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Abstract: 

The roller-floating bush-pin (RFBP) structure is an important component in high-pressure fuel 

pumps of marine diesel engines, and its dynamic characteristics have a significant impact on 

equipment stability. In this study, a simulation model of the transient dynamic characteristics of the 

double-layer oil film structure was established, taking into account the thermoelastic effect of the 

structure and the time-varying operating conditions in the fuel pump. A double-layer oil film 

lubrication system test platform was developed to validate the precision of the simulation model. A 

comparative analysis was performed to evaluate dynamic parameters of both inner and outer oil films, 

and the influence of operational parameters and structural parameters on the dynamic characteristics 

of the structure was studied. It shows that the double-layer oil film structure can significantly reduce 

the stiffness and damping of the structure compared to the single-layer oil film structure. The dynamic 

characteristics of the inner oil film exhibit greater sensitivity to variations in operating and structural 

parameters. The outer oil film has a more pronounced effect on the equivalent dynamic characteristics 

of the RFBP structure than the inner oil film. 
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1. Introduction: 

The high-pressure fuel pump is a crucial component of the engine system, and is essential for 

ensuring efficient fuel combustion. The cam mechanism in the high-pressure fuel pump which 

includes the RFBP structure is shown in Fig.1. During the operation of the fuel pump, the fuel pressure 

acts on the roller through the plunger. The cam drives the roller to rotate, and the roller drives the 

floating bush to rotate while the roller pin is a fixed component. The RFBP structure has double layer 

oil films: one layer is the oil film between the roller pin and the floating bush, and the other layer is 

formed between the floating bush and the roller. The floating bush has a certain rotational speed, and 

it can reduce the relative speed between the roller and the roller pin, thereby reducing temperature 

rise and thermal deformation of the RFBP structure [1-5]. The lubrication performance of the RFBP 

structure is a critical factor affecting mechanical stability. Meanwhile, the dynamic characteristics of 

the RFBP structure, which are based on the lubrication properties, serve as critical boundary 

conditions for the vibration analysis of the fuel pump shaft system and also play an essential role in 

the stability of marine diesel engine equipment. Consequently, constructing a transient dynamics 

model for the RFBP structure becomes essential to evaluate how operational and structural parameters 

influence its dynamic performance. 

Recently, many studies have explored bearings designed with two-layer oil films, among which 

turbocharger floating ring bearings (FRBs) stand out as the most common example. The lubrication 

characteristics are regarded as the standard for evaluating the lubrication status and also as the 

foundation of studies of the dynamic characteristics. Many scholars had conducted studies on the 

lubrication characteristics of the FRB structure. Some of them have analyzed the lubrication 

properties of FRBs with varying structures [6-12]. For instance, Soni et al. [6-7] studied the 

lubrication characteristics of non-circular FRBs and found that this structure can increase the bearing 

capacity compared to standard FRBs. Pei et al. [8] demonstrated that surface texturing can effectively 

reduce thermal elevation in floating ring bearing lubricants. Yang et al. [9] found that FRBs with 

dislocated structures can increase operational stability. Wang et al. [10] demonstrated that the 

turbocharger oscillation levels can be effectively mitigated through adjustments in manufacturing 

clearance configurations. Kang et al. [11] found that floating ring oil holes can reduce end leakage 

temperature rise. The related studies look into the effect of varying structures of the lubrication 
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characteristics, and the lubrication model is a little simplified, mostly using the fluid dynamic pressure 

lubrication model. Dong et al. [12] conducted studies on the lubrication performance of on three-lobe 

semi-floating ring bearing and discovered that as the oil supply pressure and temperature increase, 

the temperature rise and maximum oil film pressure gradually decrease. Some scholars had improved 

the lubrication simulation models of FRBs and considered more influencing factors [13-19]. Andres 

et al. [13-15] considered the influences of oil thermal effects and floating ring heat transfer in the 

lubrication model of FRBs. Peng et al. [16] studied the lubrication state of FRBs under poor working 

conditions, considering the cavitation effect under poor oil lubrication. Qin et al. [17] established a 

steady-state lubrication model of the FRBs based on Reynolds equation and random rough model. 

Novotný et al. [18] established an effective computational model of the rotor FRB system so as to 

work out the transient problems of turbocharger rotor dynamics. Yang et al. [19] used analytical 

methods to calculate the elastic deformation of the floating ring and considering it in the lubrication 

model, it was found that the inner surface exhibited obviously higher deformation surface compared 

to the outer surface. 

In addition, as the dynamic characteristics of FRBs play an important role in the stability of 

rotor-FRBs system of turbochargers, researchers have also conducted a series of studies in this area 

[20-25]. Zhao et al. [20] developed a fluid lubrication model for FRBs, performing a preliminary 

analysis into the stiffness and damping characteristics of inner/outer oil films through minor 

perturbation analysis. Guang et al. [21] developed a turbocharger rotor model using finite element 

methods, incorporating stiffness and damping characteristics from floating ring bearings. The study 

found that the large cross stiffness of the bearings is the main reason of the self-excited whirl motion. 

Guo et al. [22,23] developed a lubrication model for the FRB structure with deep and shallow cavities, 

and computed the stiffness/damping coefficients of the FRB structure. Based on this, they explored 

the influence of rotor stiffness and floating ring mass on the stability of the floating ring bearing rotor 

system. Wang et al. [24] analyzed the effect of current intensity on the stiffness coefficient of FRBs 

with magnetic pole structures. Xie et al. [25] developed a lubrication calculation model for FRBs 

taking rough surfaces into account. On this basis, the effect of operating and structural parameters on 

the stiffness and damping coefficients of the bearings was systematically studied. The above research 

mainly focuses on the FRB structure with double-layer oil films, and its structural characteristic is 
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the same as the RFBP structure. Since FRBs usually operate in stable state, the studies on 

stiffness/damping coefficients are mainly conducted in the steady state. Zhang et al. [26] studied the 

nonlinear vibration problem of a floating ring bearing rotor system based on the dynamic 

characteristics of the floating ring bearings' oil film, finding that variations in bearing eccentricity at 

higher rotational speeds lead to complex rotor dynamics due to the cross-coupled stiffness and 

damping of the inner and outer oil films. However, unlike the FRB structure, the RFBP structure 

usually operates under transient conditions, so it is essential to establish a dynamic characteristic 

analysis model under transient conditions. In addition, the operating mode of the FRB structure is 

significantly different from that of the RFBP structure. During the operation of the FRB structure, the 

internal rotor drives the floating ring to rotate, and the roller of the RFBP structure is driven by the 

cam, which in turn drives the floating bush to rotate. As a result, the cam-roller dynamics and 

kinematic behavior should be considered in the lubrication and dynamic characteristics analysis 

model of RFBP structure, and the characteristic is not present in FRBs. 

