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Abstract 

The performance and durability of components in engine valve train is largely governed 

by the friction. The valve train is often subjected to severe and transient operating conditions 

promoting friction, greatly. The aim of this work is to develop a comprehensive numerical 

approach to analyze the friction in roller follower valve train considering the effects of roller 

sliding, friction due to asperity interaction and friction arising from other components under 

different operating conditions. Simulation results predicted that the friction from asperity 

interaction becomes dominant at higher oil supply temperature. High magnitude of sliding 

friction was observed due to the rise in roller sliding by increasing the camshaft rotational 

frequency and lowering the lubricant oil supply temperature. The numerical approach 

developed in this paper is validated by already available experimental data in the form of drive 

torque and good conformity between the magnitude of measured and predicted results was 

observed.  
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CHAPTER 1: INTRODUCTION 

 

Due to increasing demand for fuel-efficient engines, high durability and strict government 

policies related to emissions control have pushed the tribological components under severe 

operating conditions. Roller follower valve train is considered as an efficient configuration in 

the automotive sector due to its better lubrication performance and operational reliability [1]. 

However, factors like roller sliding, asperity interaction, contact loading, film thickness, cam 

rotational frequency and temperature can increase the fiction in valve train during operation 

and may affect the overall performance and life of components.  

1.1  Background, Scope and Motivation 
 

To reduce frictional losses in engines is a more suitable strategy towards improved fuel economy 

due to its wider scope and easy implementation as compared to other measurements. A reduction in 

valve train friction can also contribute to improving the overall engine efficiency as valve train friction 

is 10% of total engine friction at high RPM and can increase up to three folds at lower engine RPM [2]. 

Roller follower valve train has already proved its efficiency in terms of friction when compared to direct 

action valve train due to considerable reduction of sliding friction at cam follower interface [1, 3].  

Quantitative insight into the friction of engine valve train can lead to advancements in cam profile 

design, valve timing, material for mating surfaces, lubricant formulation and characterization. 

 Therefore, a comprehensive understanding of frictional behavior in roller follower valve 

train becomes essential thereby allowing to control the factors promoting friction and improve 

performance. 

It has been reported in the previous studies that the coefficient of friction drops to 0.003-

0.006 from 0.11-0.14 by replacing the flat pad follower with a roller follower [3]. In early 

attempts for tribological analysis of roller follower valve train, the no-slip condition was 
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assumed i.e. follower bearing resistance was neglected and it was assumed that roller and cam 

have the same surface velocities [4-6] which reduced the accuracy of developed models. 

Theoretical models [7, 8] were developed after taking roller slip into account without 

considering the effects of asperities interactions which becomes critical at high operating 

temperature. The asperity interaction plays a fundamental role when the film thickness is less 

than the composite surface roughness heights. In the highly loaded region, the friction is 

governed by the asperity contact as well as tractive friction in the hydrodynamic region [9]. 

Khurram et al. [10] measured the average roller slip experimentally and proved its dependency 

on lubricant chemistry and engine operating conditions. Turturro et al. [11] have included the 

friction due to asperity contact in the assessment of friction but they assumed pure rolling 

condition at cam/roller interface. Shivam el al. [12] accounts for the roller sliding at the 

cam/roller interface but did not take into account the friction due to asperity contact. The 

contribution in the valve train friction force from the cam bearings, valve-guide interface and 

needle roller bearing has never been reported in the past. Moreover, the effects of the different 

camshaft speeds and oil supply temperature on friction in roller follower valve train were also 

not reported, earlier.  

 

In this research work, a new and comprehensive numerical approach has been presented 

to investigate the friction in advanced end pivoted roller finger-follower valve train considering 

the friction due to asperity contact and roller sliding. The effects of camshaft rotational 

frequency and lubricant bulk temperature on friction have been analyzed in detail. The friction 

force from the cam bearings, valve/guide interface and needle roller bearing have also been 

considered to make the model more complete thereby predicting accurate drive torque. This 

new approach will also allow understanding of the friction mechanism in roller follower valve 

train comprehensively, therefore, saving time and expensive full-scale tests. 
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The result obtained through simulations are validated by the experimental findings 

presented by Abdullah et al. [13]. The experimental results are in the form of drive torque 

composed of geometric torque and frictional torque, therefore, friction forces of cam/roller 

contact and all other associated components are converted in drive torque. Good conformity in 

magnitude of experimental and predicted results was found.  

 

Fig.  1. Schematic of End pivoted roller finger roller follower valve train 
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CHAPTER 2: ANALYTICAL MODELS AND NUMERICAL 

METHODOLOGY 
 

The geometry of the cam/roller follower system is shown in Fig. 2.  

 

Fig.  2. Basic geometry of End pivoted roller finger-follower valve train 

 

2.1  Kinematic Analysis 
 

   The kinematic model used here for the calculation of the equivalent radius of 

curvature and cam surface velocity is given by Dyson [14] and Lim et al. [15]. The general 

procedure can work for a different type of valve train geometries and only main equations are 

given here. The local radius of curvature of cam profile is given as 

𝑅𝑐 =
𝑀3

𝐿2 − 𝑟𝑅         (1) 

M and L and related variables are given as 

𝐿2 = 𝐴2(1 +
𝑑𝛾

𝑑𝜙′)
3 − 𝐴𝐷

𝑑2𝛾

𝑑(𝜙′)2 sin(𝛾 + λ) + 𝐷2 − 𝐴𝐷(1 +
𝑑𝛾

𝑑𝜙′)(2 +
𝑑𝛾

𝑑𝜙′)  (2) 

𝑀2 = 𝐴2(1 +
𝑑𝛾

𝑑𝜙′)
2 − 2𝐴𝐷 (1 +

𝑑𝛾

𝑑𝜙′) cos(𝛾 + λ) + 𝐷2
    (3) 

