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Abstract

Damper is an important component in the suspension system of vehicles. The main function of dampers is to absorb the energy of oscillation caused by the irregularity of the road surface so that the component will work in a more stable situation. This will not only increase the durable years of vehicles but also provide passengers with a more comfortable journey.
There are many types of dampers, mono-tube damper is a basic damper, which can be used to demonstrate the basic working process of dampers. To make it easy to understand but not miss any important information, this report is based on this type of damper.
This report will give a detailed introduction about how mono-tube dampers work, and build a mathematical model of the mono-tube damper according to the analysis of its working process. At the same time, some experiments under different situations will be done to give more information about the influence of the viscosity of the hydraulic oil. The result of the mathematical model will be used to analyze the influence of some parameters of the damper to the property of dampers.
Finally, by comparing the results of the program and experiments, this report will analyze the factors which contribute to the error of the program result and provide some advice to improve the accuracy of the mathematical model
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[bookmark: _Toc24337_WPSOffice_Level1]1 Introduction
1.1 [bookmark: _Toc6706_WPSOffice_Level2]Background and importance
The surface of the road can be uneven sometimes, which can serve as a disturbance for vehicles. People in vehicles can feel very uncomfortable if this disturbance transfers to them directly. And the human sensitivity to the disturbance depends on people feeling, but one thing is clear that some frequency which the human body does not like needs to be avoided. Some studies have given some information about this problem:

· If the vestibular apparatus of the inner ear is subjected continuously to linear and/or angular accelerations between about 0.5 and 0.75 Hz dizziness and sickness will be produced (Bastow, 1980).
· The head and neck are sensitive to frequencies between about 18 to 20 Hz. (Bastow, 1980, P6)
Apart from the comfortability, the disturbance also can be detrimental to the property and life span of the vehicles. Continuous cyclic disturbance to the components can cause fatigue failure, i.e. the crack will grow progressively and cause component failure finally, even the stress is far from the yield stress.
To decrease the influence of road irregularity on the vehicles, people install a suspension system, which consists of many different components to act as a filter between road and vehicle bodies. The damper is a component in this system to absorb the excessive energy. Knowing better about this device can help people understand how the suspension system works as a whole, and how to adjust its components when they want to realize a specific property. Also, knowing more about the damper will help people to figure out the influence of different factors on damper and suspension systems, such as the viscosity of the hydraulic oil, stiffness of shim stack.

[bookmark: _Toc13637_WPSOffice_Level2]1.2 Suspension system
The suspension system is the facility of vehicles which acts as a filter in the vehicle to avoid or alleviate these negative impacts of the road disturbance. The function of a suspension system in a vehicle is shown as follows: 
1) To make the car easier to ride and handle
2) To ensure that the vehicle responses favourably to control forces produced by the tires during longitudinal brakings, such as accelerating forces, lateral cornering forces and braking and accelerating torques.

3) To provide isolation from high-frequency vibration from tire excitation.
And to satisfy this requirement there are many different kinds of suspension which have different advantages and disadvantages. At the same time, there is something they have in common.

 The suspension system contains three parts, a structure that can hold the weight of the vehicle and determine the shape of the suspension system, a spring converting the kinematic energy to potential energy or vice versa, and a shock absorber which is a mechanical device to dissipate the kinetic energy. (Goodarzi and Khajepour, 2017, P1) A simple mechanical model of a suspension system is shown in Figure 1.    
[image: C:\Users\1904657.UNI\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\A03F156D.tmp]
Figure 1 the model of the bus suspension system

In this mechanical model shock absorber is the damper opponent which can restrict the tendency of the vehicle to oscillate continuously by dissipating the energy.
[bookmark: _Toc14681_WPSOffice_Level2]1.3 Introduction of dampers in the suspension system  
As introduced before, the shock absorber is an important part of most suspension systems, which can reduce the tendency of the carriage unit to bounce up and down on its springs. To realize the function of dissipating energy, most of them use frictions force to convert the kinetic energy into heat energy.
1.3.1 Different types of dampers
  1 structural damping: Even there is no specific component in a system called dampers, there still a structural damping that exists because of the inherent property of system structure or material. The amplitude of this kind of damping is quite low, for example, for the system with lightweight construction or complex joints the damping ratio can be 10%, but for the system with a rigid material, the damping ratio can only be 5%. (`Klembczyk, 2020) 
  2 coulomb or frictional damper, the damping is provided by friction in early cars, and a wide range of damping ration can be obtained, but people then realized that the frictional damping had a wrong characteristic for vehicle suspension, and it is influenced by a lot of factors, such as temperature, wear, corrosion, ageing, etc, so it is not used anymore.
3 Elastomer Dampers--This is the damper which can provide spring force (position-based) and damping force (velocity or frequency-based) at the same time. The relationship between force and velocity is highly non-linear and highly depends on the compound type. They are standardized some degree and not expensive, but is difficult to control with accuracy.

  4 viscous dampers, the theoretical assumption of this damper is that the damping force is proportional to the velocity, but the leak problem makes it unsuitable to be used in the suspension system.
5 hydraulic damper, this is the universally used damper in all kinds of vehicles. It is a way of extracting energy from motion, a study of the dimensions of the quantities shows that:

     Pressure drop x Fluid displacement = Work done (Bastow 1980).
The hydraulic dampers have different structures, such as mono-tube or twin-tube. 
1.3.2 The dynamic property of dampers
An ideal property is that the relationship between the velocity of the piston rod and the damping force is linear, i.e. the larger the velocity is, the bigger the damping force. The hydraulic damper is very suitable to be used in suspension systems for having this kind of property. The damping force of the hydraulic dampers is calculated according to the fluid dynamics, so the linear relationship relies on the arrangement of all kinds of orifice inside the dampers. If this strategy can be considered as a passive method, the magnetorheological dampers are a kind of damper which can control damping force actively. MR dampers can use MR fluids and control algorithms to produce a highly reliable operation (Spencer Jr et al, 1997).

The future direction of damper development is likely the active dampers which are comprised of a power source programmed control logic, an input measuring device and a mechanical driver that can respond quickly to the input according to the logic and drive itself to reduce the response acceleration of the protected mass (`Klembczyk, 2020). However, better control performance and accuracy also means a higher cost of dampers.