Currently, research on the lubrication and dynamic characteristics of the RFBP structure remains 

limited, whereas studies of the roller-pin structure, which serves the same function in fuel pumps are 

more extensive. Z. El-Goul et al. [27] studied the wear morphology characteristics of the roller and 

pin surface from three different materials after frictional experiments. Shivam S et al. [28-30] 

analyzed the lubrication properties of the roller-pin structure and found that elastic deformation in 

roller/pin components positively impacts contact-point film thickness distribution. The current 

research on the RFBP structure is mostly focused on steady-state conditions, and the lubrication 

characteristics of the structure is mainly studied. However, the research on the dynamic characteristics 

of the RFBP structure is still not sufficient. Yuan [31] established a hydrodynamic lubrication model 

for the RFBP structure under stable operating conditions in high-pressure fuel pumps and studied its 

load-bearing capacity. Li [32] established a fluid steady-state lubrication model with a double-layer 

oil film structure in a fuel pump based on the Fluent software, taking into account the influence of 

the cavitation effect. Xiao et al. [33] studied the lubrication state of RFBP structure under stable 

operating conditions and found that the lubrication state of the inner oil film has a guiding role in the 

design of the friction pair structure of the structure. Guo et al. [34] conducted studies on the transient 
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lubrication characteristics of the RFBP structure, and the time-varying lubrication characteristic were 

obtained. 

In summary, studies on the lubrication properties of the RFBP structure in marine diesel engine 

fuel pumps remain limited, and research into its transient dynamic characteristics grounded in these 

properties is even scarcer. Moreover, the studies on double-layer oil film lubrication structures mainly 

focus on the FRB structure in turbochargers, while the RFBP structure in this work is greatly different 

from the FRB structure. The FRB structure usually works in stable conditions, while the RFBP 

structure in this work is under transient conditions, and the operating mode is also significantly 

different from the FRB structure. Given the critical role of the RFBP structure's dynamic 

characteristics in fuel pump vibration analysis, establishing a dynamic characteristic model under 

transient operating conditions is essential. For this reason, the cam-roller dynamic and kinematic 

model was coupled with the transient lubrication model of the RFBP structure, considering the 

thermoelastic effect of the structure. The method of small disturbance was used to calculate the 

dynamic characteristics of the RFBP structure. The study compared dynamic characteristics of the  

inner and outer oil films, while assessing the impact of working conditions and structural factors on 

system performance. The results provide valuable guidance for RFBP design optimization. 
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Nomenclature 

cp Lubrication oil specific heat(J/(kg·K)) Wi, Wo Friction losses of inner/outer films(W) 

dz Plunger diameter(m) ẍ1, ÿ1 x/y acceleration of floating bush(m/s2) 

ec Cam eccentricity(m) ẍ2, ÿ2 Acceleration of roller(m/s2) 

F Load on roller(N) α Cam angle(°) 

F0 Spring preload force(N) Δx, Δy x/y directions displacement disturbances(μm) 

hi, ho The thickness of inner/outer films(μm) Δu, Δv Velocity disturbances in x/y directions 

ks Stiffness of plunger spring(N·m) δPi, δPo Elastic deformation of inner/outer layers(μm) 

KI, KO Inner/outer layers elastic deformation matrices δTi, δTi Inner/outer layers Thermal deformation (μm) 

L Width of floating bush(m) εi, εo Eccentricity of inner/outer layers 

m1, m2 Floating bush/roller mass(kg) θ Angle of oil film(°) 

Pix, Piy x/y reaction force of inner film(N) θ', θ'' Angle of oil film before/after disturbance(°) 

Pox, Poy x/y reaction force of outer film(N) μi, μo Inner/outer lubrication oil viscosity (Pa·s) 

px, py Ratios of oil film pressure to Δx and Δy ρ Density of lubrication oil(kg/m3) 

pu, pv Ratios of oil film pressure to Δu and Δv σi, σo Inner/outer comprehensive roughness(m) 

Qi, Qo Inner/outer films end leakage flow rate(ml/s) Γi, Γo Friction torque of inner/outer layers (N·m) 

Ri, Ro Inner/outer radius of floating bush(m) φ Cam pressure angle (°) 

sα Cam lift(m) φi, φo Deviation angles of inner/outer layers (°) 

t Operating time(s) ϕc, ϕs Contact /Shear flow factor 

Ti, To Inner/outer oil films temperature(℃) ϕx, ϕy Pressure flow factor 

Ts Inlet oil temperature(℃) ω2, ωf Roller/floating bush speed(rad/s) 

 

2. Theoretical model 

2.1 Cam-roller model 

 

Fig.1. Cam mechanism structure in fuel pump. 
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Fig.2. Schematic diagram of cam-roller model in fuel pump. 

Fig.2 shows the model of the cam-roller utilized in the fuel pump mechanism of the diesel engine. 

The cam drives the roller to rotate, and the roller drives the floating bush to rotate while the roller pin 

is a fixed component. It can be seen that the force F on the roller mainly consists of three parts, 

including the fuel force of the plunger FP, the inertial force of roller followers FN, and the plunger 

spring force FC [35]. Mp is the mass of plunger and other related component, and Mr is the mass of 

roller and followers. φ is the pressure angle of the cam mechanism. O1 is the center of rotation of the 

cam, and Oc is the center of base circle. R0 is the base circle radius, and R1 is the cam curvature radius. 

R2 is the outer radius of the roller. The rotational speed of the cam and roller are denoted as ω1 and 

ω2, respectively. u1 and u2 are the surface velocity of cam and roller, respectively. Y and γ are the 

vertical heights of the roller center and contact point P, respectively. 

2.1.1 Cam-roller dynamic model 

The dynamic load equation of the roller under the time-varying conditions is as follow: 

  . (1) 

Because the fuel pressure curve is related to the cam lift in the mechanical high-pressure fuel 

pump, the extreme value of the fuel pressure and the cam lift curve is given to interpolate FP, and the 

Newton interpolation method is used, where (p1-p2)/smax is the difference quotient in Newton 

interpolation. The peak/lowest values of the fuel pressure are p1 and p2, respectively. M is the mass 
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driven by cam, which is the sum of Mp and Mr. The pressure angle φ is mathematically defined by the 

following equation: 

 
c

2 2

0 c

arctan
s e

s R e






−

=
+ −

. (2) 

2.1.2 Cam-roller kinematic model 
It can be seen from Fig. 2, there are geometric relationships in the cam mechanisms, as follow: 

 
2

0

Y R

s R



= +

 = +
. (3) 

For the curvature radius of the fuel pump cam R1, the calculation formula is: 

 

3
2 2

2

1 22 2
2

2

d

d

d d
2

d d

Y
Y

R R
Y Y

Y Y



 

  +  
   = −

 + − 
 

. (4) 

The derivative of the roller height (Y) in the y-direction with the cam angle is the roller velocity 

in the y-direction, while the second derivative of the roller height (Y) in the y-direction with the cam 

angle is the roller acceleration in y-direction. The velocity of cam (u1) and roller (u2) can be calculated 

as follow: 

 1 1 1 2 2 2 2,  u R u R −=  =  , (5) 

where R1-2 is the comprehensive curvature radius of the cam-roller, and the calculation formula 

of R1-2 is: 

 
1 2 1 2

1 1 1

R R R−

= + . (6) 

The roller velocity u2 can be solved by the following equation [36]: 

 

2 2

2

2 1 1 2 2

2

d d

d d

d

d

u u R

 
 




  − 
 = +

 +  
 

. (7) 

The roller speed (ω2) can be obtained by combining formula (6) and (7). 