𝑑𝛾

𝑑𝜙′ = [𝐵𝑠𝑖𝑛(𝛾 + χ)−1
](

𝑑𝑙𝑣

𝑑𝜙′)       (4) 
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𝑑2𝛾

𝑑(𝜙′)2 = [𝐵𝑠𝑖𝑛(𝛾 + χ)−1
]

𝑑2𝑙𝑣

𝑑(𝜙′2
)

− [𝐵2𝑠𝑖𝑛3(𝛾 + χ)]−1
(

𝑑𝑙𝑣

𝑑𝜙′)
2 cos(𝛾 + χ))  (5) 

𝑙𝑣 = 𝐵𝑐𝑜𝑠(𝛾
𝐵

+  χ) − 𝐵𝑐𝑜𝑠(𝛾 + χ)      (6) 

𝐿2 can be less than zero its notation represent its dimension that is square of the length. Angle λ, χ 

and distance CR=A, CO=D, CV=B are fixed and their values are usually provided by engine 

manufacturers. Angle  𝜙′ = 𝜃 + 𝜙′
0 where 𝜃 is the angle of the camshaft, zero angle refers to the 

maximum lift position of cam, and 𝜙′
0 is given in equation [7]. Subscript B with 𝛾𝐵 in equation 

[6] refers to its value at the base circle and given in equation [8]. 

tan (𝜙′
0

) = cot(𝛾0 + λ) −
𝐷

𝐴
𝑐𝑜𝑠𝑒𝑐(𝛾0 + λ)    (7) 

cos(𝛾
𝐵

+  λ) =
𝐴2+𝐷2−(𝑟𝑅+𝑟𝐵)2

2𝐴𝐷
       (8) 

   

𝛾0 represents angle 𝛾 at the maximum lift and its value is obtained from the following relation. 

cos(𝛾0 + χ ) = cos(𝑟𝑅 + χ) −
𝑙𝑣𝑜

𝐵
       (9) 

where 𝑙𝑣𝑜 is lift at zero cam angle. The equivalent radius of curvature at cam follower 

contact point is given as 

𝑅 = 𝑟𝑅 −
𝑟𝑅𝐿2

𝑀3          (10) 

Consequently, the surface velocity of the contact point relative to cam is given by 

𝑉𝑐 = (𝑀 −
𝑟𝑅𝐿2

𝑀2
) 𝜔         (11) 

The work of F Ji [8] has been used to calculate the roller surface velocity with respect to the 

contact point. The torque balance around roller bearing is governed by torque acting at cam roller 

and roller pin contact, roller inertia also plays its role in computing roller surface velocity 𝑉𝑓 

given as: 
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𝛼𝑟 =
µ𝑊𝑟𝑅−µ𝑝𝑊𝑟𝑝

𝐼
            (12) 

𝑉𝑓(𝑖 + 1) = 𝑉𝑓(𝑖) + 𝛼𝑟𝛥𝑡          (13) 

After determining the above variables, the sliding and entrainment velocities can be 

calculated by given expressions. 

 µ𝑟 is the coefficient of friction for the needle roller bearing. 𝑟𝑝 is the distance from roller 

bearing center to pitch circle of needles given as 𝑟𝑝 = 𝑟𝑅 − 𝑟𝑅𝑖 − 𝑟𝑁, 𝛥𝑡 is time for the unit 

rotation of cam  and 𝐼 = 0.5𝑀𝑟(𝑟𝑅
2+(𝑟𝑅−𝑟𝑅𝑖)

2. After determining all the above variables 

the sliding and entrainment velocities can be calculated. 

𝑉𝑠 =  𝑉𝑐 − 𝑉𝑓         (14) 

𝑉𝑒 =
𝑉𝑐+𝑉𝑓

2
          (15) 

 

2.2  Dynamic Analysis 
 

The principle forces that govern the valve operation are spring force, the inertia of 

moving parts, friction force between moving parts, forces because of dynamic response and 

components damping behavior. The work of  Ball [16] is referred for estimating the loading 

of cam/roller interface. In order to simplify the analysis, some reasonable assumptions are made 

while conserving the desired accuracy. The system is rigid therefore dynamic response of the valve 

train can be neglected, normal load on cam is slightly affected by the intercomponent friction of valve 

train  it can also be ignored,  the mass of valve, valve cap, retainer, roller pin, and spring all are 

referred to as single reciprocating mass, one-third of spring-mass is taken as its effective mass in 

calculation of normal force. The total normal load on cam is given by. 

𝑊 =
𝑀𝑠𝑝+𝑀𝑟𝑓+𝑀𝑣

𝐴 sin(𝜋−γ−𝜆−χ)
         (16) 
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𝑀𝑠𝑝, 𝑀𝑟𝑓, 𝑀𝑣 are moments due to spring, roller inertia and valve. These moments and their associated 

forces are given by the following equations. 

𝑀𝑠𝑝 = 𝐹𝑠𝑝𝐵 𝑐𝑜𝑠 (
𝜋

2
− 𝛾 − χ)        (17) 

𝑀𝑟𝑓 = 𝑓𝑟𝑓𝐵2          (18) 

𝑀𝑣 = 𝐹𝑣𝐵 𝑐𝑜𝑠 (
𝜋

2
− 𝛾 − χ)        (19) 

𝐹𝑠𝑝 = 𝑘(𝑙𝑣 + 𝛿)         (20) 

𝑓𝑟𝑓 = 𝑀𝑓𝜔2 𝑑2𝛾

𝑑𝜙2         (21) 

𝐹𝑣 = 𝑀𝜔2 𝑑2𝑙𝑣

𝑑𝜙2          (22)  

𝛿 is pre-compression in valve spring which is required to close the valve during the dwell period. 

