysis to verify that constrained damping structures can effectively reduce the stress–strain amplitude within an aircraft’s typical cantilever beam structure. Of interest is the use of dead mass damping [19,20] to suppress vibration and the use of piezoelectric materials to harvest and suppress vibration energy [21,22,23] as preliminary vibration control methods.



Abundant scholarly research on damping and vibration damping for offshore platforms exists. For example, Wang et al. [24] controlled the vibrations occurring in jacket offshore wind turbines due to multihazards such as wind, waves, and earthquakes using an amplifying damping transfer system. Unlike traditional tuned mass dampers (TMDs), which may be less effective for higher modes, this ADTS provided additional damping in both the fundamental and higher modes of the JOWTs, resulting in better resistance to multiple hazards. Xia et al. [25] used a coupled simulation algorithm to investigate the vibration damping performance of semi-active particle damping technology in an offshore platform truss structure. The control strategy, the simulation algorithm, and the key parameters of the semi-active particle damping mechanism were investigated to analyze its attenuation of the vibrations in the offshore platform truss structure. Equally, Jin et al. [26] proposed using a damped vibration isolation system consisting of rubber bearings and viscous dampers to mitigate the vibrations of the JZ20-2MUQ steel-cased platform in the Bohai Sea. The influence of the key parameters of the damping isolation system on suppressing vibrations in the offshore structure was studied in detail. Furthermore, Sun et al. [27] designed an external outrigger damping system, which had a demonstrable damping effect for ice loads.



At present, the research on constrained damping structures has mainly focused on the field of vibration and noise reduction in rail transportation. In view of the excellent performance of such structures in terms of vibration and noise reduction, if they can be introduced into the field of offshore engineering and used to control and reduce the vibrations caused by plunger pumps, the vibrations on polymer injection platforms can be significantly reduced and their safety enhanced. When up to 11 sets of plunger pumps on offshore platforms are operated simultaneously, the vibration response is intense, and there is an urgent need to design a performant vibration isolation base that can be easily installed and economically applied. For efficient vibration reduction, it is necessary to further explore the influence of the relevant parameters of the constrained damping structure on its damping characteristics, according to which the design of the constrained damping base can be optimized to good effect.



In this paper, the existing constrained damping steel rail structures used for vibration and noise reduction in rail transportation are drawn upon. Subsequently, considering the vibration characteristics of the plunger pumps on offshore polymer injection platforms, a constrained damping base structure able to reduce large-magnitude vibrations is presented using the Abaqus 6.14 finite element software. This prototype is compared with rigid base and traditional rubber vibration isolators in terms of its vibration isolation performance. The influence of the damping layer’s loss factor, the damping layer’s thickness, and the number of expansion layers on the vibration damping performance of the base is further investigated, and a performant-constrained damped vibration damping base is finally designed to provide a useful reference for vibration control on a polymer injection platform.




2. Polymer injection Platform Structure and Constrained Damping Base


2.1. Polymer Injection Platform Structure


The polymer injection platform studied here is an in-service offshore platform owned by Sinopec Petroleum Engineering Design Co., Ltd. for China (Beijing, China). The structural dimensions and equipment data were provided by Sinopec, and a 1:1 numerical model was established to study the vibration response. The effect of the constrained damping base was tested on an eight-pile-leg polymer injection platform with a working water depth of 12.0 m, a total length of 48.0 m, a total width of 38.50 m, a total height of 46.70 m, and a total weight of 6382 t. In order to facilitate the analysis and calculation, the soil body’s constraint of the injection platform was simplified to 8 times the value of the pile diameter below the mud’s surface. The main parameters of the polymer injection platform are shown in Table 1, and the corresponding numerical model is shown in Figure 1.




2.2. Plunger Pump Excitation Simulation


According to the actual operational requirements, 11 sets of 3ZJ-50/15 triplex horizontal piston pumps were selected in this study, each of which is 4 m in length, 2.5 m in width, 2.6 m in height, and 15 t in weight, with a working pressure of 15 MPa, an output flow rate of 50 m3/h, a rated rotational speed of 175 rpm, and a frequency of 2.92 Hz. Their location and numbering are shown in Figure 1b. During its operation, the rotary movement of the crankshaft of the plunger pump is driven by a motor through a crank linkage mechanism. This connects a cross slider and a plunger rod, allowing the plunger in the cylinder body to move reciprocally and linearly and extract and discharge the polymer. A motion diagram is shown in Figure 2.