[bookmark: _Toc16547_WPSOffice_Level2]1.4  Literature review and analysis of mono-tube dampers
A lot of studies have been done about dampers. In 2013, Kate and Jadhav (2013) wanted to reduce the number of physical prototypes on which many new product developments depend to improve the efficiency of this process. They regard the automotive damper as a displacement-sensitive shock absorber and analyzed the structures in the shock absorber which would influence the damping force. According to these analyses, they introduced a mathematical model and used physical testing to make sure the validity of this model. Similarly, in 2016, Fugulkar, Singh and Sawant (2016) also concerned about the mathematical modelling and experimental validation of mono-tube shock absorber, and the experimental analysis is done changing some parameters of the shock absorber. The method they used to solve coupled equations is Newton’s iterative. Through considering the transmissibility and frequency response curves and the influence on spring-mass and displacement of the tyre, they thought that it better to have low transmissibility (larger bleed area) when the suspension velocity is low and high transmissibility when velocity is high.

[image: 4$RAIXKQ}YRAON`A`40L@M4]
Figure 2 the assemble of the shim stack

Shim stack (shown in Figure 2)is an important component of the dampers. And in 2018, Xu, Chu, and Ma (2018) tried to combine large deflection and beam deflection to build the model of the deformation of the shim stack under pressure and then verified this hybrid method using a hydraulic valve system in AMESim. Farjoud et al in 2012, built a detailed mathematical model of the hydraulic damper by using a numerical method to solve the nonlinear ODEs. Another important work they did is to model the deformation of shim stack based on the principle of minimum total potential energy and analyze the effects of shim thickness, shim stack pre-deflection and shim’s stiffness. Finally, Matlab is used to visualize the result of their model and study the effects of other parameters of dampers. Another analysis conducted by Bell and Beale (2015) considered the system of the damper with a shim stack from a different angle. They applied the Computational Fluid Dynamics to the piston and fluid in the damper and compared the result with that of using the finite element method. They discovered that the pressure drop was highly dependent on the shape of the flow path formed by shim stack deflection.

These previous scholars did a lot of work on the mathematical model or other methods like CFD, FEA to analyze the pressure drop because of the shim deflection. The algorithms they used are very complex, so this report will try to find a simpler way to model the mono-tube dampers by using some basic relationships between pressure and cross-section area due to fluid mechanics.
[bookmark: _Toc30180_WPSOffice_Level2]1.5  The major content of this project
This project aims to give an introduction to the dampers used in the suspension system and analyze the relationship and functions of all the components in the damper, and then build the mathematical model of mono-tube dampers. To make sure that the mathematical model is correct, a Matlab program according to the mathematical model with a given input is run on the Matlab to get the damping force calculated by the model. 
An experiment will be performed and the result will be used to compare with the result of the Matlab program. Inevitably, there will be some deviation between the result of the program and experiment, which will be analyzed to find some possible factors contributing to this result. The results under different conditions will be compared to analyze the influence of some factors to the damping force, such as the viscosity of the oil, the temperature of oil under which the experiment is done.
Through a comprehensive investigation and understanding of the damper, this report can provide the people with useful information who wants to know the working process of damper or how to understand the property of a specific damper, and the problem solving when there is some problem with their dampers. This report also makes an effort to build the mathematical model of monotube damper, and realize it using the Matlab program, the analysis of the result of the program can give some advice to those who want to build a more accurate model.

[bookmark: _Toc14101][bookmark: _Toc6706_WPSOffice_Level1]2 The analysis of the working principle of dampers
[bookmark: _Toc9139_WPSOffice_Level2]2.1 Some important components of damper
1 piston
The piston is a cylinder with some specific hole in it. Its function is to divide the compression chamber and rebound chamber, but at the same time work together with a shim stack to control the pressure difference between these two chambers.
The following picture (Figure 3) shows the geometry of the damper piston. During the working process, oil can only flow through bump orifice from the compression chamber to the rebound chamber and flow through rebound orifice from the rebound chamber. The function of these orifices is to generate pressure difference between two chambers of the damper, and the dump orifice controls that of the compression process and rebound orifice controls that of the rebound process. To get some specific property of damping force the diameter of bump orifice and rebound orifice can be different.

[image: _{I7UJYEFHJ)I(9HHYJ[KWG]
Figure 3 the structure of the piston in dampers
 
2 piston rod
Piston rod used to connect the piston with other equipment whose movement will cause the movement of the piston. It is hollow with a needle valve in the centre to control the cross-section area of flow.

3 float piston
Float piston is used to divide the gas chamber and compression chamber completely so that during the compression process the gas can act as a spring absorbing a part of energy. Due to the small weight of the floating piston, it is reasonable to assume that the pressure of the gas chamber is equal to that of the compression chamber.

4 shim stack
The assembly of the shim stack and piston is shown in Figure 2. The concavity shown in the picture is to set a higher threshold of the pressure difference between the compression chamber and the rebound chamber which bends the shim stack so that the oil can flow through the orifice. However, the concavity is not necessary for every damper, depending on the property of the dampers.

5 needle valve
The following picture (Figure 4) shows how the needle valve works together with other components to control the pressure difference.
[image: $X3H@0H)O2B~WJ37~{`SDDQ]
Figure 4 needle valve 
[bookmark: _Toc25789_WPSOffice_Level2]2.2 The working process of dampers
[image: F4%9FSZ3~UK585K~2BH7~GL]
Figure 5 the model of a mono-damper
The main structure of a mono-tube damper is shown in Figure 5. There are three chambers, rebound chamber, compression chamber and gas chamber, during the work process the rebound chamber and compression chamber are filled with oil which is usually developed specifically for dampers with different viscosity according to different working conditions. The gas chamber is filled with nitrogen acting as a spring to store energy in the system of the damper. The most important component of a damper is the piston which connects the rebound chamber and compression chamber and creates a pressure difference between these two chambers to generate damping force.
To analyze the working process of the damper, the difference between the effective cross-section of rebound chamber and compression chamber need to be noticed, so if we assume the cross-section area of the piston is A1 and that of the piston rod is A2, the area of the compression chamber is A1, and area of rebound chamber is A1-A2. And there are some assumptions about the working process.
(1) The oil is incompressible, so the total volume of oil is constant.
(2) The rise of the temperature of the oil is little and can be neglected.
(3) The leakage between the rebound and the compression chamber is negligible.
When the piston moves downwards, a longer piston rod will be inside the cylinder. Given that the oil volume is constant, the increase of the piston rod volume in the cylinder will equal to the reduction of gas volume, which means the gas will be compressed and gas pressure will ascend. At the same time, there is more space in the rebound chamber, so the oil in the compression chamber will flow to the rebound chamber through the piston. It is the piston that creates a pressure difference between two chambers, which finally accounts for the dumping force on the piston.
There is one point to notice that there are two orifices on the piston which can cause pressure difference, one is the orifice caused by a needle valve and valve seat (shown in the right side of Figure 6), the other is the orifice between a shim stack and the piston (shown in the left side of Figure 6). The needle valve in the centre of the piston works all the time regardless of the velocity of the piston, and the orifice between shim stack and piston works only when the pressure difference between compression and rebound chamber is big enough to bend the shim stack.