2.3  Contact Geometry 
 

  Dimensions of contact area and maximum pressure distribution are calculated by 

referring to the theory of elastic contact for cylinders developed by Hertz [17]. The contact 

parameters are given by the following equations. The maximum pressure is given by: 

The maximum pressure is given by  

𝑃𝑚𝑎𝑥 = (
2𝑊

𝜋𝑙𝑏
)          (23) 

                

where b half-width of Hertzian contact 

𝑏 = √
8𝑊𝑅𝑒

𝜋𝑙𝐸′           (24)       

Semi elliptical pressure distribution is defined as 
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𝑃 = 𝑃𝑚𝑎𝑥√(1 −
𝑥2

𝑏2)         (25) 

The contact area now can be defined as 

𝐴𝑎 = 4𝑙𝑏          (26) 

The equivalent radius of curvature 𝑅𝑒 and equivalent elastic modulus 𝐸’ are given as      

1

𝑅𝑒
=

1

𝑅
+

1

𝑟𝑅
          (27) 

2

𝐸′ =
1−𝑣1

2

𝐸1
+

1−𝑣2
2

𝐸2
         (28) 

 

2.4  Lubrication Analysis 

 

 The cam/roller pair operates under severe conditions and oil film thickness (OFT) is 

influenced by several parameters like entrainment velocity, flash temperature and contact 

loading. The lubrication at cam/roller interface varies all the way from elastohydrodynamic to 

mixed lubrication. The minimum and central lubricant film thickness can be predicted by the 

relation provided by Dowson and Higginson [18] and Dowson and Toyoda [19], respectively. 

ℎ𝑚

𝑅
= 2.65 𝑈.70 𝐺 .54 𝑊 ’−.13        (29) 

ℎ𝑐

𝑅
 = 3.06 𝑈.69 𝐺 .56 𝑊 ’−.10        (30) 

 The dimensionless film thickness parameter serves as a basis for the classification of 

lubrication regimes. The dimensionless film thickness greater than one corresponds to 

elastohydrodynamic lubrication, for value of 0 < 𝐻 < 1, the contact operates in mixed 

lubrication regime and value of 𝐻 approximately reaches to zero when boundary lubrication is 
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in action and coefficient of friction no more depend on lubricant viscosity, entrainment 

velocity, load and the contact area. 

𝐻 =
ℎ𝑚

𝜎
          

 (31) 

𝜎 is composite surface roughness given as: 

𝜎 = √𝜎1
2 + 𝜎2

2         (32)  

 

2.5  Friction Model 
 Three types of friction forces play their role in determining the frictional torque at 

cam/roller interface i.e. hydrodynamic, rolling and boundary friction force. Hydrodynamic 

friction becomes prominent in regions of high roller slip especially at cam flanks due to high 

sliding velocity. Hydrodynamic friction force can be predicted in the proximity of Hertzian 

contact by the following relation. 

𝐹ℎ = ∫
2𝑛𝑝𝑉𝑠𝑙

ℎ𝑐𝑒𝑛
𝑑𝑥

+𝑏

−𝑏
         (33)  

 In order to determine the viscosity of lubricant at elevated pressure, Chu and Cameron 

[20] relation has been used since the pressure ranges up to 0.64 GPa which is well within the 

pressure range of 1 GPa specified in work. The simple Baraus equation cannot work in the 

present work due to the limitation of its maximum operating pressure range of 0.1 GPa. In the 

presented study, even after meeting the upper value of pressure constraint for Chu and Cameron 

equation, it overpredicts the viscosity at high pressure, therefore, a limiting friction coefficient 

of value 0.08 has been adopted. In case, the elastohydrodynamic coefficient of friction exceeds 

the limiting value, the hydrodynamic friction is determined by 𝐹 = 0.08𝑊. OFT at the cam 

nose region may not be enough to ensure the complete separation of mating surfaces of cam 



10 
 

and roller. When the OFT have values lower than the composite surface roughness height, 

mixed to boundary lubrication regime can exist at this region [20-21] and load is partially taken 

by the asperities in the contact region which can be calculated by Greenwood and Trip model 

[21]. 

𝑊𝑎 = 
8√2

15
 𝜋(𝛽𝜎𝜂)2𝐸′   (

ℎ

𝜎
) 𝐴 𝐹5

2
√

𝜎 

𝛽
       (34) 

 The values of 0.04 and 0.01 are chosen for (𝛽𝜎𝜂) and (
𝜎 

𝛽
) respectively based upon the 

recommendation of Greenwood and Trip in their study. The asperity contact area is given as. 

𝐴𝑟 = 𝜋2(𝜂𝛽𝜎)𝐴 𝐹2 (
ℎ

𝜎
)        

 (35) 

Asperity height distribution is given by the following relation 

𝐹𝑛(𝐻) =
1

√2𝜋
∫ (𝑠 − 𝐻)𝑛∞

𝐻
𝑒−

𝑠2

2 𝑑𝑠       (36) 

The hydrodynamic pressure developed in lubricant film under the action of the load is 

determined by[22]. 

𝑃𝐻 =
𝑊−𝑊𝑎

𝐴𝑎−𝐴𝑟
          (37) 

Boundary friction force acting due to the resistance of the thin surface film is given by the 

following relation 

𝐹𝑏 = 𝜏0𝐴𝑟 +  𝜇𝐵𝑊𝑎         (38) 

Finally, the rolling friction force can be determined by [23]. 