During the working process of the plunger pump, the displacement of the plunger can be transformed into the displacement of the cross slider, because the trajectories of the plunger and the cross slider are always synchronized and consistent. Taking the left dead center D of the crosshead movement as the origin of the coordinates and taking B to A as the positive direction of the y-axis, the displacement x of the crosshead can be expressed as the following:


  x =   l + r   −   r   cos  ⁡  φ   + l   cos  ⁡  θ     ,  



(1)




where r is length of the crank AC, l is the length of the connecting rod BC, φ is the turning angle of the crank, and θ is the angle between the connecting rod and the axis of the plunger rod. Based on the geometrical relationships in the crank linkage mechanism, the following is obtained:


    sin  ⁡  θ   =   r   l     sin  ⁡  φ   = λ   sin  ⁡  φ    



(2)






    cos  ⁡  θ   =  1 −     sin   2    ⁡  θ    =  1 −   λ   2       sin   2    ⁡  φ    ,  



(3)




where λ is the connecting rod ratio, i.e.,   λ = r / l  . Substituting Equation (3) into (1) gives Equation (4).


  x = r   1 −   cos  ⁡  φ     + l   1 −  1 −   λ   2       sin   2    ⁡  φ      .  



(4)







Further deriving the displacement x from Equation (4), the plunger moves with the velocity u as follows:


  u =   d x   d t   = r ω     sin  ⁡  φ   +   λ   2       sin  ⁡  2   φ    1 −   λ   2       sin   2    ⁡  φ        ,  



(5)




where   ω   is the angular velocity of the crank’s rotation, and clockwise is positive. Usually, the value of λ is very small, so it can be approximated as    1 −   λ   2       sin   2    ⁡  φ    = 1  , and thus the plunger movement speed u can be expressed as follows:


  u = r ω     sin  ⁡  ω   t +   λ   2     sin  ⁡  2   ω t   .  



(6)







Deriving the velocity u of the plunger motion from Equation (6), the acceleration a of the plunger motion can be expressed as


  a =   d u   d t   = r   ω   2       cos  ⁡  ω   t + λ   cos  ⁡  2   ω t   .  



(7)







According to the plunger motion acceleration a shown in Equation (7), the reciprocating inertia force Fs and centrifugal inertia force Fc generated during the plunger’s motion can be deduced, as shown in Equations (8) and (9), respectively:


    F   s   = − (   m   p   +   m   r 2   ) a = − r   ω   2   (   m   p   +   m   r 2   )   cos  ⁡  ω   t − r   ω   2   λ (   m   p   +   m   r 2   )   cos  ⁡  2   ω t  



(8)






    F   c   =     m   c   +   m   r 1     r   ω   2   ,  



(9)




where     m   p     is the mass of the plunger,     m   c     is the equivalent mass of the crank at point C,     m   r 1     is the equivalent mass of the connecting rod at point C, and     m   r 2     is the equivalent mass of the connecting rod at point B. Its specific parameters in this study are shown in Table 2.



According to the arrangement of the plunger pump on the platform (shown in Figure 1b) and its working mechanism, it can be seen that the excitation force of the plunger pump is mainly enacted in the direction of the piston’s movement (i.e., the Y direction) and the direction of the vertical deck (i.e., the Z direction). Since the piston pump is a three-cylinder piston pump, there is a 120° phase difference between the two cylindrical forces, and the time course of the excitation force of the piston pump is shown in Figure 3. In order to facilitate the calculation, the piston pump is established as a rigid body, and the excitation force in the Y and Z directions, as shown in Figure 3, is applied to the piston pump, respectively.



We decompose     F   s     and     F   c     along the x-axis and y-axis. The x-axis and y-axis in Figure 2 correspond to the Y direction and Z direction in Figure 1, respectively.



The force in the Y direction is


    F   Y   =   F   s   +   F   c   c o s ω t .  



(10)







The force in the Z direction is


    F   z   =   F   c   s i n ω t .  