[image: 2%V(Z5RUW15HQ@3AS30W01J]
Figure 6

         
[bookmark: _Toc26796_WPSOffice_Level2]2.3 Calculation of flow parameter of some kinds of orifices

According to the working process of damper, it is essential to figure out how to calculate the pressure difference between compression chambers and the rebound chamber.
2.3.1 the pressure difference of flow
According to the principle of fluid dynamics, the pressure drop will appear when it flows through an orifice, and scientists have discovered the relationships between the pressure difference and the parameters of orifices.

The relationship between flow rate and pressure difference can be described as  (Warring, R.H. 1983, P15)           (1)


 , where Cd is the orifice coefficient, and,
2.3.2 the pressure difference for parallel orifices and orifices in series






In some cases, there is not just one orifice functioning in the equipment, instead, two or more orifice is parallel or in series and work together. Parallel orifices are shown as the left image in Figure 8. The flow rate of every orifice is, and the cross-section area is respectively. If the equivalent cross-area of this orifice is A, the pressure difference can be shown as, which can be rewritten as. Form these equations, it is obvious that the flow rate of a particular orifice is.
[image: ]
Figure 7 the parallel orifices and orifices in series
The orifices in series are shown as the right side of Figure 7, the outlet of one orifice is the inlet of another orifice. From this figure, the flow rate of every orifice is equal to each other, and the overall pressure difference is the sum of the pressure drop of every orifice.


 There are many places in the damper where pressure drop occurs, but some of them will be simplified reasonably to make it easy to build the mathematical model.
2.3.3 the pressure difference in damper
Applying the relationship between the flow rate and pressure difference to the situation of the damper. Firstly, for the orifice between the needle valve and valve seat which can generate pressure drop whenever the damper works, the equation is shown on the right side of Figure 6.






where the Flowing area, when x<< .
Apart from the orifice between the needle valve and valve seat, there are four little holes on the piston rod, by where the fluid flows into the centre of the piston. This orifice also works all the time.

In addition to these two orifices, there is an orifice works only when the velocity is higher than a specific number and the pressure is big enough to bend the shim stack. Under this situation, there will be a circular gap between the piston and shim stack, whose width is, allowing more oil flow from one chamber to another. The gap is illustrated in the left image of Figure 6.


where  
[bookmark: _Toc13637_WPSOffice_Level1][bookmark: _Toc17551]3 Deformation of the shim stack

[bookmark: _Toc21613_WPSOffice_Level2]3.1 Different methods 
To calculate the deformation of the shim stack under pressure, several methods solve this problem from different aspects.
Xu and Chu (2018) modelled the shim deformation based on the hybrid method of beam deflection and large deflection. Based on the large deflection theory, the deformation equation of the deformable valve at the outer edge is obtained by second-order perturbation solution of the Chien perturbation method. ( Xu and Chu, 2018)



 ,



where is the deformation of the shim at the outer radius(m); μ is Poisson’s ratio; δ is the thickness of the shim(m);  is the coefficient related to α, and μ, are undetermined coefficients. The Figure 8 shows the relationship between deformation and load when using the beam deflection theory.
[image: [[]NUH}O2W)F`5T%9HE82Z0]
Figure 8 the deflection of shim along the radius


 Finally, the simplified hybrid method is, where is the deformation, and q is the load applied to the shim. 

Some researchers solve this problem by using energy and variational methods. According to the minimum of total potential energy, "a structure or body shall deform or displace to a position that minimizes the total potential energy", the shim stack will deflect in a specific position that the total potential energy is minimal. Farjoud and Ahmadian (2012) state that to capture the deformation of the shim stack, the plate theory which includes shear deformation is required. According to the first-order shear deformation theory, the potential energy of an elastic body under pressure q(r), is






where U is the strain energy, V is the work done by the external loading(q(r)), E is the Young's Modulus,  is Poisson's ratio, z is the normal coordinate, is the cross-section rotation, is the normal deflection, k is the shear correction factor used in FSDT (First-Order Shear Deformation Theory), G is the shear modulus, and is the total volume of the elastic body (the shim stack). The total energy is then minimized by using the Rayleigh-Ritz approximation and Lagrange multipliers method to find the deformation of the shim stack at the outer radius (Farjoud et al, 2012).
[bookmark: _Toc1135_WPSOffice_Level2]3.2 the deformation of shim stack in the model
After learning about how to calculate the deformation of shims stack theoretically, to make things simple, Solidworks is used to simulate the situation. Solidworks is a software based on Finite Element Analysis (FEA) and is widely used to analyze the stress of products under specific conditions. 
The process of using FEA in Solidworks is shown as follows:
• Preprocessing 
– Model the product.
– Define the material properties of the elements. 
– Define the geometric properties of the elements (length, area, and the like). 
– Define the element connectivities (mesh the model). 
– Define physical constraints (boundary conditions). 

--Define the loading.
 • Solution 
– computes the unknown values of the primary field variable(s)
   – computed values are then used by back substitution to compute additional, derived variables, such as reaction forces, element stresses, and heat flow.
 • Postprocessing 
– Postprocessor According to the result, the stress and displacements of the components can be displayed either by the form of data or graph. Usually, a graph can be used as a demonstration document.
In this project, the deformation of the shim stack in different pressure is what is concerned about, so this process is repeated several times using different loading. The results are shown in Table 1.
[image: AJ@TU]~1AM)~CPS@$Y2IOEP]
The graph of this relationship is shown in Figure 9. In this graph, the blue line is drawn according to the data of table 1, and the red line is a straight line to approximate the actual line. The error is quite small if a linear equation is used to describe the relationship between deformation and pressure. Due to this analysis, the final relationship used in the model is y=1.11/4*x, where y is the deformation of shim stack (mm), and x is the pressure applied on the shim stack (MPa).

[image: 9%ZQAQ$@G]8EU`6ZC@~EI~C]
Figure 9 the deformation of shim stack under pressure
[bookmark: _Toc14681_WPSOffice_Level1][bookmark: _Toc26017]4 The mathematical model of damper
[bookmark: _Toc19653_WPSOffice_Level2]4.1 The compress procedure when velocity is low

As can be seen in Figure 6, during the compressing process, the oil flow from the compression chamber to the rebound chamber, and the flow rate of the volume is     (1)


Where is the velocity of the piston rod, is the velocity of the floating piston, A1 is the cross-section of piston and A2 is the cross-section of the piston rod. This oil will flow through the hole on the piston rod and the needle valve. The pressure difference because of the throttle is 

         (2)
The force applied to the piston is

             (3)





where represents the value of friction force between piston and inner face of the cylinder, and the friction force between piston rod and the cap of the cylinder. According to Newton’s law of friction, where is the viscosity of the oil, and  is the rate of change of velocity, the friction force can be described as      (4)

 where represents the contact area of the piston and inner face of the cylinder.
During the process of compressing, the gas will be compressed and the pressure will increase, which will influence the pressure of the oil in the compression chamber, so it is important to analyze the relation of pressure and volume of gas. 