𝐹𝑟 =
4.318(𝐺𝑈)0.658𝑊0.01262𝑙𝑅

𝛼
        (39) 
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Total friction force and coefficient of friction for end pivoted finger roller follower can be 

predicted as follows 

𝐹 = 𝐹𝑏 + (1 −
𝐴𝑟

𝐴𝑎
) 𝐹ℎ + 𝐹𝑟        (40) 

µ =
𝐹

𝑊
           (41) 

Cam roller friction torque can be obtained by multiplying cam roller total friction force with 

the normal distance from cam center to point of action of friction force at cam surface. 

2.6.  Cam Bearing Friction Model 
 

 Schematic of understudy camshaft is shown in Fig.3. The cam bearing hydrodynamic 

friction can be predicted by assuming the full film lubrication with Newtonian lubricant. Crane 

previous work [24] also supports the assumption of considering only hydrodynamic conditions 

for cam bearing frictional even at low camshaft speeds. 

 

Fig.  3. Schematic of camshaft 

 

 

 𝑆 =
(2+𝑛2)(√1−𝑛2)

12𝜋2𝑛
        

 (42) 

“n” is the eccentricity of bearing and “S” is Sommerfeld number.   
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𝑆 =
𝜂0𝜔𝐿𝐵𝐷𝑏

𝑊𝐵
(

𝐷𝐵

2𝑐
)

2

         (43) 

WB is instantaneous load on bearing which is due to reaction and friction force at the cam roller 

interface. The bearing load is calculated by assuming the camshaft composed of rigid beams in 

series and forces are only due to immediate cams. Bearing loads are then calculated by setting 

up a static balance for each rigid beam with cam load. Frictional force for each cam bearing is 

calculated by the following equation. 

𝐹𝐵 =
2𝑟2𝜂0𝐿𝐵𝜔

12𝑐

4𝜋2(1+2𝑛2)

(2+𝑛2)(√1−𝑛2)
        (44) 

2.8.  Valve/guide & Needle roller bearing Friction 
 

 Although the friction contributed by valve guide interface has a negligible effect on 

overall friction of valve train but it has been addressed for the completeness of model. The 

hydrodynamic friction force for fully lubricated Couette flow in valve guide with the 

assumption of concentric valve moment in the radial clearance of valve stem and valve guide 

is given as [25]. 

𝐹𝑣𝑔 = 𝜂0
𝑉𝑣

𝐶𝑣
𝜋𝑑𝑣𝐿𝑣         (45) 

𝑉𝑣 is valve velocity which can be obtained by numerically differentiating lift data. 

The needle roller bearing is assumed to operate in boundary lubrication regime. Kubiak et al. 

[26] use the following relation to calculate the friction of the needle roller bearing frictional 

torque in rocker arm of roller follower valve train. 

𝐹𝑁𝐵 = µ𝑝𝑊𝑟𝑝          (46) 
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Where µ𝑝 is the roller needle bearing coefficient of friction and 𝑟𝑝 is the radius of the needle 

roller pitch circle. Flow chart for the calculation of drive torque including the effects of roller 

sliding and asperity interaction is shown in Fig. 4. 

 

 

Fig.  4. Flow chart for friction modeling of end pivoted finger roller follower valve train 
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CHAPTER 3: RESULTS AND DISCUSSION 

 

 The simulations have been carried out at three different camshaft rotational frequencies 

300 RPM, 600 RPM and 900 RPM and three different lubricant bulk temperatures 25oC, 60oC 

and 95oC to mimic the actual engine operating conditions. A detailed parametric study has been 

undertaken under different operating conditions. The summation of frictional forces due to 

cam/roller contact, needle roller bearing, valve/guide friction and cam bearing friction is 

presented in the form of drive torque. 

 The frictional characteristic at cam/roller contact is governed by the contact loading, 

significantly. The plot of normal loading at the cam/roller interface at different camshaft 

rotational frequency is shown in Fig. 5. At lower RPM, the profile is dominated by the spring 

load which acts mainly at cam nose position. The magnitude of contact loading increases in the 

cam flank region as the inertia of reciprocating masses come into play at higher cam speeds. 

 

Fig.  5. Cam/roller contact loading profile 
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Entrainment velocity of lubricant is high at cam flank regions which decrease rapidly at cam 

nose region. An increasing trend in entrainment velocity by increasing cam speed is evident. 

 

Fig.  6. Entrainment velocity 

 OFT Plot at cam/roller junction is shown in Fig. 7. Since the entrainment velocity 

controls the amount of oil driven in the contact region, therefore, the OFT follows its trend 

accordingly. At high camshaft rotational frequency, flanks enjoy healthy film thickness as 

compared to the nose region though the contact load is high at flanks. Healthy film thickness 

at cam flank indicates that the hydrodynamic friction is dominant at that region. The poor 

lubrication condition at the nose region increases the asperity interaction and the contact tends 

to operate in boundary lubrication regime. Increase in the magnitude of OFT is predicted by 

increasing camshaft rotational frequency due to rise in entrainment velocity. The OFT being 

the function of lubricant bulk viscosity decreases with increasing oil supply temperature. 
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Fig.  7. Oil film thickness at cam/roller interface 

 

Total friction at cam/roller interface is dominated by sliding friction, especially at low 

lubricant supply temperature. Sliding friction is mainly affected by two factors the sliding 

velocity and lubricant viscosity at elevated pressure. Lubricant viscosity at elevated pressure is 

affected by hydrodynamic pressure as defined in Eq. (25) and viscosity profile at increased 

pressure is similar to hydrodynamic pressure profile which is greatly influenced by the normal 

load at cam/roller interface. 