(11)








2.3. Constrained Damping Base Structure and Energy Dissipation Mechanism


In engineering, a support structure is usually installed between the plunger pump and the supporting deck to facilitate lifting and commissioning the plunger pump structure and its ancillary equipment as a whole. Compared with the deck structure, the support skid structure has a lower stiffness, so it will deform somewhat under the action of the plunger pump, which facilitates energy dissipation in the damping material. In this paper, according to the deformation characteristics of the support skid structure, specific thicknesses of the damping material and constraint material are set on both sides of the web of the support skid’s I-beam, which, together with the support skid, forms a constrained damping base structure, as shown in Figure 4. The base dimensions are shown in Figure 5. The vibration damping base contains an I-beam with a high stiffness, a strong restraining layer, and a viscoelastic damping layer.



In the constrained damping base, the damping layer is made of a viscoelastic polymer, which has both the energy dissipation characteristics of a viscous material and the energy storage characteristics of an elastic material under alternating loads. For the restrained damping base, when the I-beam vibrates under cyclic loading, the damping layer will experience shear deformation along with the vibration of the I-beam, generating dynamic stress or strain. At this stage, some of the energy is converted into heat and dissipates, while the rest is stored in the form of potential energy. In other words, the constrained damping base transforms the mechanical energy of the vibrations into other forms of energy according to the energy dissipation characteristics of the damping material, thus weakening them.



When damping a plunger pump with a constrained damping base, if the excitation frequency of the plunger pump is   ω  , the shear strain   γ   and the shear stress   τ   in the damping layer can be expressed as [28,29]


  γ =   γ   0     sin  ⁡  ω   t  



(12)






  τ =   τ   0     sin  ⁡  (   ω t + α ) ,  



(13)




where     γ   0     is the shear strain amplitude,     τ   0     is the shear stress amplitude, and   α   is the phase angle between the shear stress and the shear strain. Further expansion of Equation (13) yields the following expression:


  τ   t   =     G   ′     ω     sin  ⁡  ω   t +   G   ″     ω     cos  ⁡  ω   t     γ   0   ,  



(14)




where     G   ′   ( ω )   is the energy storage’s shear modulus, and     G   ′   = (   τ   0   /   γ   0   )   cos  ⁡  α    ,     G   ″   ( ω )   is the energy dissipation’s shear modulus, and     G   ″   ( ω ) = (   τ   0   /   γ   0   )   sin  ⁡  α    .



The phase angle   α   between the shear stress and the shear strain can be obtained from Equation (14) as


  α =   arctan  ⁡  (     G   ″   /   G   ′   ) =   arctan  ⁡  β   ,  



(15)




where   β   is the loss factor of the viscoelastic damping material, and   β =   tan  ⁡  α   =   G   ″   /   G   ′    .



Transforming Equation (14) yields the intrinsic relationship between the stress and strain, as shown in Figure 6. This curve represents the energy dissipation of the viscoelastic material during dynamic loading. Within each cycle of loading, the area enclosed by the curve signifies the energy consumed by the material. This energy dissipation predominantly arises due to internal molecular friction and microstructural changes within the material. The size and shape of the hysteresis loop directly influence the magnitude and rate of this energy dissipation, thereby impacting the material’s vibration damping characteristics. Generally, a larger hysteresis loop corresponds to greater energy dissipation and, consequently, the improved vibration damping properties of the material.


  τ ( t ) =   G   ′   ( ω ) γ ( t ) ±   G   ″   ( ω ) [   γ   0   2   −   γ   2   ( t )   ]   1 / 2    



(16)






        E   d   =   ∫  0   T    τ   d γ =   ∫  0     2 π   ω      τ     d γ   d t   d t =   ∫  0     2 π   ω          G   ′     ω     sin  ⁡  ω   t +   G   ″     ω     cos  ⁡  ω   t   ω   γ   0   2     cos  ⁡  ω t     d t       = π   γ   0   2   β   G   ′   ( ω )      



(17)







As ascertained using Equation (17), the main factors affecting the overall energy dissipation of the constrained damped base are the damping layer’s material loss factor   β   and the damping layer’s shear area. Equally, the damping layer’s shear area is closely related to the thickness of the damping layer and the number of expansion layers. Therefore, this paper investigates the influence of the damping layer’s material loss factor, the thickness of the damping layer, and the number of expansion layers on the vibration isolation performance of constrained vibration damping bases. The parameters corresponding to a more performant vibration isolation base are also determined based on their level of influence. Please refer to the relevant literature for further detail on the parameter selection [28]. The material used in the damping layer of the constrained damping base proposed in this paper is consistent with the literature [29], and its relevant parameters are shown in Table 3.