2.2 Lubrication analysis model 
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 (a) (b) 
Fig.3. Diagram of the transient model of RFBP structure. 

(a) Middle plane of the RFBP structure (b) Relative position. 

Fig.3 presents the transient model of the RFBP structure. Fig.3(a) presents the middle plane of 

the RFBP structure. At first, the center of the floating bush and the roller were both located at point 

Op, which is the center of the roller pin. Under the action of external loads, the floating bush center 

moves to Point Of, while the roller center moves to Point O2. Fig.3(b) presents the coordinate system 

of dynamic model. e1 and e3 represent the eccentricities of the floating bush center and roller center, 

respectively, both relative to the pin center. e2 represents the eccentricity of the roller center relative 

to the floating bush center. 

The fluid pressure of inner/outer layers (pi, po) of the floating bush is expressed by the Eqs.(8) 

and (9) [37]: 

 
( ) ( )3 3

i si i i i i
f c f i c2

i i i

6 6 12
        

     
       

+ = − +            
x y

hh p h p h

R y y t
, (8) 

 

( ) ( )

( ) ( )

3 3
oo o o o

f c2

o o o

s o
f 2 o c

26

6 12

x y

hh p h p

R y y

h

t

     
    


   



     
+ = +          

 
+ − +

 

, (9) 

where, hi and ho represent the thickness of the inner/outer oil film, respectively. pi and po represent 

the pressure of the inner/outer oil film. ϕx, and ϕy are the parameters of pressure and flow rate, are 

used to express the effect of surface roughness on lubricating fluid in the two-dimensional horizontal 

direction. ϕs is the shear flow rate parameter of lubricating fluid, used to express the additional flow 

rate caused by the roughness of the upper and lower surfaces of the friction pair when they move 
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relative to each other. ϕs is the shear flow rate parameter of lubricating fluid, used to characterize the 

interference of rough peak contact on lubrication behavior under mixed lubrication conditions. The 

pressure distribution of  the inner/outer films is described under transient shear and squeeze flow. 

The Reynolds boundary conditions are used to express oil film pressure, as follows: 

 ,  0ar
r

p
p p




= =


 (10) 

p is the oil film pressure, θ is the circumferential angle of the oil film, and pa is the inlet oil 

pressure. The subscript (r) represents the position of oil film rupture. 

The film thickness of inner/outer layers (hi, ho) of the floating bush is expressed by the Eqs.(11) 

and (12): 

 ( ) ( )( )i i Ti i i Pi1 cosh c     = + + − + , (11) 

 ( ) ( )( )o To oo o Po1 cosh c     = + + − + , (12) 

where δTi and δTi represent the clearance change caused by thermal deformation of the inner and outer 

layers respectively, calculated by Eqs.(13) and (14): 

 ( )
  Ti f p i iΔR T  = − , (13) 

 ( )To r oof ΔTR  = − , (14) 

where αp, αf and αr are the thermal expansion coefficients of the roller pin, floating bush and roller, 

respectively. ΔTi and ΔTo represent the temperature rise of the inner and outer films respectively. 

Under the slow-speed and heavy-load working conditions, the elastic deformation cannot be 

ignored in calculation. This work includes the elastic deformation of the floating bush [34]. Since the 

pressure of the inner film has higher than the outer film, elastic deformation increases the thickness 

of the inner film and decreases the thickness of the outer film. Elastic deformation of the floating 

bush (δPi, δPo) can be obtained through Eqs.(15) and (16): 

 ( ) ( ) ( )
  

2π

Pi i
0 0

, , ,    =  
L

y KI y p y d dy , (15) 

 ( ) ( ) ( )
2π

Po o
0 0

, , ,    =  
L

y KO y p y d dy , (16) 

where δpi(θ,y) and δpo(θ,y) are the elastic deformations of the inner and outer layers of the floating 

bushing at the node (θ, y) respectively. pi(θ, y), po(θ, y) are the oil film pressure at node (θ, y) for the 

inner and outer layers of the floating bushing respectively. 
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T is used to uniformly described the oil films temperature (Ti: inner, To: outer), which can be 

expressed as: 

 s

p

W
T T k

c Q
= + , (17) 

where, ΔT represents temperature variations in both oil film layers (ΔTi: inner, ΔTo: outer), W denotes 

friction power for each layer (Wi/Wo), and Q corresponds to end leakage flow rates (Qi/Qo) at 

respective films. Since it's necessary to account for conduction heat dissipation under low-speed and 

heavy load conditions, and the heat will not be completely carried away by the terminal leakage, the 

temperature rise coefficient k is taken as 0.8 [38]. 

Eq.(18) provides the equations for determining the radial and axial displacement trajectories of 

the floating bush. 

 
1 1

1 1 1

= −
 = − +

xi xo

yi yo

m x P P

m y P P m g
. (18) 

Eq.(19) provides the equations for determining the radial and axial displacement trajectories of 

the roller. 

 
2 2

2 2

xo

yo

m x P

m y F P

=
 = −

. (19) 

Eq.(20) provides the equations for determining the transient velocity of the floating bush. 

 1 f i o  = −I , (20) 

where Γi and Γo represent to the friction torque of the inside and outside layers of the floating bush 

respectively. 

2.3 Dynamic characteristic model of RFBP structure 

 

 (a) (b) 
Fig.4. Dynamic characteristic model of the RFBP structure. 

(a) Schematic diagram of micro disturbance method (b) Equivalent dynamic characteristics. 
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Fig.4 is a schematic diagram of the dynamic characteristic model, and the principle of the micro 

disturbance method is shown in Fig.4(a). Here, the inner oil film is taken as an example. When 

disturbed by -Δx and +Δx in the x-direction, the floating bush center (Of) moves to positions Ox1 and 

Ox2 respectively. The center of the floating bush (Of) reaches Ox1 and Ox2 after a disturbance 

displacement of -Δx and +Δx in the x-direction. The eccentricities after disturbance are ex1 and ex2. θ1 

and θ2 are the starting and ending angles of the oil film, which refer to the direction angles after 

disturbance is generated. After disturbance displacement of -Δy and +Δy in the y-direction, the center 

of the floating bush reaches Oy1 and Oy2. The eccentricities after disturbance are ey1 and ey2. θ3 and θ4 

represent the initial and final angles of the oil film. θ' and θ'' are used to uniformly represent the oil 

film position angle before and after disturbance as follows, and the stiffness coefficient of the inner 

oil film is calculated by equation (21): 

 
xx yx x

0
yxy yy

  
cos   sin

  




 





   
      