At lubricant bulk temperature of 25oC, there is an increasing trend in the cam/roller 

interface friction force by increasing the camshaft rotational frequency as shown in Fig.8. The 

major portion of cam/roller interface friction is due to sliding friction arising due to shearing 

of lubricant and is strongly influenced by the sliding velocity as defined in Eq. (8). A healthy 

oil film is formed at low operating temperature and overall behavior of friction force is 

dominated by the hydrodynamic friction force. By increasing the camshaft rotational 

frequency, the roller slip at flank regions arises due to the roller inertia and thus the sliding 

friction also becomes dominant at flank regions. Moreover, the flank region enjoys a thicker 

film thickness than other cam regions resulting in the high magnitude of hydrodynamic friction 

and relatively more power is lost in shearing of a relatively thick film. 
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Fig.  8. Cam/roller interface friction force at 25oC and different cam speeds 

 

In Fig. 9, at low lubricant supply temperature, the percentage of asperity friction is 

almost negligible. It can also be seen that at cam angles from 116o to 137o and 222o to 242o, 

there is almost no contribution of boundary friction to the total cam/roller friction, as this area 

corresponds to cam flank region which enjoys relatively a greater film thickness. The 

percentage of asperity friction to total friction at cam/roller interface shows a decreasing trend 

by increasing the cam rotational frequency which is attributed to the rise in film thickness. 

 

Fig.  9. Percentage asperity friction at 25oC and different cam speeds 
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 By increasing the lubricant supply temperature to 60oC, a noticeable decrease in the 

sliding friction occurs which reduces the cam/roller interface friction considerably as shown in 

Fig.10. Although there is an increase in boundary friction due to rise in asperity interaction by 

increasing the temperature. The total friction at the cam/roller interface decreases by increasing 

oil supply temperature from 25 oC to 60 oC. By increasing camshaft rotational frequency, a 

considerable rise in cam/roller friction is also evident at flanks due to the increase in contact 

loading and roller sliding. However, at cam nose region, almost negligible change is observed 

as compared to the cam flanks.  

 

Fig.  10. Cam/roller interface friction force at 60oC and different cam speeds 

By increasing the lubricant supply temperature to 60°C, the effects of asperity friction 

become significant which were nearly negligible at 25°C. This also highlights the importance 

of inclusion of asperity friction while predicting the cam/roller interface friction. The 

percentage of asperity friction at cam speed of 300 RPM and oil temperature of 60°C rose up 

to 60% at cam nose region as compared to oil temperature of 25°C while operating at the same 

cam speed due to poor lubrication conditions as shown in Fig.11. By increasing the cam speed, 

a noticeable reduction in percentage contribution of boundary friction is also observed due to 

the rise in OFT. 
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Fig.  11. Percentage asperity friction at 60oC and different cam speeds 

At low camshaft, rotational frequency and high oil supply temperature of 95°C, 

relatively less oil is driven into the cam/roller contact zone. The cam/roller contact friction has 

the substantial contribution of the boundary friction which is prominent in the cam nose region 

as shown in Fig.12. By increasing the camshaft rotational frequency, there is an increase in the 

cam/roller interface friction force due to the rise in roller slip and normal load at the flank 

region. The increased roller slip is responsible for the rise in sliding velocity as given in the 

Eq. (8). The increase in roller slip by increasing the camshaft rotational frequency has also been 

experimentally proven by Khurram et al. [10]. While the gradual decrease in cam/roller 

interface friction at cam nose region is due to decrease in inertial load at cam nose region by 

increasing camshaft rotational frequency from 300 RPM to 900 RPM. The cam/roller interface 

friction at 95°C decreased by increasing the camshaft rotational frequency from 300 RPM to 

600 RPM. By further increasing the camshaft rotational frequency from 600 RPM to 900 RPM, 

the increase in sliding friction is dominant than the reduction in the boundary friction and the 

average value of cam/roller friction is more at 900 RPM as compared to 600 RPM.  
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Fig.  12. Cam/roller interface friction force at 95oC and different cam speeds 

 By increasing the oil supply temperature from 60°C to 95°C, the percentage asperity 

friction has increased about 82% at 300 RPM which further predicts a downward trend by 

increasing the cam speed due to improved lubrication and reduced contact load at cam nose 

region. 

 

Fig.  13. Percentage asperity friction at 95oC and different cam speeds 

 By comparing the results for percentage asperity friction at all oil supply temperature 

and camshaft rotational frequency, it is evident that asperity interaction is dominant at lower 

camshaft frequency due to higher contact loading at cam nose region and poor lubrication 

conditions due to low entrainment velocity. By increasing the oil supply temperature, the 
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asperity interaction increases and contact operating condition shifts towards boundary 

lubrication due to decrease in OFT 

 

Fig.  14. Rolling friction at cam/roller contact 

The third component that contributes to the cam/roller interface friction is rolling 

friction which shows an increasing trend by increasing camshaft RPM having a maximum 

value at 900 RPM and 25°C. The magnitude of rolling friction decreases with increasing inlet 

oil temperature having the lowest contribution in total cam/roller interface friction at 300 RPM 

and 95°C condition. 

 After calculating the total friction at cam/roller contact the F Ji [8] model was 

used to calculate the roller slip at cam/roller contact which gives rise to higher magnitude of 

hydrodynamic friction force which was neglected before when pure rolling conditions were 

assumed. 