3. Modal Analysis and Vibration Isolation Performance of Constrained Damping Bases


3.1. Modal Analysis of a Constrained Damped Base


Structural modal analysis is an important basis for initially determining the adequacy of a base structure’s design [30,31]. In order to avoid resonance between the vibration isolation base and the excitation load, according to the “Shipboard Vibration Control Guidelines” [32] of the China Classification Society (CCS), the separation margin between the natural frequency fn of the base and the multiple of the excitation frequency f of the plunger pump (mainly its natural frequency and double frequency) should be more than 20%. By this, we mean that when f/fn and 2f/fn are less than 0.8 or more than 1.2, the design of the vibration isolation base is assumed to be reasonable. In this paper, Abaqus software is used to establish numerical models of a rigid base (i.e., a support sled) and a constrained damped base, and modal analysis is carried out. The first four orders of the vibration patterns and the natural frequency are shown in Figure 7 and Table 4.



From Figure 7 and Table 4, it can be seen that the first four orders of the vibration mode shape and the natural frequencies of the rigid base and the constrained damped base are close to each other, and the first four orders of the vibration mode shape of both change from bending deformation to torsion deformation. The natural frequency range of the first four orders is about 24~49 Hz, and the frequency ratios f/fn and 2f/fn are in the ranges of (0.060, 0.122) and (0.119, 0.243). The natural frequencies of the rigid base and the constrained damping base do not correspond to any resonance. Therefore, the rigid base and the constrained damped base structures are reasonably designed. The first 10 natural frequencies are shown in Table 5. The first 10 natural frequencies are between 0.63 and 6.07 Hz, while the frequency of the excitation force of the three-cylinder plunger pumps is 8.76 Hz. Therefore, there will be no resonance between the excitation force and the overall model.




3.2. Vibration Isolation Performance of the Constrained Damping Base


In order to investigate the vibration isolation performance of the constrained damping base, this paper analyzes the vibration response of a polymer injection platform using a rigid base without vibration damping, a traditional rubber vibration isolation base, and the constrained damping base under the conditions of 11 plunger pumps simultaneously operating. In order to show the vibration response characteristics of the deck of the polymer injection platform more clearly, seven measurement points are set up in different areas of the deck, as shown in Figure 1b. The     v   r m s     and acceleration levels of each measurement point can be obtained using Equations (18) and (19) to effectively evaluate the vibration response of the polymer injection platform.


    v   r m s   =    1   T     ∫  0   T      v   2   ( t )   d t   



(18)






    L   a   = 20   lg  ⁡  (       a   e     1   0   − 6      )   



(19)






    a   e   =    1   T     ∫  0   T    a ( t )   d t  ,  



(20)




where     v   r m s     is the root mean square of the vibration velocity (mm/s), T is the duration of the vibration response at the measurement point (s), v(t) is the vibration velocity (mm/s), La is the vibration acceleration level (dB), and ae is the effective value of acceleration (m/s2). The effective value of acceleration is a physical quantity that describes the change in speed of an object in units of time, and its magnitude is equal to the ratio of the area enclosed by the acceleration time–history curve to time.



This paper studied five different grid size configurations using a constrained damping base and compared the     v   r m s     of measurement point 1, as shown in Table 6. It can be clearly seen that as the number of grids increases, the     v   r m s     of measurement point 1 gradually decreases and stabilizes at 7.8 mm/s. Therefore, it can be concluded that, when the number of grids is 5433, finite element calculation can ensure the calculation’s accuracy, save computational resources, and improve the computational efficiency.