     
= − 

L

ii

x
K K p

d dy
pK K

 (21) 

where px and py are the ratios of the oil film pressure after the disturbance to x and y at a certain 

moment under transient conditions. L is the length of the floating bush. The stiffness coefficient of 

the outer oil film is calculated by equation (21): 

 
xx yx x

0
yxy yy

  
cos   sin

  




 





   
      

     
= − 

L

oo

x
K K p

d dy
pK K

 (22) 

The damping coefficients of oil films are determined using the velocity perturbation method, with 

inner and outer film values derived from equations (23) and (24) respectively. 

 
u

v

xx yx

0
xy yy

  
cos   sin

  




 





   
      

    
= − 

L

ii

x
C C p

d dy
C C p

 (23) 

 
u

v

xx yx

0
xy yy

  
cos   sin

  




 





   
      

    
= − 

L

oo

C C p
dxdy

C C p
 (24) 

where pu and pv represent the dimensionless ratios of oil film pressure to velocity perturbations 

in x/y-axis directions at a certain moment under transient conditions. In addition, the main stiffness 

coefficients are expressed as Kxx and Kyy, while Kxy and Kyx are the cross stiffness coefficients. The 

main damping coefficients are expressed as Cxx and Cyy, while Cxy and Cyx are the cross damping 

coefficients. 

As illustrated in Fig.3(b), the RFBP structure  is a dual fluid-film bearings in series arrangement. 

The inner/outer film stiffness (Ki/Ko) and damping (Ci/Co) parameters are distinctly labeled. In 
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addition, the equivalent stiffness/damping coefficients of the RFBP structure are expressed by Ke and 

Ce, respectively. The system's main and cross-coupled stiffness/damping values are calculated as 

follows: 

 

1 1 1 1 1 1
      

1 1 1 1 1 1
      

xx xy xx xy xx xy

yx yy yx yy yx yy
e i o

K K K K K K

K K K K K K

     
     
     
     
     
     
     

= +  (25) 

 

1 1 1 1 1 1
      

1 1 1 1 1 1
      

xx xy xx xy xx xy

yx yy yx yy yx yy
e i o

C C C C C C

C C C C C C

     
     
     
     
     
     
     

= +  (26) 

Since the dynamic characteristics of RFBP are associated with external factors, including 

structural dimensions and rotational speed, as well as internal factors such as eccentricity and 

misalignment angle, the dimensionless stiffness/damping coefficients are used to eliminate the impact 

of external factors on dynamic characteristics and facilitate a more intuitive analysis of the results 

[39]. The relative units of dimensionless stiffness coefficients of the inner/outer films are taken as 

μiωfL/ψi2, μo(ω2-ωf)L/ψo2. The relative units of dimensionless damping coefficients of the inner/outer 

films are taken as μiL/ψi2, μoL/ψo2. ψi and ψo are the inner and outer relative clearance, respectively. 

The inner relative clearance is the ratio of the inner clearance to the inner radius of the floating bush, 

and the outer relative clearance is the ratio of the outer clearance to the outer radius of the floating 

bush. The inner film dimensionless stiffness coefficients are expressed as Ki,xx,Ki,xy,Ki,yx,Ki,yy, 

and Ko,xx,Ko,xy,Ko,yx,Ko,yy are the outer film dimensionless stiffness coefficients. The inner film 

dimensionless damping coefficients are expressed asCi,xx,Ci,xy,Ci,yx,Ci,yy, andCo,xx,Co,xy, 

Co,yx,Co,yy are the outer film dimensionless damping coefficients. In addition, the equivalent 

stiffness coefficients of the RFBP structure areKe,xx,Ke,xy,Ke,yx,Ke,yy, and the equivalent damping 

is Ce,xx,Ce,xy,Ce,yx,Ce,yy. 

2.4 The solution procedure 

Fig.5 shows the numerical analysis flow chart of transient dynamic characteristics calculation of 

the RFBP structure. The cam-roller model is calculated to obtain transient operating conditions of the 

RFBP structure, and the results are taken as the input for the RFBP structure dynamic characteristics 

calculation model. The elasticity of the structure and the thermal effect of the lubrication oil were 

considered in the model. The calculation was completed when the motion trajectory of the roller and 

floating bush closed, respectively, within the cycle. The super relaxation iteration is implemented to 
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accelerate the calculation speed, the super relaxation iteration coefficient is selected between 1.0 and 

2.0, and in the current work the Iterative coefficient is taken as 1.7. The convergence accuracy of 

pressure calculation is 10-6. The displacement disturbances of the inner/outer oil films are both 1.0μm. 

The velocity disturbances of the inner/outer oil films are set to 0.01 times the relative rotational speed. 

 

Fig.5. Flow chart of numerical analysis for thermoelastic hydrodynamic lubrication of the RFBP structure. 

2.5 Verification of the lubrication/dynamic characteristics model 

In order to verify the reliability of the double-layer oil film transient lubrication model, an 

experimental platform was built to test the speed of the floating bush. The structural diagram of the 

experimental platform is shown in Fig.6. The camshaft is driven to rotate by a servo motor (4.5kW 

power), and the cam drives the roller to rotate. The RFBP structure is loaded with springs, and the 

diameter of the springs is 6.0mm. The torque sensor (DYN-200) was used to measure the speed of 

the floating bush. The testing method involved fixing a gear to the side of the floating bush and 

meshing it with the sensor gear. The gear transmission is used to output the time-varying speed of the 

floating bush. The cam profile and lift curve used in the experiment are shown in Fig.7. 
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Fig.6. Test bench structure diagram. 
1. Display screen 2. Electric motor 3. Speed Sensor 4. Oil tank 5. Floating bush gear 6. Floating bush 

7. Roller pin 8. Sensor gear 9. Roller 

 
Fig.7. Cam profile and lift curve in the test. 

The comparison results are shown in Fig.8. The comparison results of the average speed of the 

floating bush at different cam speeds are shown Fig.8(a). The average speed of the floating bush 

within the cycle is expressed byωf. The calculated results and tested results both increase with the 

cam speed, and the deviation is within 6%. Fig.8(b) shows that the instant speed comparison results 

of the floating bush. The calculated results of the floating bush speed variation trend with the cam 

angle are closely matches the tested results, and the numerical deviation of no more than 10%.  In 

addition, the tested results are larger than the calculated results due to the oil holes around the floating 

bush in the test, a factor which is not considered in the simulation model [34]. The accuracy of the 

simulation model's calculation results is proved by the verification results. 
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 (a) (b) 
Fig.8. Verification results of floating bush speed. 

(a) Comparison results (average speed) (b) Comparison results(ω1=60r/min). 

In order to verify the accuracy of the calculation model of dynamic characteristic parameters, 

the single-layer oil film simulation model which is the degradation model of this work, was compared 

with the calculation results in the published studies [39]. The comparison results are shown in Fig.9. 

It can be observed that the trend of the two results is basically consistent, that is, as the eccentricity 

increases, the oil film’s stiffness/damping parameters exhibit increase trend. The deviation between 

the two is within 8%, indicating the accuracy of the oil film dynamic characteristic model in this work. 