 The predicted instantaneous roller slip ratio for one cam revolution at camshaft 

rotational frequency of 300, 600 and 900 RPM and at different oil supply temperatures are 

shown in the following figures. The roller slip is very significant at flanks regions and small 

amount of slip also present at base circle while in cam nose area there is the almost pure rolling 
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condition, especially at lower RPM. Due to intrinsic nature of roller slip there is an increase in 

sliding friction as roller slip increases and this increase in friction tries to bring the roller surface 

velocity to be in line with cam surface velocity, therefore, the areas of high roller slip ratio are 

immediately followed up by the areas of very low roller slip ratio. At low camshaft rotational 

frequency the value of roller slip observed is less than 600 and 900 RPM also the friction force 

in needle roller bearing and inertia of the roller is not very significant at this speed relative to 

higher RPM. There is an increasing trend in roller slip ratio by increasing camshaft rotational 

speed due to higher operating conditions and roller inertia would play an important role at 

higher RPM. At 600 and 900 RPM reduction in contact load at cam nose area due to the 

increased tendency of roller acceleration being negative at the nose by increasing camshaft 

speed and reduced asperity interaction due to healthier OFT there is an increase in roller slip 

ratio at cam nose region by increasing cam speed. The negative slip at flank regions is because 

of roller surface velocity is unable to follow the rapid fall/increase in cam surface velocity 

instantly due to roller inertia and roller surface velocity is more than cam surface velocity at 

that instant. By increasing oil supply temperature there is an increase in roller slip ratio due to 

decrease in hydrodynamic viscous shearing force at elevated temperature and as sliding force 

is at the top of the list in the hierarchy of friction force at cam/roller interface, therefore, a 

decrease in sliding friction decreases the overall friction force and accordingly by slip model 

commissioned in numerical model predicts an increase in roller slip   by increasing oi supply 

temperature. 



23 
 

 

Fig.  15. Roller slip ratio at oil supply temperature of 25oC 

 Fig. 16 presents roller slip ratio at oil supply temperature of 60oC a significant 

decrease in roller slip is observed at flanks regions while the nose area being operated in 

boundary lubrication regime all the time has no changes. 

 

Fig.  16. Roller slip ratio at oil supply temperature of 60oC 

 By further increasing oil supply temperature from 60 oC to 95 oC again a little drop in 

roller slip ratio at flank regions is observed while the effects of camshaft rotational frequency 

are consistent at all temperatures. Moreover, at higher temperature of 95 oC the friction force 

at cam/roller interface is significantly less than at 25 oC and 60 oC and effects of inertia are 

relative more dominant than at lower temperatures where friction force is relatively high so 
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the variation in roller surface velocity from cam surface velocity not very rapid as inertia 

makes it difficult for roller to change its speed abruptly. 

 

Fig.  17. Roller slip ratio at oil supply temperature of 95oC 

 The average roller slip ratio at different operating conditions is presented in Fig. 18. 

The rise in roller slip ratio by increasing camshaft rotational frequency can be observed and 

the magnitude of roller slip ratio by changing camshaft rotational speed is comparable with 

the experimental findings of Khurram et al. [10]. However, the variation in roller slip w.r.t oil 

supply temperature is contradictory to that of author mentioned before this is because model 

predicts thee lubrication regime to be mostly in hydrodynamic regime and a decrease in 

friction force by gradually increasing oil supply temperature leads to increased roller slip.  

 

Fig.  18. Average roller slip ratio at different operating conditions 
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Average values of frictional torques for one complete revolution of the camshaft are 

given in Fig. 19. There is an increase in the average value of frictional torque w.r.t camshaft 

rotational frequency. The decrease in the average value of friction by increasing the 

temperature shows that the model also caters for the viscous effects of lubricant particularly at 

higher RPM when effects of sliding friction are dominant due to the roller sliding. Moreover, 

this decrease in average value w.r.t temperature may be due to a fixed value of limiting friction 

coefficient used at all operating condition or the journal bearing may be subjected to boundary 

lubrication condition at some point which is not considered in this study due to qualitative 

nature of the study. The cam bearing frictional torque arising from the shearing of lubricant 

under applied load has the largest contribution at 25°C. The highest value of cam bearing 

friction torque was noticed at 900 RPM and 25°C which is 30% of the total valve train friction 

torque. Friction torque arising from the valve guide and needle roller bearing is of the same 

magnitude approximately and accounts for 0.6% to 3% of total valve train friction torque. 

 

Fig.  19. Average friction torque 
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The incorporation of roller sliding and asperity interaction in the friction modeling for 

end pivoted roller finger-follower valve train has changed the cam/roller interface friction, 

significantly as shown in Fig. 15 under different operating conditions. The same highlights the 

importance of these factors for more accurate prediction of cam/roller interface friction. 

 

Fig.  20. Average change in cam/roller interface friction force 

 

Fig. 16 present the measured drive torque for end pivoted finger roller follower valve train at three 

different camshaft rotational frequencies of 300, 600 and 900 RPM at lubricant supply temperatures 

25°C, 60°C and 95°C. One thing to be kept in mind is that experimental drive torque composed of 

geometric torque experienced due to the work of cam against spring load while opening and closing 

of the valve and frictional torque which is the sum of the frictional torque contributed from cam/roller 

contact, cam bearing, valve guide and needle roller bearing. The variation in drive torque is only 

because of change in magnitude of frictional force as geometric torque is merely affected by change 

in engine speed and has absolutely no effect of change in oil supply temperature.   



27 
 

                    

  

 

 

     

              

       

 

 

 (a)  (b) 

(c)  (d) 

(c) (e) (f) 



28 
 

   

 

 

 

 

Fig.  21. Comparison of instantaneous measured and predicted drive torque  (a) 300 RPM, 25°C (b) 

600 RPM, 25°C (c) 900 RPM, 25C (d) 300 RPM, 60°C (e) 600 RPM, 60°C (f) 900 RPM, 60°C (g) 

300 RPM 95°C (h) 600 RPM 95°C 

In above Figures it can be observed that there is a decrease in the drive torque by 

increasing camshaft rotational frequency this attribute is due to improved lubrication condition 

as high entrainment velocity drive more oil in to the highly pressurized contact zone and a 

healthier oil film thickness shifts the lubrication regime towards hydrodynamic lubrication 

which sure there is less metal to metal contact resulting in improved overall tribological 

performance. Moreover, at low RPM the contact loading on cam/roller contact is greatly 

influenced by spring loading which is more dominant at the cam nose region as the RPM 

increases the effect of the inertial load become more dominant and loading becomes more 

concentrated at flanks region. Thus, by increasing camshaft rotational frequency the cam/roller 

(g) (h) (h) 

(i) 
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contact experience reduces pressure especially at cam nose area which reduces the friction 

force. 