A schematic diagram of the conventional rubber vibration isolation base is shown in Figure 8, where six rubber vibration isolators are placed below the base of the rigid base. The size of the rubber isolator is 200 mm × 200 mm × 200 mm. In terms of the material parameters, its density is 100 kg/m3, its elastic modulus is 100 Mpa, and its Poisson’s ratio is 0.3. This paper examines the vibration response of 11 polymer injection pumps operating simultaneously, as shown in Figure 1. In Abaqus software, the plunger pump in Figure 4 is rigidly coupled with the reference point, and excitation forces, as shown in Figure 3, are applied in the Y and Z directions at the 11 reference points. The vibration responses of the platform at different measurement points under the conditions of a rigid base, a conventional rubber vibration isolation base, and only considering the constrained damping base are shown in Figure 9. As can be seen in the figure, the vibration response at measurement points 5, 6, and 7 is smaller compared to the other measurement points due to their distance from the plunger pump. When the platform base is a rigid base, the localized vibration response of the platform deck is intense, and the vibration intensities at measurement points 1, 2, 3, and 4 all exceed the 8 mm/s specified in international standard [33]. When using the traditional rubber vibration isolation base and the constrained damping base, the vibration response at each measurement point is greatly attenuated, and the     v   r m s     is less than 8 mm/s, which meets the specification requirements. Comparing the platform’s response under the conditions of the rubber vibration isolator and the constrained damping base, it can be seen that the degree of attenuation of the     v   r m s     and the vibration acceleration level at different measurement points differ somewhat, but the differences are small. The vibration acceleration level at measurement point 1 is reduced by 60.67 dB when using the constrained damping base, and it is reduced by 58.00 dB when using a traditional rubber vibration isolation base, which shows that the constrained damped base isolates vibrations more competently than the traditional rubber vibration isolation base.





4. Effect of Damping Layer Parameters on Vibration Isolation Performance


4.1. Effect of the Loss Factor on Vibration Isolation Performance


According to the principles of reducing vibrations using a constrained damping base, we understand that the energy dissipation per unit of volume of the base structure is positively correlated with the loss factor of the damping layer’s material. Therefore, the loss factor of the damping layer’s material is one important index affecting the vibration isolation performance of the constrained damping base. The loss factor of the viscoelastic damping material used is mainly distributed in the range of 0.2~2.0 [34]. In order to explore the nature of the influence of the loss factor of the damping material on the vibration isolation performance of the constrained damping base, this paper sets the energy dissipation factor of the damping material to 0.25, 0.5, 1.0, and 1.5, i.e., 0.5, 1, 2, and 3 times the baseline parameter of the loss factor of the damping material, as described in Table 3, and analyzes the vibration isolation performance of the base. In view of the fact that measurement point 1 is located between several plunger pumps, the vibration response at this measurement point is representative, and the     v   r m s     and the vibration acceleration level at measurement point 1 are used below to show the vibration response of the polymer injection platform under different working conditions.



Figure 10 shows a comparison of the results on the     v   r m s     and the vibration acceleration level at measurement point 1 using different damping material loss factors. From the figure, it can be seen that the vibration response of the polymer injection platform gradually decreases with an increase in the damping material’s loss factor, but this effect also gradually de-intensifies with an increase in the damping material’s loss factor. Taking the     v   r m s     of the platform as an example, when the damping material’s loss factor is increased from 0.25 to 1.0, the     v   r m s     of the platform is reduced from 8.06 mm/s to 6.90 mm/s, while when the damping material’s loss factor is increased from 1.0 to 1.5, the     v   r m s     of the platform is reduced from 6.90 mm/s to 6.62 mm/s. It is found that when the damping material’s loss factor exceeds 1.0, the decline in the platform’s     v   r m s     gradually slows down. That is, the vibration isolation performance of the base gradually tends to stabilize. Considering the cost of the materials and the vibration damping performance, the damping material’s loss factor can be set to 1.0.




4.2. Effect of the Damping Layer’s Thickness on the Vibration Isolation Performance


According to the principles of vibration isolation in the constrained damped base, the total energy dissipation and the total energy storage of the base structure are related to the shear area of the damping layer. Equally, the shear area of the damping layer has a strong correlation with the thickness of the damping layer. Thus, the thickness of the damping layer is an important index affecting the vibration isolation performance of the constrained damped base. In order to investigate the influence of the damping layer’s thickness on the vibration isolation performance of the constrained damping base, this paper sets up six different working conditions at 5 mm intervals, as shown in Figure 11.