According to, it is apparent that is a constant if the temperature is unchanged during the process and the gas is sealed in that chamber.  Assuming that at the moment, the distance that floats piston move relative to the initial location is , and the volume of gas is , so   , so the pressure of the press chamber is .so the pressure of the rebound chamber is 

           (5)

Substitute equation (2) (4) into the equation, the relationship between the pressure of the rebound chamber and the displacement of the piston can be got.
.       (6)
Finally, substituting the equations of rebound chamber pressure (6) and compression chamber pressure (5) and friction force (4) into equation (3) gets the final mathematical model of the compressing process at low velocity.
[bookmark: _Toc5152_WPSOffice_Level2]4.2 The compress procedure when velocity is high
As described in 2.3.3, when velocity is high, the pressure difference is high enough to bend the shim stack, the orifice between the shim stack and piston will work in parallel with the needle valve.  
The pressure of the compression chamber: 

The pressure of the rebound chamber: 


The damping force: 
The pressure difference of the rebound chamber and compression chamber is determined by the system of the following equation.








where is the flow rate of oil which flow through the orifice between shim stack and piston, is the effective cross-section area of two orifices respectively.
[bookmark: _Toc8361_WPSOffice_Level2]4.3 the rebound procedure when velocity is low
The mathematical model of the rebound process is similar to that of the compress procedure.

The flow rate:  
The pressure of the compression chamber:  

The pressure of the rebound chamber: 


The damping force: 

The pressure difference: 
[bookmark: _Toc18484_WPSOffice_Level2]4.4 the rebound procedure when velocity is high

The flow rate: 
The pressure of the compression chamber:  

The pressure of the rebound chamber: 


The damping force: 

The pressure difference: 

                        
[bookmark: _Toc16547_WPSOffice_Level1][bookmark: _Toc2390]5 Experiment and its result analysis
[bookmark: _Toc19279_WPSOffice_Level2]5.1 Experiment
To learn how dampers work in reality, it is necessary to undertake experiments. The experiments are done using the mono-tube damper shown in Figure 10.
[image: IMG_20191127_143210]
Figure 10  the mono-tube damper used in the experiments
The dynamometer used in these experiments is shown in Figure 11.
[image: IMG_20191211_130638(1)]
Figure 11 the dynamometer
This system imitates the working of a damper by giving the piston rod a periodic displacement of the sine wave, and then use a sensor to detect the force applied on the cylinder, so the description of damping force will be slightly different from that of the mathematical model.
The frequency of input displacement is 3Hz. The experiments are performed using the Pro Rsf Fluids shown in Figure 12. This kind of fluid is designed for the latest competition suspension system. With the available grades 2.5wt, 5wt, 7.5wt, 10wt, 15wt, it is possible to cover all application in any climate or racing conditions. The experiment will be performed using all fluid with all these grades under 20 and 65 degrees centigrade respectively.
[image: IMG_20200129_105758]
Figure 12 the hydraulic oil used in experiments
By experimenting, we can get graphs (Figure 13) showing the relationship between the displacement of piston and force detected by sensors, and graphs (Figure 16) showing the relation between velocity and force. There is a lot of data obtained from the experiment, which is in the Appendix of this report.
[image: test 2]
Figure 13 force and displacement relationship (RSF 2.5 &5)
[image: test 2 fv]
Figure 14 force and velocity relationship (RSF 2.5 &5)
[bookmark: _Toc28985_WPSOffice_Level2]5.2 Result analysis
The influence of some factors on the damper force can be obtained from comparing the data.
5.2.1 The influence of viscosity
In the experiments, oil of different viscosity is used to get its influence on the damping force. The value of RSF indicates different viscosity which is shown as follows in Table 2.
Table 2 the viscosity of oil
[image: NSZ4KD6)S%}3B0]81}YZJ8G]
Figure 15 shows the relationship between force and velocity using different oil in the damper. This picture shows that when velocity is low the slope is much bigger than that when velocity is high. This is because when the velocity is low, there is only one orifice in the damper works, but when velocity is high and the pressure difference is high enough to bend the shim stack, which means that the total effective cross-section area is bigger, and according to the equation (1), bigger cross-section area causes lower pressure difference. In this situation, the same amount of flow increase can only generate less increase in pressure difference and less increase of damping force.
Apart from the difference of slope in different velocity ranges, it is also different in the compression process and rebound process. It can be seen from the picture that the slope of the damping force in the compression process is bigger than that in the rebound process.
In terms of the influence of viscosity, it is clear that the absolute value of damping force when RSF 15wt oil is used in the experiment is bigger than that of others nearly all the time which means that the thicker the oil is, the bigger the damping force. Also, the viscosity of hydraulic oil will influence the value of energy dissipated by the damper, which is represented by the area between the curve in one cycle of piston movement. It seems that when the viscosity of the oil is larger, more energy will be dissipated by the damper and the area between the force-velocity curve is bigger. This is consistent with the theoretical inference that when the viscosity is larger, the force used to overcome the friction force is bigger, so the work done by the piston is more during the same piston movement range.

[image: PUS0{}9{$UZ`@`[HW]P~%%M]
Figure 15  damping force with oil of different viscosity， temp 20
5.2.2 The influence of temperature
When temperature increases, the viscosity of the oil will decrease, so it influences the damping force mainly by influencing the viscosity. Figure 16 and Figure 17 show the relationship between velocity and damping force under different temperatures (20 and 65 degrees). Theoretically, when temperature increases, the viscosity of the oil will decrease, the damping force will also decrease. This phenomenon can be observed in Figure 17 and the right half part of Figure 16, where the damping force of 65 ℃ is smaller than that of 20 ℃. But when the velocity is negative in Figure 16, there is an unusual phenomenon. The reason for this unexpected result is unclear. But considering all other results, it can be confirmed that the influence of temperature is to change the viscosity of oil and then change the damping force.
[image: `K7BT2(U2T`1]MF4LVSW($U]
Figure 16  RSF 2.5
[image: HD2_O[54GG~$JB5JO_YLS[T]
Figure 17  RSF 5
5.2.3 The influence of needle orifice


There is a needle valve in the centre of the piston, which can generate pressure difference between the rebound chamber and the compression chamber. People can adjust the effective flow cross-section area through a rotary knob. Figure 18 and 19 show the comparison of damping force when the area is big and small. It can be seen that when the cross-section area is bigger, the damping force will be smaller. This can be explained by the following equation when Q (flow rate) is a constant, is bigger, then must decrease.