 

 (a) (b) 
Fig.9. Verification results of the dynamic characteristic parameters. 

(a) Variation of dimensionless stiffness coefficient; (b) Variation of dimensionless damping coefficient. 

In addition, the calculation is carried out under stable working conditions to verify grid 

independence of the model and the verification results are shown in Fig.10. The external load is taken 
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as 10000N and the roller speed is taken as 1000r/min. Fig.10(a) and (b) show circumferential and 

axial interface pressure distribution of RFBP of the maximum oil film pressure, respectively. Fig.10(a)  

and (b) are used to verify circumferential and axial grid independence, respectively. It can be found 

that when the number of circumferential and axial grids is small, the calculated oil film pressure 

distribution is not smooth enough, but the number of circumferential and axial grids have little effect 

on the maximum oil film pressure. Therefore, in order to describe the lubrication state of RFBP 

structure in more detail, and reduce the calculation time to a certain extent, 120×12 grid is selected. 

 

 (a) (b) 
Fig.10. The verification of the independence of the grid. 

(a) Verification of circumferential grid independence; (b) Verification of axial grid independence. 

The verification of the independence of the disturbance amount for the small disturbance method 

is as follows. The verification of the independence of the disturbance amount is shown in Fig.11. The 

stable operating conditions is used and the eccentricity of the outer oil film is controlled at 0.6. Due 

to the larger eccentricity of the inner oil film, the influence of disturbance on the oil film pressure is 

more significant[34]. Therefore, the stiffness and damping coefficient of the inner oil film are selected 

as the standard judgment for verifying the disturbance independence. It can be observed that as the 

disturbance displacement decreases from 1.5μm to 0.1μm, the inner film dimensionless stiffness 

coefficient shows a trend of first decreasing (1.5μm-1.0μm) and then reaching stability (1.0μm-

0.1μm); The disturbance velocity is within the range of 0.015-0.001 times of ωf, and the 

dimensionless damping remains almost unchanged. Based on the above results, the disturbance 

displacement is selected as 1.0μm, and the disturbance velocity is selected as 0.01 times ωf. 
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 (a) (b) 
Fig.11. The verification of the independence of the disturbance amount. 

(a) Dimensional stiffness of inner oil film; (b) Dimensional damping of inner oil film. 

3. Result analysis and discussion 

Table 1 shows the calculation parameters of the dynamic characteristics of RFBP structure. 

Table 1 Calculation parameters of dynamic characteristics of RFBP structure. 

Project Parameter 
Cam base circle radius 65mm 

Outer radius of the roller 40mm 

Spring pre tightening force 200N 

Spring stiffness 56.7N/mm 

Outer radius of bush 24mm 

Inner radius of bush 19mm 

Bush length 45.6mm 

Inner layer clearance 16μm 

Outer layer clearance 20μm 

Oil inlet temperature 65℃ 

Oil density 871kg/m3 

 

3.1 Analysis of cam-roller model 

The result analysis of cam roller is shown in Fig.12. It is worth noting that in order to express 

more clearly, the special points have been taken at cam angles of 0°, 60°, 120°, 180°, 270°, and 360° 

in the figure. The variation curves of lift and pressure angle of the cam mechanism with the cam angle 

are shown in Fig.12(a). Peak lift is observed at about 60° cam angle, and the return section is 

completed at about 240°. The maximum pressure angle occurs within the range of 0-60° of the cam 

angle. Vertical motion properties (velocity/acceleration) of the roller are illustrated in Fig.12(b), 
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showing great variations across the 0-60° rotation range. The variation of the roller speed and 

comprehensive curvature radius with the cam angle are shown in Fig.10(c). It’s clearly that the 

position of the maximum roller speed is nearly the same as the position of the maximum 

comprehensive curvature radius. The variation of fuel pressure and the sum of inertia and spring force 

with cam angle are shown in Fig.12(d). It is clearly that the fuel pressure value is much higher than 

the sum of inertia and spring forces, indicating that the main load on the roller comes from the fuel 

pressure. When the cam angle is about 60°, the fuel pressure reaches the peak, about 39.36MPa. 

 

 (a) (b) 

 

 (c) (d) 
Fig.12. Verification results of the dynamic characteristic parameters. (a) The variation of the lift and pressure angle 
with cam angle; (b) The variation of y-direction velocity and acceleration with cam angle; (c) The variation of 
comprehensive curvature radius and roller speed with cam angle; (d) The variation of fuel pressure and the sum of 
inertia and spring force with cam angle. 

3.2 Analysis of dynamic characteristics of inner/outer film 

Fig.13 shows the analysis results of the lubrication characteristics of RFBP structure. and 

Fig.12(a) shows the variation curve of the maximum oil film pressure of the inner and outer layers 
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(pi,max, po,max) with the cam angle. The point-M and point-N in the Fig.13(a) represent the extreme 

values of pi,max and po,max within the cycle, respectively. And the distribution of oil film pressure at 

point-M and point-N are also shown in Fig.13(a). It can be found that pi,max is larger than po,max, which 

is due to the smaller inner layer structure and poor load-bearing capacity. In addition, the inner layer 

has a smaller oil film bearing area compared to the outer layer. The trend of relative speed of the 

inner/outer layers of the floating bush with the cam angle are shown in Fig.13(b). It is apparent that 

the relative speed of the outer layer changes significantly compared to the inner layer. The relative 

displacement changes of floating bush and roller along x/y axes are depicted in Fig.13(c) and (d). The 

relative displacement of the floating bush is the displacement of the floating bush center Of which is 

relative to the roller pin center Op, and the relative displacement of the roller is the displacement of 

the roller center O2 which is relative to the floating bush center Of. It can be observed that the 

maximum distance between Of and Op in the x-direction occurs at a cam angle of about 300°, which 

is about 12.2μm. The maximum distance between Of and Op in the y-direction occurs at a cam angle 

of about 120°, which is about 12.5μm. In addition, the peak distance in the x-direction between O2 

and Of occurs at a cam angle of about 210°, which is about 11.2μm. The peak distance in the y-

direction between O2 and Of occurs at a cam angle of about 60°,which is about 12.3μm.  

 

 (a) (b) 
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 (c) (d) 
Fig.13. Analysis of lubrication characteristics of RFBP structure. (a) The variation of pi,max and po,max with cam 
angle; (b) The relative speed of the inner and outer layers varies with the cam angle; (c) The variation of relative 
displacement of floating bush with cam angle; (d) The variation of relative displacement of roller with cam angle. 