The platform’s vibration response is shown in Figure 12. From the figure, it can be seen that, with an increase in the thickness of the damping layer, the shear area of the damping layer gradually increases, the vibration response of the platform gradually decreases, and the vibration isolation performance of the constrained damping base continues to improve. Taking the vibration acceleration level of the platform as an example, when the thickness of the damping layer is increased from 5 mm to 20 mm, the acceleration of the vibrations of the platform decreases from 107.70 dB to 102.32 dB, while when the thickness of the damping layer is increased from 20 mm to 30 mm, the acceleration of the vibrations of the platform only decreases from 102.32 dB to 100.70 dB. Furthermore, when the thickness of the damping layer exceeds 20 mm, the decline in the vibration acceleration level of the platform slows down, i.e., the rate of the increase in the vibration isolation performance of the base plateaus. Considering the size of the I-beam and where the restraining plate is installed, the thickness of the damping layer was set to 20 mm in this study.




4.3. Effect of the Number of Expansion Layers on the Vibration Isolation Performance


The shear area of the damping layer is not only related to the thickness of the damping layer but also to the number of expansion layers. If there is only one layer of damping material (i.e., no expansion layer), only the part of the damping material in contact with the base’s I-beam undergoes shear deformation under the deformation of the base structure, and the damping layer consumes less energy. If an expansion layer is added to the damping layer, the deformation of the base’s I-beam is hierarchically transferred to the damping layer through the connecting plate, resulting in shear deformation where the damping material is in contact with the connecting plate, which can significantly increase how much structural vibration energy is consumed. In order to investigate the influence of the number of expansion layers on the vibration isolation performance of the constrained damping base, this paper uses different numbers of expansion layers between the damping layer and the I-beam. Constrained damping bases with different numbers of expansion layers are shown in Figure 13, and their specific material parameters are shown in Table 7.



The thickness of the connecting plate is 2 mm, the thickness of the expansion layer is 3 mm, and the thickness of the constraining layer is 2 mm. All these data are constant values. This subsection is based on the research in Section 3.2, so the material’s parameters remain the same except for the fact that the number of expansion layers changes; i.e., the loss factor is 0.5, and the rest of the parameters are shown in Table 7. The expansion layer is made of a polyamide material formed with 3D-printed honeycomb pores, which makes it lightweight and highly elastic. The printing temperature is 240 °C, the printing speed is 30 mm/s, the layer height is 0.1 mm, and the accuracy is 0.2 mm. The expansion layer model and its dimensions are shown in Figure 14.



The     v   r m s     and the vibration acceleration level of the platform are shown in Figure 15 for the constrained damping bases with different numbers of expansion layers. A comparison of the results shows that, with an increase in the number of expansion layers, the shear area of the damping layer continues to increase, the vibration response of the platform gradually decreases, and the vibration isolation performance of the constrained damping base gradually improves. The main reason for this is that the shear area of the damping layer increases significantly when the number of expansion layers is increased from 1 to 10, and, due to the bending deformation of the I-beam, the shear effect of the damping layer increases significantly. When the number of expansion layers increases from 0 to 3, the     v   r m s     of the measurement point decreases from 7.73 mm/s to 6.65 mm/s, and the vibration acceleration level decreases from 100.70 dB to 97.96 dB. Meanwhile, when the number of expansion layers increases from 3 to 10, the     v   r m s     of the measurement point only decreases from 6.65 mm/s to 6.47 mm/s, and the vibration acceleration level only decreases from 97.96 dB to 97.42 dB. The decline in the     v   r m s     and vibration acceleration level slows down, and the rate of the increase in the vibration isolation performance of the base stabilizes when more than three expansion layers are used. Given that as the number of expansion layers increases, the base structure becomes more complex and heavier, and it is appropriate to set the number of expansion layers to 3.




4.4. Vibration Isolation Performance of the Base after Parameter Optimization


According to the above study, when the loss factor of the damping layer material in the constrained damping base is 1.0, the thickness of the damping layer is 20 mm, and when the number of expansion layers is 3, the base has improved vibration isolation performance. In order to investigate the vibration isolation performance of the constrained damped base after parameter optimization, a model of the base is established, as shown in Figure 16. Figure 17 shows the vibration acceleration–time history for measurement point 1 on the optimized base. The vibration response of the platform before and after the optimization of the base parameters is obtained using numerical methods, and the results are shown in Figure 18. Comparison of the results shows that, compared to the platform’s vibration response when using the base before its optimization, this optimization further reduces the platform vibrations. The vibration acceleration level at measurement point 1 is reduced by 75.25 dB when using the optimized base, effectively improving the vibration isolation performance of the constrained damping base.