[image: G}JN5KW$K1ZUN@L6P5_G1]E]
Figure 18  RSF 2.5
[image: E}I)ID[HRD32`2LVSBHMQ30]
Figure 19  RSF 5
[bookmark: _Toc30180_WPSOffice_Level1]6 The mathematical model 
[bookmark: _Toc23673_WPSOffice_Level2]6.1 The MATLAB program  
This project aims to simulate the mechanism of damping and try to find the influence of oil viscosity to damping force. There are several important parameters and their meaning needed to be defined in advance.


 :  the discharge coefficient of the area, its value is always smaller than 1.

: the effective crosse section area
x:  the distance between the needle valve and valve seat, which can be adjusted by a rotary knob.

The influence of viscosity is studied by changing the value of and comparing the results of the program. The result of the program can only be regarded as a trend of real situation because there are many parameters which cannot be measured exactly. Some estimation of these parameters is necessary, but it also causes some error and discrepancy.  
The program can be seen in the Appendix.
[bookmark: _Toc939_WPSOffice_Level2]6.2 The analysis of the results of the simulation 

6.2.1 The influence of 



is influenced by the viscosity of hydraulic oil, and when the oil is thicker, the value of will be smaller which means the oil is more difficult to flow and react slower to the pressure difference. In this report, the results of the program when is different will be compared. Figure 20 shows the width of orifice caused the bend of shim stack, the pressure difference between rebound chamber and compression chamber, pressure difference caused by the orifice of shim stack, the relationship between damping force and displacement, the relationship between velocity and damping force, and the relationship between velocity and pressure difference within one cycle movement of the piston rod. 

Form this image, we can see that when the value of viscosity is low and is big, the width of the orifice is relatively small and stable, so other parameters which can show the working situation such as the pressure difference, damping forces are stable and can be seen as a sine function of time. On the contrary, when the oil is thicker, the value of the orifice width follows a pattern of oscillating between a very big value and a very small value. At the same time, the amplitude of the damping force is much bigger than that when the value of oil viscosity is small.
Considering the average damping force, this result is consistent with the phenomenon that when the viscosity of the oil is bigger, the damping force will be bigger. On the other hand, fierce oscillation may not represent the real working situation of dampers. The reason of this oscillation is because in the program when the width is very large, and this causes a low-pressure difference, which then is not sufficient to bend the shim stack so the width of the orifice the decrease dramatically to a very small value, and the small width of the orifice will lead to a sudden increase of the pressure difference, this process continues consistently like a loop as long as the flow rate is big enough, and finally causes the relationship shows in Figure 20. But in reality, the deformation of the shim stack is controlled by a continuous feedback system, so even there will be some kind of oscillation in the damping force, the amplitude may be smaller than that shown in the programme results.



Figure 20 the damping force when is 0.75, 0.7, 0.6 and 0.55
Figure 20 demonstrates the result of the program when the program loops 100 cycles in one cycle movement of the piston, and Figure 21 shows the result of 50 loops and Figure 22 shows the result of 200 loops. Form the comparison of these three situations, it is evident that how much time the program operates in a certain period can also influence the result. When there is more cycle in a period, the maximum value of the damping force will be bigger. This is also one reason why it is difficult to simulate a process in reality, using a program. The situation, in reality, is always the same, however, the results of the program can vary because of the frequency of detecting in the program. One possible method to remove this flaw is to use a feedback control system to simulate the total process.

[image: ~YA)U$$B`F2MV@N6{%4~J1Q]
Figure 21  the result of the program with 50 loops in one cycle
[image: L$1EVEON(0WU_$~(5A]_LLC]
Figure 22 the result of the program with 200 loops in one cycle
6.2.2 The influence of x
[image: ]
Figure 23 the results of the program when x is 0.0002, 0.00022 and 0.00024

The value of x indicates the distance between the needle valve and valve seat, which can not be measured accurately because this distance is formed after the assembling of the damper. There is a rotary knob at on end of the damper to adjust this value to change the stiffness of the damper as a whole. It is impossible to accurately know the value of this distance and it can change in the working process, and what the rotary knob can change is the initial distance. Results of experiments with different initial distance are compared in Figure 23. It can be obtained that the consequence of changing the distance between needle valve and valve seat is changing the amplitude of the damping force oscillation. Similarly, the comparison of experimental results with different x is showed in Figure 18 and 19. The reason for this phenomenon may be that when the x is smaller, the pressure difference is bigger during the early period of a cycle, and this will cause a bigger shim deformation and lower pressure difference in the next cycle so that the amplitude of damping force is bigger.

6.2.3 The comparison of experiment and simulation
There are some differences between the result of experiments and that of the program. It is important to find the factors which cause these difference to give an evaluation of this mathematical model. The following factors can account for most of the differences.
1) The difference of rebound shim stack and compression shim stack
According to the former analysis in chapter 3, it is clear that the stiffness of the shim stack will influence the pressure difference under certain circumstances. When it is stiffer, the effective cross-section area under a certain flow rate will be small, which will finally cause a higher pressure difference. And in reality, the rebound shim stack and compression shim stack can be different to satisfy the required property of dampers. The damper used in the experiments has this property, so the damping forces in the rebound process and compression process are different when the value of piston velocity is the same. But in the mathematical model, the difference between rebound shim stack and compression shim stack is neglected to make it simple, and this causes the difference between the results of experiments and the program.
2) The unknown friction force
In the program, the friction force between the piston and inner face of the cylinder is calculated according to Newton’s friction law. In the ideal situation, this formula can get an accurate result, but there may be some factors such as the property of oil, the particles in the gap, can influence the friction force. And another friction force is that between the cap of the cylinder and piston rod, which cannot be calculated or measured accurately. These errors can also lead to the deviation of the results of the program.

3) The error of estimated x
The distance between the needle valve and the valve seat cannot be measured, this distance can change during the damping process. However, there is no clue about how it changes, so in the program, it is assumed to a constant. There is no doubt that this simplification will change the accuracy of the program. In this report, the results of the program when the value of x is bigger and smaller are compared. Since this unknown parameter, this comparison aims to provide a basic impression of the influence x, not to analyze the result accurately.