Fig.14 presents the evolution of dimensionless stiffness/damping coefficients as the cam angle 

changes. Since the main stiffness/damping coefficients have a greater impact on the dynamic 

performance of equipment structure compared to the cross stiffness/damping coefficients, and the 

variation law with eccentricity is similar, the work uses main stiffness/damping coefficients to 

perform a parametric analysis [36]. The variation curves of the dimensionless main stiffness/damping 

coefficients of the inner film with the cam angle are shown in Fig.14(a) and (b). The peak values of 

the inner main stiffness along the x- and y-axes are about 43.3 and 86.8, attained at cam angles about 

270° and 150°, respectively. The main stiffness variations along the x-axis during cam rotation 

correlate with the oil film's relative displacement changes in the corresponding direction, while an 

analogous relationship is observed for the y-axis components. This phenomenon occurs because oil 

film stiffness and damping coefficients increase with rising eccentricity [39]. The key reason is that 

at high eccentricity, oil film pressure responds more strongly to disturbances. Since the change of 

eccentricity represents the relative displacement change, the changes in stiffness and damping with 

cam angle relate directly to relative displacement. The variation curves of the dimensionless main 

stiffness/damping coefficients of the outer film with the cam angle are shown in Fig.14(c) and (d). It 

can be observed that the stiffness/damping coefficients of the outer oil film are smaller than those of 

the inner oil film, and similar to the inner oil film, the trend of change with cam angle is related to 

relative displacement. The variation curves of the equivalent stiffness/damping coefficients with the 

cam angle are shown in Fig.14(e) and (f). It can be seen that the equivalent main stiffness/damping 
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coefficients of the RFBP structure is smaller than the stiffness/damping coefficients of both the inner 

and outer films. Therefore, the double-layer oil film structure can reduce the stiffness/damping of the 

structure contrasted with the single-layer oil film structure. In addition, due to the series relationship 

between the inner and outer oil films, the dynamic coefficients of the inner and outer oil films follow 

the series principle of springs. According to the basic mathematical relationship of equivalent 

stiffness/damping coefficients with the those of the inner and outer films (equations (24) and (25)), it 

indicates that the outer oil film’s main stiffness/damping coefficients has a more pronounced 

influence on the equivalent stiffness/damping coefficients compared to inner counterpart. 

 

 (a) (b) 

  

 (c) (d) 
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 (e) (f) 
Fig.14. The variation of dimensionless stiffness/damping coefficients with cam angle. (a) The variation of inner 
film dimensionless main stiffness with cam angle; (b) The variation of inner film dimensionless main damping with 
cam angle; (c) The variation of outer film dimensionless main stiffness with cam angle; (d) The variation of outer 
film dimensionless main damping with cam angle; (e) The variation of dimensionless equivalent main stiffness with 
cam angle; (f) The variation of dimensionless equivalent main damping with cam angle. 

3.3 The use of RFBP dynamic characteristics in camshaft bending vibration 

Based on ANAYS APDL simulation analysis, the dynamic characteristics of the RFBP structure 

calculated in this paper are included in the camshaft bending vibration model. The dynamic 

characteristics of RFBP structure are associated with the dynamic characteristics at the cam-roller to 

obtain the support boundaries of each gear cam. In addition, the RFBP structure oil film and the cam-

roller oil film are in series, and the oil film stiffness and damping coefficient between the cam and 

roller is taken as 109 and 107, respectively. The current work analyzes a diesel engine fuel supply 

camshaft (Fig.15) with six cams (C1-C6). Pairs (C1, C6), (C2, C5), and (C3, C4) share consistent fuel 

supply times. Fig.16 shows the camshaft's bending vibration characteristics The first fifteen natural 

frequencies are shown in Fig.16(a), and the displacement at each cam center in Fig.16(b). It can be 

observed that as the fuel supply timing of the cam is consistent, the maximum displacement time of 

bending vibration is also close. 
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Fig.15. The geometric model of fuel pump camshaft. 

 

 (a) (b) 
Fig.16. The bending vibration characteristics of camshaft 

(a) The first fifteen natural frequencies; (b) the displacement at each cam center. 

3.4 The effect of operating parameters 

3.4.1 The effect of cam speed 

Fig.17 shows the relative motion trajectories of the floating bush and roller as the cam speed (ω1) 

varies. Fig.17(a) and (b) show the relative motion trajectory of the floating bush and roller, 

respectively. It can be discovered that as the cam speed increases, the relative motion trajectories of 

the floating bush and roller both move to the top left. As a consequence, the eccentricity of the 

inner/outer oil films decrease, and this is due to the dynamic pressure effect, which enhances the 

bearing capacity of the oil films. 

 
 (a) (b) 
Fig.17. The effect of cam speed on the relative motion trajectories of floating bush and roller (Cam speed is set to 
400r/min, 500r/min and 600r/min). (a) Relative motion trajectory of floating bush (b) Relative motion trajectory of 
roller. 

Fig.18 shows the effect of cam speed on the dimensionless main stiffness/damping coefficients 
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of the inner/outer films. Fig.18(a) and (b) depict the variations of dimensionless main stiffness along 

the x- and y-axes with the cam angle. It can be found that as the cam speed increases, the stiffness of 

the inner/outer films decreases, which is due to the decrease the inner/outer films’ eccentricity. It can 

also be seen that, when the cam speed increases, the stiffness of the inner film decreases more 

significantly compared to the stiffness of the outer film. The reason is that the inner film structure is 

smaller, the lubrication properties of the inner film are more sensitive to variations in cam speed 

compared to the outer film [34]. Fig.18(c) and (d) depict the variations of dimensionless main 

damping components along the x- and y-axes with the cam angle. It can be found that, similar to the 

stiffness of the oil film, when the cam speed increases, the damping of the inner/outer films decreases, 

and the damping of inner film changes more significantly compared to the damping of the outer film. 

 
 (a) (b) 

 

 (c) (d) 
Fig.18. The effect of cam speed on the dimensionless main stiffness/damping coefficients of the inner/outer oil film 
(Cam speed is set to 400r/min, 500r/min and 600r/min). (a) The variation of x-direction dimensionless main stiffness 
with cam angle; (b) The variation of y-direction dimensionless main stiffness with cam angle; (c) The variation of 
x-direction dimensionless main damping with cam angle; (d) The variation of y-direction dimensionless main 
damping with cam angle. 
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Fig.19 shows the effect of cam speed on the dimensionless equivalent main stiffness/damping 

coefficients of RFBP structure. Fig.19(a) and (b) show the dimensionless equivalent main stiffness 

and damping coefficients with the variation of cam angle, respectively. Fig.19(c) and (d) show the 

peak values of dimensionless equivalent main stiffness and damping (the peak value of Ke andCe,) 

at varying cam speeds. It can be seen that as the cam speed increases, both the dimensionless 

equivalent main stiffness and damping coefficients decrease. In addition, y-direction dynamics 

characteristics are more sensitive to cam speed changes than x-direction dynamics characteristics. 

When the cam speed increases from 400r/min to 600r/min, the peak value of Ke andCe in the y-

direction decrease more significantly (Ke,yy decreases by 42%, Ce,yy decreases by 35%) compared 

to the decrease in the x-direction (Ke,xx decreases by 29%, Ce,xx decreases by 22%). 