An increase in drive torque by increasing oil supply temperature is evident. This 

phenomenon is due to the poor lubrication condition arises as the thin oil film thickness is 

present at the cam/roller interface. By increasing the oil supply temperature, the effect of 

surface roughness at cam/roller contact came into action as oil film thickness becomes thin the 

asperity interaction increases which forces the lubrication regime towards mixed to absolute 

boundary lubrication where there are more chances for metal to metal contact. 

The comparison of predicted and measured drive torque for the cam action period is 

presented in Fig. 16. The predicted drive torque is composed of two components one is 

frictional torque that arises from the friction forces from cam/roller contact, needle roller 

bearing, valve guide and cam bearings friction other is geometric torque that which is due to 

the opening and closing of the valve against the spring force. The geometric torque, having 

equal positive and negative parts, is taken as positive during the opening of the valve and 

negative during the closing of the valve. Upon the addition of predicted geometric and frictional 

torque as frictional torque is positive for entire cam cycle the positive part of the geometric 

torque increases and negative part reduces as upon addition frictional torque makes it less 

negative. 

There is fine conformity between predicted and experimental instantaneous drive 

torque although during valve closing the predicted drive torque slightly underpredicts than 

measured values this behavior may be due to the minute leakage of oil from hydraulic lash 

adjuster that can disturb the compression of spring and geometric torque is not fully recovered 

during valve closing. This cumbersome phenomenon of un-symmetric drive torque shape 

around the cam nose must be kept in mind while analyzing the results. 
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The comparison of average values of predicted and measured frictional torque is presented in Fig. 17. 

As geometric torque has equal positive and negative parts thus by taking average its effect can be 

diminished and only average frictional torque can be obtained in case of measured data. 

The predicted friction torque includes friction from cam/roller contact, cam bearings, valve guide and 

needle roller bearing. There is a decrease in average fiction torque for camshaft rotational frequency 

of 300 and 600 RPM when oil supply temperature is increased from 25 oC to 60 oC and then an 

increase from 60 oC to 95 oC depicting a decrease in hydrodynamic friction followed by an increase in 

boundary friction due to increased asperity interaction at elevated temperature. However at 900 RPM 

a gradual decrease in predicted average frictional torque by increasing oil supply temperature from 25 

oC to 95 oC can be observed this attribute arises due to the relatively high contribution of cam bearing 

friction as it increases by increasing camshaft rotational speed and shows a downward trend by 

increasing temperature as less resistance is faced by cam journal bearings in the shearing of  a less 

viscous oil. 

 

 

Fig.  22. Comparison of average predicted and measured friction force 

 

Overall a reasonable agreement between predicted and measured results is noticed. The 

model is also able to predict the trend of experimental data to some extent which is very 

encouraging for such a complex mechanical system. This study finds it worth as one purpose 
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of this study is to validate the frictional model described in this paper which can provide 

footsteps for future modeling in this specific research area. 
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CHAPTER 4: THESIS CONCLUSION & RECOMENDATION 
 

4.1 Conclusion  

A detailed mathematical model has been developed by considering the roller sliding, asperities 

interactions at the mating surfaces of cam and roller and contributions from bearings, 

valve/guide interface and roller needle bearings. The friction in end pivoted roller finger-

follower valve train has been evaluated successfully considering the effects of different 

camshaft rotational frequency and lubricant supply temperature. 

It has been found that the sliding friction at cam/roller contact is a major contributor to 

the total valve train friction due to sliding of the roller, especially at cam flanks region. Sliding 

friction showed a rising trend by increasing the camshaft rotational frequency which reduced 

greatly at higher oil supply temperatures. The asperity friction is highly dependent on the oil 

film thickness which reduces by increasing the cam rotational frequency due to better 

entraining velocity. The contribution of asperity friction is almost negligible at lower 

temperature but becomes significant at higher oil supply temperature. It is also evident that 

consideration of asperity interaction and roller sliding in the friction modeling of roller follower 

valve train can influence the results, greatly. It is strongly believed that the developed 

numerical approach can be very helpful to understand the friction in detail thereby allowing to 

improve the performance of the valve train, significantly.  

A numerical approach has been used to validate the result of friction torque. Simulation 

result includes the friction arising at cam roller contact, valve guide interface and cam bearing 

friction. The friction arising due to asperity interaction at high lubricant oil supply temperature 

and roller sliding due to slippage of the roller at cam/roller contact has also been included in 

model. Overall there is a good agreement between measured and predicted instantaneous drive 

torque. The average value of predicted drive is also of the same order as measured torque, a 
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small error is induced may be due to some oil leakage in hydraulic lash adjuster which alter the 

geometric torque and energy is not conserved during the closing event of valve which has not 

been addressed and is the limitation of this study. The comprehensive valve train model 

developed found to be consistent with experimental findings at camshaft rotational frequency 

of up to 600 RPM however model appeared to be very sensitive to change in operating 

conditions as compared to experimental data 

 The comparison of experiments and theory has validated the model and directed future 

developments of the analysis in relation to the severity of lubrication in both the cam/follower 

interface and the camshaft bearings, in incorporating the dynamic behavior of hydraulic lash 

adjusters and consideration of parameters addressing the lubricant chemistry in numerical 

modeling. 