Excessive vibration can cause damage to the human body, including the nervous, cardiovascular, muscular, digestive, bone, and auditory systems. Currently, the level of vibration is typically measured using the vibration acceleration level La in the international community [35]. According to the international standard [36], the vibration acceleration level that the human body can just perceive is 60 dB, and the vibration acceleration level that the human body cannot tolerate is 114 dB. When using an optimized base, the vibration acceleration levels at measuring points 1–7 range from 71 dB to 86 dB, which can be perceived by workers and are within an acceptable range. Therefore, the optimized constrained damping base proposed in this paper meets the health needs of workers.





5. Conclusions


In order to mitigate the local vibrations on offshore platforms caused by the joint operation of multiple plunger pumps, a new constrained damping base was proposed based on the energy dissipation brought about by damped shear deformation. The influence of the loss factor of the damping layer’s material, the damping layer’s thickness, and the number of expansion layers on the vibration isolation performance of the constrained damping base was analyzed. The ideal structural form of the constrained damping base for optimized vibration-reduction performance was determined, and the following conclusions were obtained.



	(1)

	
The natural frequency of the first four orders of the constrained damping base proposed in this paper ranged from 24.1 Hz to 42.5 Hz, while the frequency ratios f/fn and 2f/fn were small and were not within the resonance region, so the constrained damping base structure was reasonably designed.




	(2)

	
The constrained damping base can effectively reduce the vibration response on the platform deck elicited by the plunger pumps, and the base evidently isolates vibrations effectively, given that its vibration acceleration level at measurement point 1 is reduced by 60.67 dB.




	(3)

	
The isolation performance of the constrained damping base was superior to that of rigid bases and rubber bases. Compared with traditional rubber isolation bases, constrained damping bases have the advantages of simple construction, a low center of gravity, and more stable operation.




	(4)

	
With a gradual increase in the damping material’s loss factor, the vibration isolation performance of the constrained damping base continuously improves. An increase in the thickness of the damping layer and an increase in the number of expansion layers continuously enlarges the shear area of the damping layer, which, in turn, continuously improves the performance of the constrained damping base in isolating the vibrations. When the damping material’s loss factor is 1.0, the thickness of the damping layer is 20 mm, and the number of expansion layers is 3, the vibration isolation performance of the constrained damping base is enhanced, and the vibration acceleration level at measurement point 1 is reduced by 75.25 dB.
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Figure 1. Numerical models of polymer injection platform and layout of lower deck. (a) Numerical models of polymer injection platform; (b) layout of lower deck. 
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Figure 2. Diagram of movement of plunger pump crank linkage mechanism. 
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Figure 3. Excitation force of the plunger pump. (a) Y direction excitation force of the plunger pump; (b) Z direction excitation force of the plunger pump. 
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Figure 4. Constrained damping base layout. 
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Figure 5. Constrained damping base dimensions. 
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Figure 6. Stress–strain curve. 
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Figure 7. First four orders of the mode shape for rigid and constrained damping bases. (a) First-order mode shape of the rigid base. (b) First-order mode shape of the constrained damping base. (c) Second-order mode shape of the rigid base. (d) Second-order mode shape of the constrained damping base. (e) Third-order mode shape of the rigid base. (f) Third-order mode shape of the constrained damping base. (g) Fourth-order mode shape of the rigid base. (h) Fourth-order mode shape of the constrained damping base. 
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Figure 8. Conventional rubber vibration isolation base. 
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Figure 9. Vibration isolation performance of constrained damping base. (a) Comparison of root mean square value of velocity; (b) comparison of vibration acceleration level. 
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Figure 10. Effect of loss factor on vibration isolation performance; (a) root mean square value of velocity; (b) vibration acceleration level. (The thickness of the damping layer is 30 mm, the number of expansion layers is 0, and the loss factor is 0.25–1.5. Measurement point 1). 
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Figure 11. Constrained damping base with damping layers of different thicknesses. 
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Figure 12. Effect of damping layer thickness on vibration isolation performance; (a) root mean square value of velocity; (b) vibration acceleration level (the loss factor is 0.25, the number of expansion layers is 0, and the thickness of the damping layer is 5–30 mm. Measurement point 1). 
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Figure 13. Constrained damping base with different numbers of expansion layers. (a) Without expansion layer; (b) 1 expansion layer; (c) 3 expansion layers; (d) 10 expansion layers. 
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Figure 14. Expansion layer model. 
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Figure 15. Effect of number of expansion layers on vibration isolation performance. (a) Root mean square value of velocity; (b) vibration acceleration level. (The loss factor is 0.25, the thickness of the damping layer is 30 mm, and the number of expansion layers is 0–10. Measurement point 1). 
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Figure 16. Constrained damping base with optimized parameters. 
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Figure 17. Time history of vibration acceleration at measurement point 1. 
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Figure 18. Vibration isolation performance of constrained damping base with optimized parameters. (a) Comparison of root mean square value of velocity; (b) comparison of vibration acceleration level. 
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Table 1. Main parameters of the polymer injection platform.
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	Description
	Value
	Description
	Value