 

 (a) (b) 

 

 (c) (d) 
Fig.19. The effect of cam speed on the dimensionless equivalent stiffness/damping coefficients (Cam speed is set 
to 400r/min, 500r/min and 600r/min). (a) The variation of dimensionless equivalent main stiffness with cam angle; 
(b) The variation of dimensionless equivalent main damping with cam angle; (c) The peak value of dimensionless 
equivalent main stiffness; (d) The peak value of dimensionless equivalent main damping. 

3.4.2 The effect of fuel pressure 
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Fig.20 shows the relative motion trajectories of the floating bush and roller as the fuel pressure 

varies. Fig.20(a) and (b) show the relative motion trajectory of the floating bush and roller, 

respectively. The work adjusts the maximum fuel pressure (p2) to change the fuel pressure. It can be 

observed that the relative motion trajectories of the floating bush and roller both tend to move to the 

lower right, which elevates eccentricity levels in both inner and outer films. The reason is that as the 

fuel pressure increases, the external load on the RFBP structure increases. 

  
 (a) (b) 
Fig.20. The effect of fuel pressure on the relative motion trajectories of roller and floating bush (Fuel pressure is set 
to 50.0MPa, 55.0MPa and 60.0MPa) (a) Relative motion trajectory of floating bush (b) Relative motion trajectory 
of roller 

Fig.21 shows the effect of fuel pressure on the dimensionless main stiffness/damping 

coefficients of the inner/outer oil films. Fig.21(a) and (b) illustrate the variations in dimensionless 

main stiffness along the x- and y-axes with the cam angle. It can be found that as the fuel pressure 

increases, the stiffness of the inner/outer oil film increase, as a result of the oil films eccentricity 

increase. Moreover, when the fuel pressure increases, the stiffness of the inner oil film increases more 

significantly. Fig.21(c) and (d) illustrate the variations in dimensionless main damping properties 

along the x- and y-axes with the cam angle. It can be found that, similar to the stiffness of the oil film, 

when the fuel pressure increases, the damping of the inner/outer films decreases. And when the fuel 

pressure increases, the inner film damping changes more significantly. 
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 (a) (b) 

 

 (c) (d) 
Fig.21. The effect of fuel pressure on the dimensionless main stiffness/damping coefficients of inner/outer oil film 
(Fuel pressure is set to 50.0MPa, 55.0MPa and 60.0MPa). (a) The variation of x-direction dimensionless main 
stiffness with cam angle; (b) The variation of y-direction dimensionless main stiffness with cam angle; (c) The 
variation of x-direction dimensionless main damping with cam angle; (d) The variation of y-direction dimensionless 
main damping with cam angle. 

Fig.22 shows the effect of fuel pressure on the dimensionless equivalent main stiffness/damping 

coefficients of RFBP structure. Fig.22(a) and (b) show the dimensionless equivalent main stiffness 

and damping coefficients with the variation of cam angle, respectively. Fig.21(c) and (d) show the 

peak values of dimensionless equivalent main stiffness and damping at varying fuel pressure. It can 

be seen that as the fuel pressure increases, the higher fuel pressure enhanced equivalent stiffness and 

damping values. In addition, y-direction dynamics characteristics are more sensitive to fuel pressure 

changes than x-direction dynamics characteristics. When the fuel pressure increases from 50.0MPa 

to 60.0MPa, the peak value of Ke andCe in the y-direction increase more significantly (Ke,yy 

increases by 42.8%, Ce,yy increases by 32.3%) compared to the increase in the x-direction (Ke,xx 

increases by 21.7%, Ce,xx increases by 15.7%). 
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 (a) (b) 

 

 (c) (d) 
Fig.22. The effect of fuel pressure on the dimensionless equivalent stiffness/damping coefficients (Fuel pressure is 
set to 50.0MPa, 55.0MPa and 60.0MPa). (a) The variation of dimensionless equivalent main stiffness with cam 
angle; (b) The variation of dimensionless equivalent main damping with cam angle; (c) The peak value of 
dimensionless equivalent main stiffness; (d) The peak value of dimensionless equivalent main damping. 

3.5 The effect of structural parameters 

3.5.1 The effect of aspect ratio 

Fig.23 shows the relative motion trajectories of the roller and the floating bush as the floating 

bush aspect ratio (L/D value) varies. Fig.23(a) and (b) show the relative motion trajectory of the 

floating bush and roller, respectively. The work controls the floating bush aspect ratio by changing 

the width of the floating bush. An increase in the L/D value causes a shift of both the roller and 

floating bush's relative motion trajectories tend to move to top left, resulting in a decrease in the 

eccentricity of the inner/outer oil films. The reason is that the increase in aspect ratio enhances the 

load-bearing capacity of the inner/outer oil films. 
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 (a) (b) 
Fig.23. The effect of aspect ratio on the relative motion trajectories of roller and floating bush (Aspect ratio is set 
to 0.85, 0.95 and 1.05). (a) Relative motion trajectory of floating bush (b) Relative motion trajectory of roller. 

Fig.24 shows the effect of the L/D value on the dimensionless main stiffness/damping 

coefficients of the inner/outer oil film. Fig.24(a) and (b) illustrate the variations in dimensionless 

main stiffness along the x- and y-axes with the cam angle. It can be found that as the L/D value 

increases, the stiffness of the inner/outer oil film decreases, as a result of the oil film eccentricity 

decreases. Moreover, when the L/D value increases, the stiffness of the inner oil film decreases more 

significantly. Fig.24(c) and (d) illustrate the variations in dimensionless main damping along the x- 

and y-axes with the cam angle. It can be found that, similar to the oil film stiffness, when the L/D 

value increases, the inner/outer oil film damping decreases, and the inner oil film damping changes 

more significantly. 

 

 (a) (b) 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
7
8
4
5
5



31 

 

 

 (c) (d) 
Fig.24. The effect of aspect ratio on the dimensionless main stiffness/damping coefficients of the inner/outer oil 
film (Aspect ratio is set to 0.85, 0.95 and 1.05). (a) The variation of x-direction dimensionless main stiffness with 
cam angle; (b) The variation of y-direction dimensionless main stiffness with cam angle; (c) The variation of x-
direction dimensionless main damping with cam angle; (d) The variation of y-direction dimensionless main damping 
with cam angle. 

Fig.25 shows the effect of L/D value on the dimensionless equivalent main stiffness/damping 

coefficients of RFBP structure. Fig.25(a) and (b) show the dimensionless equivalent main stiffness 

and damping coefficients with the variation of cam angle, respectively. Fig.25(c) and (d) show the 

peak values of dimensionless equivalent main stiffness and damping at varying L/D value. It can be 

seen that as the L/D value increases. In addition, y-direction dynamics characteristics are more 

sensitive to L/D value changes than x-direction dynamics characteristics. When the L/D value 

increases from 0.85 to 1,05, the peak value of Ke andCe in the y-direction decrease more 

significantly (Ke,yy decreases by 38.1%, Ce,yy decreases by 28.9%) compared to the decrease in the 

x-direction (Ke,xx decreases by 27.5%, Ce,xx decreases by 19.2%). 
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 (c) (d) 
Fig.25. The effect of aspect ratio on the dimensionless equivalent stiffness/damping coefficients (Aspect ratio is set 
to 0.85, 0.95 and 1.05). (a) The variation of dimensionless equivalent main stiffness with cam angle; (b) The 
variation of dimensionless equivalent main damping with cam angle; (c) The peak value of dimensionless equivalent 
main stiffness; (d) The peak value of dimensionless equivalent main damping. 