4) The error of estimated pressure threshold
There is a threshold when the pressure difference is bigger than that the shim stack starts to bend. In the program, this threshold is estimated. And when the pressure difference is very low, the value of the shim stack deformation can also be obtained, which is very small and will cause a very high pressure difference next step. But in reality, it is more likely that when the pressure difference is relatively low, there will be no oil flowing through the orifice between shim stack and piston, so it is critical to choose this threshold in the program. But no matter how to choose it, the result can never like it in the experiment because of the delay of the shim stack movement and other factors.
[bookmark: _Toc9139_WPSOffice_Level1]7 Conclusion
This report introduced the function of the suspension system to the vehicles and different kinds of dampers in a suspension system. Mono-tube damper is widely used in the suspension system and its structure is simpler compared with others, so this report analyzed it from all aspects by showing the important components of a mono-tube damper and their function in the working process of the damper and building the mathematical model of its working process.

A detailed analysis is done about the shim stack which can influence the property of damper by adjusting the threshold of the pressure difference. Even many researchers state that the relationship between the pressure difference and deformation of shim stack is non-linear, the data got by modelling the situation in the Solidworks showed that it can be seen as linear, so in the mathematical model of mono-tube damper the relationship is seen as linear. 

According to the fluid mechanics, the analysis of the shim stack deformation and working process of dampers in a cycle of movement, a mathematical model was built to simulate the damping force. The result was calculated by a program in the Matlab. To verify the result of the program, physical testing about the damping force was conducted using hydraulic oil with different viscosity under 20℃ and 65℃ respectively. Trough comparing these two results, the influence of some factors on the property of dampers were analyzed thoroughly. Apart from this, there was an analysis of the possible factors which can influence the accuracy of the mathematical model and program.

In summary, this report provided a rough mathematical model of mono-tube dampers and an analysis of the influence of all kinds of factors to the result of the program. To build a more accurate model of dampers, maybe a feedback control system needs to be used in the Matlab program. There are also some problems difficult to overcome, mainly immeasurable parameters needed in the model.
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[bookmark: _GoBack]The result experiment is available at https://uowtsd-my.sharepoint.com/:f:/g/personal/1904657_student_uwtsd_ac_uk/ElM-SAyu0ttNiVj5Qpw4QnUBlSqQtZDYPsRy7UFnRSxvPw?e=SE6Hb3
The Matlab program to calculate the damping force according to the mathematical model
clc;
clear all;
%%
dpiston=0.042; % diameter of piston
drod=0.015; % diameter of piston rod
A1=0.25*pi*dpiston^2; % cross-section area of piston
A2=0.25*pi*drod^2; % cross-section area of piston rod
L0=0.035; % intial length of gas chamber
V0=A1*L0;% initial volume of gas chamber
Cd=0.65;% parameter of flow 
dm=0.0033; % the average diameter
x=0.00020; % the distance between needle and vavle seat
AT1=pi*dm*x*sin(10.886/180*pi) ;% area of cross section of flow
dhole=0.002; % diameter of hole in the piston
AT2=pi*dhole^2;% area of cross section of flow
pp=0.819; % density of oil
%%   
t=0:1/300:1/3; % time vector
s=-0.0125*cos(6*pi*t); % the displacement of piston
v=6*pi*0.0125*sin(6*pi*t); % the input frequency=3
Q=(A1-A2)*v;     % volume flow
Pgas=139/A2*ones(1,101); % pressure of gas chamber
P2=139/A2*ones(1,101); % pressure of the compression chamber
P0=139/A2*ones(1,101); %  initial pressure 
P1=139/A2*ones(1,101); % pressure of the rebound chamber
dp12=zeros(1,101); % pressure difference 
wk=zeros(1,101); % the deformation of shim stack
F=zeros(1,101); % damping force
dp3=zeros(1,101); % pressure differnece caused by shim stack deformation
dp2=zeros(1,101); % pressure difference caused by needle force
dp=0;
Q3=zeros(1,101); % flow rate through the gap between the piston and shim stack
Q2=zeros(1,101); % flow rate through the needle valve
f=zeros(1,101); % friction force between piston and the inner face of cylinder 
f2=10; % frition force between piston rod and cylinder
for i=1:101
    Pgas(i)=P0(i)*V0^1.4/(V0-s(i)*A2)^1.4;
[bookmark: _Toc11365_WPSOffice_Level1][bookmark: _Toc4477_WPSOffice_Level1][bookmark: _Toc21613_WPSOffice_Level1]    P2(i)=Pgas(i);
if v(i)>0
    if dp>4000
        wk(i) =  1/3500*(dp/1000000) ;
        AT3=pi*0.034*wk(i)*0.5;
[bookmark: _Toc20917_WPSOffice_Level1][bookmark: _Toc21627_WPSOffice_Level1][bookmark: _Toc1135_WPSOffice_Level1]        Q3(i)=Q(i)*AT3/(AT3+AT1);
[bookmark: _Toc19653_WPSOffice_Level1][bookmark: _Toc5449_WPSOffice_Level1][bookmark: _Toc2027_WPSOffice_Level1]        Q2(i)=Q(i)-Q3(i);      
        dp3(i)=(Q3(i)/Cd/AT3)^2*pp/2;   
        dp2(i)=(Q2(i)/Cd/AT1)^2*pp/2+(Q2(i)/Cd/AT2)^2*pp/2;
    else
         dp2(i)=(Q(i)/Cd/AT1)^2*pp/2+(Q(i)/Cd/AT2)^2*pp/2;
    end
     
[bookmark: _Toc12421_WPSOffice_Level1][bookmark: _Toc18290_WPSOffice_Level1][bookmark: _Toc5152_WPSOffice_Level1]     P1(i)=P2(i)-dp2(i);
   F(i)=A1*P2(i)-P1(i)*(A1-A2)-139+f(i)+f2;    
else 
    if dp>4000
         wk(i) =  1/3500*(dp/1000000);
        AT3=pi*0.034*wk(i)*0.5;
[bookmark: _Toc5333_WPSOffice_Level1][bookmark: _Toc9349_WPSOffice_Level1][bookmark: _Toc8361_WPSOffice_Level1]         Q3(i)=Q(i)*AT3/(AT3+AT1);
[bookmark: _Toc19977_WPSOffice_Level1][bookmark: _Toc32458_WPSOffice_Level1][bookmark: _Toc18484_WPSOffice_Level1]        Q2(i)=Q(i)-Q3(i);
       
        dp3(i)=(Q3(i)/Cd/AT3)^2*pp/2;       
         dp2(i)=(Q2(i)/Cd/AT1)^2*pp/2+(Q2(i)/Cd/AT2)^2*pp/2;
    else
        dp2(i)=(Q(i)/Cd/AT1)^2*pp/2+(Q(i)/Cd/AT2)^2*pp/2;
    end
     