 

4.2 Suggestions for Future Work 

• Model only accounts for lubricant viscosity and the other aspects of lubricant chemistry 

such as effects of friction modifiers and additives has not yet been accounted till date 

• Complete dynamic modeling of valve train system including the damping in valve train 

components may lead toward further refinement of results 

• Numerical model for hydraulic lash adjuster including oil leakage can be integrated 

with developed model 
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APPENDIX A 
 

Nomenclature 

A 
separation between follower face center of curvature connecting with cam and 

follower center of rotation. 

Aa apparent area in contact at cam/roller interface 

Ar real area in contact at cam/roller interface 

B 
separation among the face of roller touching the valve, roller center and its curvature 

center  

𝑏 half-width of Hertzian contact 

c cam journal bearing clearance 

D distance between the center of the roller and cam rotational axis 

E modulus of elasticity 

E' composite elastic modulus, 2/{[(1 − 𝑣𝑐
2) 𝐸𝑐] + [(1 − 𝑣𝑓

2) 𝐸𝑓⁄ ]}⁄  

F total friction 

Fb boundary friction 

FB cam bearing friction 

Fvg valve guide friction 

FNB needle roller bearing friction 

Fh hydrodynamic friction 

Fr rolling friction 

Fsp spring force 

Fn(H) distribution function (Gaussian) 

G dimensionless parameter for load, 𝛼𝐸′ 

H dimensionless parameter for the thickness of oil film 

hm minimum thickness of oil film 

hc central film thickness 

l characteristic half-width 

K spring constant 

lv valve lift 

Vv valve linear velocity 

cv radial clearance in valve stem and guide 

Lv valve guide length 

𝑑v valve stem diameter 

WB cam bearing load 

LB cam bearing width 

DB cam bearing diameter 

M equivalent mass 

P Hertzian pressure 

R equivalent radius of curvature  

Rc cam local radius of curvature 

rB Cam base circle radius 

rR roller follower radius 

T temperature (℃) 

U dimensionless speed parameter, (𝜂𝜊𝑉𝑒) (𝐸′𝑅)⁄  

Vc relative velocity of contact point w.r.t cam surface 

Vf relative velocity of contact point w.r.t follower surface 

Vs sliding velocity 

Ve entraining velocity 

W normal load on the contact point 
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Wa part of cam load on asperities 

Wi cam base circle load 

Ẃ dimensionless parameter for load, (𝑊 − 𝑊𝑎) (2𝐸′𝑙𝑅)⁄  

𝛼 coefficient used in pressure-viscosity relation 

𝛽 asperity radius of curvature 

η asperity density 

η
ο
 ambient pressure dynamic viscosity 

η
p
 dynamic viscosity at increased pressure 

υ Poisson’s ratio 

ρ density 

σo composite surface roughness,(𝜎𝑐
2 + 𝜎𝑓

2)
1 2⁄

 

μ friction coefficient 

μ
B
 boundary friction coefficient 

μ
p
 friction coefficient used for needle roller bearing 

ω rotational frequency of camshaft 

𝛼𝑟 roller angular acceleration 

θ camshaft angle 

λ 
constant angle between planes connecting the follower center to the center of 

curvature of face of follower touching valve and cam  

𝜒 
constant angle between valve movement direction and center of rotation of cam and 

roller 

δ spring pre-compression 

γ 
variable angle between lines linking follower center to the camshaft center of rotation 

and  the center of curvature of the face of follower touching the valve 

ϕ 
variable angle between the horizontal axis and the line linking the cam center of 

rotation with follower 

𝜏 lubricant stress (Eyring) 

 

Subscripts 

c cam 

f follower 

max maximum 

r roller 

b bearing 

v valve 

NB needle roller bearing 
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APPENDIX B 
Details of Valvetrain: 

 

 

 

Fig. A. Cam lift profile  

Input parameters 

Cam width 0.0137 (m) 

Cam Radius 0.018 (m) 

Roller diameter 0.017 (m) 

Modulus of elasticity of cam 170x109 (Pa) 

Modulus of elasticity of roller 204x109 (Pa) 

Cam material Poisson ratio 0.28 

Follower material Poisson ratio 0.29 

Cam half period action-angle 70 (º) 

Spring constant 2500 (N/m) 

Pre compression 0.0084 (m) 

Roller mass 0.0088 (Kg) 

Roller wall thickness 0.0024 (m) 

Needle roller radius 0.00099 (m) 

Roller finger-follower mass 0.0418 (Kg) 

Valve spring and retainer mass 0.0432 (Kg) 

Coefficient of friction of needle roller 

bearing 
0.0015 

Load on cam Base circle 64 (N) 

A 0.02080 (m) 

B 0.03550 (m) 

D 0.03150 (m) 

λ -3.5 (º) 

Χ 37.5 (º) 

Surface roughness 0.14x10-6 (m) 

Oil grade SAE 30 
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Lubricant viscosity at ambient pressure 

and 25⁰C 
0.15 (Ns/ m2) 

Lubricant viscosity at ambient pressure 

and 60⁰C 
0.0305 (Ns/ m2) 

Lubricant viscosity at ambient pressure 

and 95⁰C 
0.01 (Ns/ m2) 

Pressure-viscosity coefficient 0.22×10-7(m2/N) 

Boundary coefficient of friction 0.2 

Lubricant Eyring stress 8×106 (Pa) 

Valve guide length 0.036 (m) 

Radial clearance in valve stem and guide 0.002×10-3 (m) 

Valve stem diameter 0.005 (m) 

Clearance in cam journal bearings 0.095×10-3 (m) 

Cam journal diameter 0.023 (m) 
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