3.5.2 The effect of clearance ratio 

Fig.26 shows the relative motion trajectories of the floating bush and roller as the clearance ratio 

(ci/co value) varies. Fig.26(a) and (b) show the relative motion trajectory of the floating bush and 

roller, respectively. The ci/co value is adjusted by fixing the outer clearance and changing the inner 

clearance. It can be observed that as the ci/co value increases, the relative motion trajectory moves 

downward to the left, as a result, the eccentricity of the inner oil film increases. The reason is that the 

inner film bearing capacity decreases which is caused by the higher ci/co value. And due to the inner 

clearance increases, the range of motion of the floating bush increases. In addition, because the outer 

clearance remains unchanged, the load-bearing capacity of the outer oil film and the relative motion 

trajectory of the rollers also remain essentially unchanged. 

 
 (a) (b) 
Fig.26. The effect of clearance ratio on the relative motion trajectories of roller and floating bush (Clearance ratio 
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is set to 0.7, 0.8 and 0.9). (a) Relative motion trajectory of floating bush (b) Relative motion trajectory of roller. 

Fig.27 shows the effect of the ci/co value on the dimensionless main stiffness/damping 

coefficients of the inner/outer oil film. Fig.27(a) and (b) illustrate the variations in dimensionless 

main stiffness along the x- and y-axes with the cam angle. It can be found that as the ci/co value 

increases, the stiffness of the inner oil film increases, and the stiffness of the outer oil film remains 

basically unchanged. The reason for this is that as the ci/co value increases, the load-bearing capacity 

of the inner layer becomes weak and the outer layer remains basically unchanged. Fig.27(c) and (d) 

illustrate the variations in dimensionless main damping along the x- and y-axes with the cam angle. 

It can be found that, similar to the oil film stiffness, when the ci/co value increases, the inner oil film 

damping increases, and the outer oil film damping remains basically unchanged. 

 
 (a) (b) 

 
 (c) (d) 
Fig.27. The effect of clearance ratio on the dimensionless main stiffness/damping coefficients of the inner/outer oil 
film (Clearance ratio is set to 0.7, 0.8 and 0.9). (a) The variation of x-direction dimensionless main stiffness with 
cam angle; (b) The variation of y-direction dimensionless main stiffness with cam angle; (c) The variation of x-
direction dimensionless main damping with cam angle; (d) The variation of y-direction dimensionless main damping 
with cam angle. 
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Fig.28 shows the effect of ci/co value on the dimensionless equivalent main stiffness/damping 

coefficients of RFBP structure. Fig.28(a) and (b) show the dimensionless equivalent main stiffness 

and damping coefficients with the variation of cam angle, respectively. Fig.28(c) and (d) show the 

peak values of dimensionless equivalent main stiffness and damping at varying ci/co value. It can be 

seen that as the ci/co value increases, the dimensionless equivalent main stiffness/damping coefficients 

increase. In addition, y-direction dynamics characteristics are more sensitive to fuel pressure changes 

than x-direction dynamics characteristics. When the ci/co value increases from 0.7 to 0.9, the peak 

value of Ke andCe in the y-direction increase more significantly (Ke,yy increases by 36.9%, Ce,yy 

increases by 25.9%) compared to the increase in the x-direction (Ke,xx increases by 32.8%, Ce,xx 

increases by 18.8%). 

 
 (a) (b) 

 

 (c) (d) 
Fig.28. The effect of clearance ratio on the dimensionless equivalent stiffness/damping coefficients (Clearance ratio 
is set to 0.7, 0.8 and 0.9). (a) The variation of dimensionless equivalent main stiffness with cam angle; (b) The 
variation of dimensionless equivalent main damping with cam angle; (c) The peak value of dimensionless equivalent 
main stiffness; (d) The peak value of dimensionless equivalent main damping. 

Conclusions 
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This work established a transient dynamic property calculation model for RFBP structure, where 

the cam-roller dynamics and kinematic behaviors were considered. The test bed was designed to 

simulate the operation of real RFBP structure, and the calculated results showed strong correlation 

with the test results. The deviation between test and calculated results is no more than 10%, which 

confirms the accuracy of the calculated results. The dynamic properties of the inner/outer films were 

compared, and the effect of structural and operating parameters on the dynamic characteristic of the 

structure were analyzed, and the dynamic characteristics of RFBP structure were used to calculate the 

preliminary analysis of camshaft vibration. Primary research outcomes are outlined below: 

The inner film demonstrates inferior lubrication performance compared to the outer film, while 

exhibiting higher stiffness and damping properties, and the equivalent stiffness/damping of the RFBP 

structure are smaller compared to the two. The double-layer oil film structure can greatly increase the 

structural elasticity. The dynamic characteristics of the outer film have a more significant impact on 

the equivalent dynamic characteristics of the RFBP structure. More attention should be paid to the 

outer oil film in the structural dynamic performance design of high-pressure fuel pump RFBP. The 

main stiffness/damping of the inner film varying with the cam angle is related to the relative 

displacement of the floating bush. The main stiffness/damping of the outer film varies with the cam 

angle is related to the relative displacement of the roller. In addition, the series relationship between 

the dynamic characteristics of the RFBP structure and the cam-roller oil film dynamic characteristics 

was explained, and an example was proposed to illustrate the application of the RFBP structure 

dynamic characteristics of in camshaft vibration. However, how the dynamic characteristics of the 

RFBP affect the vibration response, and the bidirectional mapping relationship between vibration and 

lubrication, have not been analyzed. 

Finally, some analysis was conducted on the transient dynamic characteristics under different 

operating conditions and structural parameters, and Some conclusions can be drawn. As the cam 

speed increases, the inner/outer films dynamic characteristic coefficients and equivalent dynamic 

properties coefficients of both decreases, and as the fuel pressure increases, the dynamic characteristic 

coefficients mentioned above increases. In addition, as the aspect ratio increases, the inner/outer films 

dynamic characteristic coefficients and equivalent dynamic characteristic coefficients both decreases. 

As the clearance ratio increases, both the inner oil film dynamic characteristic coefficients and the 
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equivalent dynamic characteristic coefficients increase, while the outer oil film dynamic 

characteristic coefficient remains basically unchanged. Since the dynamic characteristics of the RFBP 

structure is the boundary conditions for camshaft vibration, the research of dynamic characteristics 

under varying operating conditions and structural parameters can offer foundational guidance for 

camshaft vibrations in fuel pump. In addition, the studies can provide guidance for the design of 

dynamic characteristics of fuel pump RFBP structure. 
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