[bookmark: _Toc6003_WPSOffice_Level1][bookmark: _Toc3635_WPSOffice_Level1][bookmark: _Toc19279_WPSOffice_Level1]    P1(i)=P2(i)+dp2(i);
    F(i)=A1*P2(i)-P1(i)*(A1-A2)-139-f(i)-f2;
end
dp=dp2(i);
end
%%
subplot(2,3,1);
 plot(t,wk);
xlabel('t /s');
ylabel('wk /m');
subplot(2,3,2);
plot(t,dp2);
xlabel('time /s');
ylabel('dp12 Pa');
subplot(2,3,3);
plot(t,dp3);
xlabel('t /s');
ylabel('dp3 Pa');
subplot(2,3,4);
plot(s,F);
xlabel('s /m');
ylabel('F /N');
subplot(2,3,5);
plot(v,F);
xlabel('v m/s');
ylabel('F N');
subplot(2,3,6);
 plot(v,dp2);
xlabel('v m/s');
ylabel('dp12 Pa');
[bookmark: _Toc28985_WPSOffice_Level1]title('Cd 0.7');
6

image5.png
o |
4,.C,, P Rebound
P 45,Cy, :
. %¢—§| Tl
’ (T
y 23 Sarbios
Floating : 4,C,
P chamber

xpial_





oleObject44.bin

image52.wmf
2

1

0

0

0

1

2

A

S

V

V

p

p

pc

c

-

=


oleObject45.bin

image53.wmf
1

21

1

2

1

1

c

c

c

p

p

p

D

-

=


oleObject46.bin

image54.wmf
2

21

2

2

2

1

c

c

c

p

p

p

D

-

=


oleObject47.bin

image55.wmf
f

c

c

c

F

A

A

p

A

p

F

+

-

-

=

)

(

2

1

2

1

1

2

2


oleObject48.bin

image56.wmf
2

2

1

2

)

(

c

c

v

A

A

Q

×

-

=


image6.png




oleObject49.bin

image57.wmf
)

(

2

1

2

2

2

T

T

T

c

s

c

A

A

A

Q

Q

+

=


oleObject50.bin

image58.wmf
2

)

(

2

2

2

2

21

r

×

=

D

T

d

s

c

c

A

c

Q

p


oleObject51.bin

image59.wmf
s

c

Q

2


oleObject52.bin

image60.wmf
2

1

,

T

T

A

A


oleObject53.bin

image61.wmf
1

2

1

1

)

(

r

r

v

A

A

Q

×

-

=


oleObject1.bin

oleObject54.bin

image62.wmf
1

21

r1

2

r1

1

r

p

p

p

D

+

=


oleObject55.bin

image63.wmf
f

r

r

r

F

A

A

p

A

p

F

+

-

+

-

=

)

(

2

1

1

1

1

1

2

1


oleObject56.bin

image64.wmf
2

2

)

(

2

2

1

2

1

1

1

21

r

r

×

+

×

=

D

）

（

T

d

r

T

d

r

r

A

c

Q

A

c

Q

p


oleObject57.bin

oleObject58.bin

image65.wmf
2

21

2

2

2

1

r

r

r

p

p

p

D

+

=


oleObject59.bin

image7.wmf
r

p

*

2

A

Q

T

D

=

d

c


oleObject60.bin

image66.wmf
)

(

2

1

2

2

2

T

T

T

r

s

r

A

A

A

Q

Q

+

=


oleObject61.bin

image67.wmf
2

)

(

2

2

2

2

21

r

×

=

D

T

d

s

r

r

A

c

Q

p


image68.jpeg




image69.jpeg




image70.jpeg




image71.png
Force (N)

400+

300

200

100

100

200

300

-400

500

600

700

800

500

-4

12

-0

Displacement (mm)




image72.png
400+

300-{
200-{
1004
Export bitmap file
o Sovein | damprempeimen 7]
-1004
_-200
=)
* 3004
400
500
Fiename: [t 2fv Save
500 Save as ype: [Bimap fles (b - Cancel
700
A0
900 T T T T T T T T T T T T 1
0 kil il 60 &0 100 120 140 160 180 200 220 240 260

Velocity (mmis)




image73.png
Typical Data: PRO RSF RANGE

PRORSF ...... 2.5WT SWT 7.5WT 10WT 15WT
Characteristics Unit Test Method
Kinematic Viscosity P71
at 100°C mm?/s 5.83 9.46 11.55 13.69 195
at40°C mm?s 13.6 26.7 372 47.4 93.0
Viscosity Index (VI) 464 372 322 303 235 1P226
Specific Gravity @ 15°C 0.819 0.850 0.844 0.871 0.874 IP160
Pour point °C -37 -45 -30 -39 -39 IP15
SAE Rating 0W-20 5W-30 5W-30 5W-40 5W-50
Flash Point P34
(Closed Cup) °C 75 120 132 140 185
ISO Viscosity Rating 15 22/32 32 46 100
Colour Yellow Blue Purple Red Amber

fluorescent





oleObject2.bin

image74.png
force

relation between velocity and force

400

200 —

-200 —

-400 —

-600 —

-800 —

-1000
-250

-200

-150

-100

0
velocity

50

100

150

200

25(




image75.png
force N

400

RSF 2.5 tem 20 & 65

200

-200

-400 [

-600

-800

temp 20
temp 65

-250

-200

-150

100

150

200

250




image76.png
force N

400

RSF 5 temp 20 & 65

200

-200 -

-400 [

-600

-800

temp 20
temp 65

-250

-200

-150

-100

-50 0 50
velocity mm/s

100

150

200

250





oleObject62.bin

image77.wmf
T

A


oleObject63.bin

image78.wmf
p

D


oleObject64.bin

image79.png
force N

400

RSF 2.5, different needle orifice

200

-200

-400 [

-600 -

-800

-1000

—big
small

-250

-200

-150

-100

-50 0 50 100 150 200 250
velocity mm/s





image80.png
400

RSF 5, different needle orifice

200

-200

force N

-400

-600

-800

—big
small

-250

-200

-150

-100  -50 0 50 100
velocity mm/s

150 200

250





image8.wmf
d

A

T

×

=

p


oleObject65.bin

image81.wmf
d

C


oleObject66.bin

image82.wmf
T

A


oleObject67.bin

image83.wmf
d

C


oleObject68.bin

image84.wmf
d

C


oleObject69.bin

oleObject70.bin

oleObject3.bin

oleObject71.bin

oleObject72.bin

image85.png
. 4 4
1.5 X10 o X10 o X10 |
g’ g4 ot
g o o
£ T 5
05 S2 2
0 0 0
0 02 0.4 0 02 0.4 0 02 0.4
tis time /s tis
¢ cdo7s
100 100 6 X0
50 50
o4
z
: 0 F ]
4
c2
-50 -50
-100 -100 0
0.02 0 0.02 05 0 05 05 05
s/m