	Elevation of upper deck
	23.50 m
	Size of the decks
	48.0 m × 38.5 m



	Elevation of lower
	15.50 m
	Size of the pile
	Φ 1400 × 38 mm



	Weight of upper deck and equipment
	2989 t
	Size of the horizontal braces
	Φ 700 × 22 mm



	Weight of lower deck and equipment
	2100 t
	Size of the diagonal brace
	Φ 600 × 19 mm










 





Table 2. Main parameters of plunger pump.
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	Description
	Value
	Description
	Value





	Length of crank (r)
	100 mm
	Mass of plunger (    m   p    )
	15.5 kg



	Length of connecting rod (l)
	600 mm
	The equivalent mass of the crank at C (    m   c    )
	466.0 kg



	Connecting rod ratio (  λ  )
	0.167
	The equivalent mass at C (    m   r 1    )
	45.4 kg



	Angular velocity of crank’s rotation (  ω  )
	18.326 rad/s
	The equivalent mass at B (    m   r 2    )
	33.6 kg










 





Table 3. Material parameters of constrained damping base.
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	Structure of

Constrained Damping Base
	Material
	Density (kg/m3)
	Elasticity Modulus (MPa)
	Poisson’s Ratio
	Modulus of Rigidity (MPa)
	Loss Factor





	I-beam
	Steel
	7850
	2.1 × 105
	0.3
	8 × 105
	2 × 10−4



	Damping layer
	Rubber
	999
	3.0
	0.49
	0.896
	0.5



	Constraining layer
	Aluminum alloy
	2790
	7.31 × 104
	0.35
	3.5 × 105
	3 × 10−4










 





Table 4. The first four orders of natural frequency for bases.
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	Order
	Natural Frequency of Rigid Base (Hz)
	Natural Frequency of Constrained Damping Base (Hz)





	1
	24.735
	24.008



	2
	25.085
	24.153



	3
	40.869
	39.302



	4
	48.775
	42.542










 





Table 5. The first 10 orders of natural frequency for the platform.
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	Order
	Natural Frequency of Platform (Hz)
	Order
	Natural Frequency of Platform (Hz)





	1
	0.630
	6
	4.583



	2
	0.651
	7
	5.331



	3
	0.776
	8
	5.416



	4
	3.981
	9
	5.722



	5
	4.134
	10
	6.066










 





Table 6.     v   r m s     of measurement point 1 under different grid sizes.
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	Order
	Mesh Size
	Number of Meshes
	      v   r m s            at   Measurement   Point   1    





	1
	1
	5268
	8.3 mm/s



	2
	0.5
	15,056
	8.0 mm/s



	3
	0.2
	32,533
	7.8 mm/s



	4
	0.1
	40,103
	7.8 mm/s










 





Table 7. Structural parameters of constrained damping base.
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	Structural of

Constrained Damping Base
	Material
	Density (kg/m3)
	Elasticity Modulus (MPa)
	Poisson’s Ratio
	Modulus of Rigidity (MPa)
	Loss Factor





	I-beam
	Steel
	7850
	2.1 × 105
	0.3
	8 × 105
	2 × 10−4



	Damping layer
	Rubber
	999
	3.0
	0.49
	0.896
	0.5



	Expansion layer
	Polyamide
	230
	8.2 × 103
	0.1
	970
	0.01



	Connecting plate
	Aluminum alloy
	2790
	7.31 × 104
	0.35
	3.5 × 105
	3 × 10−4



	Constraining layer
	Aluminum alloy
	2790
	7.31 × 104
	0.35
	3.5 × 105
	3 × 10−4
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