v m/s





image86.png
FIN

%10 x10° x10°

wk /m

1.5 4 4
3 3
©
1 K g
2 @2
05 5 LS
1 1
0 0 0 =
0 01 02 03 04 0 01 02 03 04 0 01 02 03
tis time /s tis
5 Cdos6
500 500 4210
3
&
z
0 Z o 2
3
8
1 w&k
-500 -500
002 001 0 001 002 04 -02 0 02 04 04 -02 0 02

s/m v m/s v m/s





image87.png
FIN

x10* 6 x10°

dp12 Pa
IS

N

2
15
©
£ e
< 1 &
H 2
0.5
0 0
0 0.2 04 0 0.2
tis time /s
1000 1000
500 500
z
0 i 0
-500 -500
-1000 -1000
002 0 0.02 -05 0

s/m v m/s





image88.png
wk /m

FIN

5 4 4
25 X10 g X10 g X10
2 6 6
1.5 & &
N4 @4
1 = 5
05 2 2
0 0
0 01 02 03 04 0 01 02 03 04 0 01 02 03
tis time /s tis
4 cdo.7
200 200 g 10
100 100 6
&
z
0 c o g
3
8
-100 -100 2
-200 -200 0
002 001 0 001 002 04 02 0 02 04 04 02 0 02
s/m v m/s v m/s

0.4





oleObject73.bin

image89.wmf
d

C


image90.png
[ Figure 1

XiHF) REE) BH(V) BA) ITET) =AED) \|OW) HEIH)

NEds A 0DEL (G/la an

. 4 4
4 X10 15 210 15 210
3
10 10
3 & &
=2 o @
] b 2
T 5 5
1
0 0 0
0 02 0 02 0.4 0 02 0.4
tis time /s tis
4 Cd 0.6
200 200 15 X0
100 100
o 10
o
z
L0 Gl S
4
T 5
-100 -100
-200 -200 0
0.02 0 0.02 05 0 05 05 0 05
s/m v m/s v m/s





image91.png
[@] Figure 1
P BEE ZEV) BA) TRM) SEE) BOW) )

NEds A 0DEL (G/la an

%10 x10° x10°

1.5 5 4

0.5

wk /m
dp12 Pa
-~ N @ s
dp3 Pa
N N w
b—
b—

0 0 0
0 02 0.4 0 02 0.4 0 02
tis time /s tis
5 Cdos6
1000 1000 5 x40
500 500 4
©
£3
= 0 z 0 o
n w S
ISP
-500 -500 .
-1000 -1000 0
0.02 0 0.02 05 0 05 05 0

s/m v m/s v m/s





image9.wmf
2

1

p

p

p

-

=

D


image92.png
1

ST

i0)]





oleObject4.bin

image10.wmf
n

Q

Q

Q

,...,

,

2

1


oleObject5.bin

image11.wmf
n

A

A

A

,...,

,

2

1


oleObject6.bin

image12.wmf
2

2

1

1

2

)

(

2

1

...

)

(

2

1

)

(

2

1

n

d

n

d

d

A

C

Q

A

C

Q

A

C

Q

p

×

=

=

×

=

×

=

D

r

r

r


oleObject7.bin

image13.wmf
n

n

A

Q

A

Q

A

Q

A

Q

=

=

=

=

...

2

2

1

1


oleObject8.bin

image14.wmf
n

i

A

A

A

Q

A

Q

+

+

+

×

=

...

2

1

1


image15.png




oleObject9.bin

image16.wmf
2

2

2

2

2

1

1

)

(

2

1

...

)

(

2

1

)

(

2

1

n

d

n

d

d

A

C

Q

A

C

Q

A

C

Q

p

×

+

+

×

+

×

=

D

r

r

r


oleObject10.bin

oleObject11.bin

image17.wmf
)

2

sin

2

1

(

sin

a

a

p

m

m

T

d

x

x

d

A

-

=


oleObject12.bin

image18.wmf
2

/

)

(

2

1

d

d

d

m

+

=


oleObject13.bin

image19.wmf
m

d


oleObject14.bin

image20.wmf
k

w


oleObject15.bin

oleObject16.bin

image21.wmf
q

E

r

Q

Q

m

m

4

2

2

4

1

3

2

2

2

1

4

)

1

(

3

)

1

(

3

]

)

1

(

3

[

)

1

(

3

d

m

m

d

w

m

b

d

w

m

b

-

-

=

-

+

-

=


oleObject17.bin

image22.wmf
8

.

0

3

.

0

,

)

(

4

2

)

(

4

2

1

2

2

2

2

2

2

2

2

2

2

1

2

1

1

1

1

1

£

£

=

+

-

+

=

+

-

+

=

a

a

a

p

b

a

p

b

r

r

C

D

C

B

A

C

D

C

B

A


oleObject18.bin

image23.wmf
w


oleObject19.bin

image24.wmf
2

1

b

b

，


oleObject20.bin

image25.wmf
2

2

2

1

1

1

,

,

,

,

,

C

B

A

C

B

A


image26.png
deflection/(m)





oleObject21.bin

image27.wmf
4

1

2

2

2

1

1

3

3

4

,

)

1

(

3

4

)

(

r

E

K

r

E

J

F

K

F

J

q

r

r

b

m

b

g

d

g

d

=

-

=

+

=


oleObject22.bin

image28.wmf
d


oleObject23.bin

image29.wmf
ò

òòò

-

"

þ

ý

ü

î

í

ì

-

+

+

+

-

=

-

=

Õ

R

l

dr

r

r

q

d

kG

r

z

r

z

z

E

V

U

)

(

)

(

)

'

(

)

2

(

1

2

1

2

'

2

2

2

2

2

'

2

2

w

y

w

yy

n

y

y

n


oleObject24.bin

image30.wmf
n


image1.png




oleObject25.bin

image31.wmf
)

(

r

y


oleObject26.bin

image32.wmf
)

(

r

w


oleObject27.bin

image33.wmf
"


image34.png
Table 1 the deformation of shim stack under pressure

pressure/MPa 0.1 0.3 0.5 0.7 0.9 1 1.5
deformation/mm  0.0292 0.0876 0.1464 0.2044 0.2628 0.2927 0.4384
pressure/MPa 2 2.5 3 3.5 4 5

deformation/mm  0.5855 0.73  0.8768 1.022 111 1.319
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