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ABSTRACT 

This work develops a numerical methodology for predicting the performance of 

an automotive piston ring system by considering contact and lubrication mechanics. The 

rough surface contact mechanics and lubrication occurs on a scale much smaller than the 

size of the piston rings and therefore the key aspect of the model is an algorithm that 

solves simultaneously the multiple mechanisms at different scales. The finite element 

method will be used to model the mechanical deformations of the piston ring surfaces at 

large scales. The quasi-steady state model includes heat generation due to solid and 

viscous friction. This heat generation will then be used to predict the temperature rise and 

thermal effects in the lubricant and component. A statistical rough surface method that 

renders asperities as elastic-plastic wavy surfaces predicts the solid contact area. The 

modified Reynolds equation will be solved to consider the effects of mixed-

hydrodynamic lubrication while using flow factors formulated for actual piston and ring 

surfaces. The lubricant viscosity depends both on temperature and shear rate. This will 

allow for the regimes of boundary, mixed and full-film lubrication to be considered. The 

model predicts friction for various loads and speeds that are then compared to 

experimental measurements. Although the contacts operate mostly in the mixed 

lubrication regime, the model and experiments show changes in friction with load, speed 

and temperature. 
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CHAPTER 1 

INTRODUCTION 

 Reciprocating contacts often experience high friction because sliding speeds are low 

when motion reversal occurs.  In a piston ring-cylinder liner system, this occurs at the top 

and bottom dead centers.  Studies have shown that 20% of energy losses in internal 

combustion engines are associated with surface contact friction.  The main source of 

these losses is the piston ring-cylinder liner and the piston skirt-cylinder liner (40% of 

this energy loss) [1,2].  Even a small reduction in friction will significantly reduce 

emissions and save fuel.  The piston rings tightly seal the space between the cylinder liner 

and the piston skirt, which controls the lubricant distribution and heat transfer from the 

piston.  However, the simultaneous sliding and sealing results in high friction losses.  

Studies have shown that up to 15% of fuel consumption is spent overcoming friction due 

to piston ring-cylinder liner contact [3].  While internal combustion engines will slowly 

be phased out, they will still most likely power vehicles for decades to come, especially 

in developing countries where adoption of electric vehicles will be slower [4].  In 

addition, certain applications and vehicles such as heavy trucks will consist mostly of 

combustion vehicles for longer.  Thus, strategies to reduce frictional losses in the piston 
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ring-cylinder liner assembly remain essential [5].  However, the friction losses must first 

be quantified as it will be the parameter that determines the best solution. 

 This work’s goal is to develop a numerical model for a cylinder wall-piston ring 

interface that considers lubrication and contact mechanics to evaluate system 

performance over the entire operating range.  The iterative model will be able to predict 

the friction and possible failure dependent on operating conditions.  For a given speed, 

load, and temperature, the lubrication model is combined with a contact mechanics model 

that accounts for flash temperature increases because of friction-generated heat.  A finite 

element analysis determines the deformation of the piston ring due to the loads it carries.  

Lastly, the numerical model is verified by experimental measurements.  While many 

models for the individual modules exist, there are few such models that combine all of 

these aspects at once. 

 To consider the effect of lubrication, the Reynolds equation is solved using flow 

factors, a method initially derived by Patir and Cheng [6] and then refined by Locker et 

al. [7] for the specific surfaces being studied.  For the contact mechanics portion, the 

Greenwood-Williamson statistical model is applied to determine the load carried by 

rough surface contact.  Because the base GW model only considers elastic contact, it is 

refined to include the effects of elastic-plastic deformation that often occurs.  The GW-

model also assumes a perfectly flat surface in contact with a surface with spherical 

asperities, so modifications were made to account for two rough surfaces in contact.  

Recent work by Chu et al. [8] revealed that models based on sinusoidal asperities provide 
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a better fit to deterministic models.  Both models reflect the measured profiles of a 

cylinder wall and a piston ring and how they interact with each other. 

 The lubrication and contact mechanics models and a finite element analysis are 

coupled via shared boundary conditions and material properties that create a system of 

equations to solve using an iterative process until the predictions converge.  The overall 

model predicts several parameters that can be applied to component design.  Some of 

these are the portion of the load carried by the oil and by solid contact, the friction 

coefficient, and the temperature rise due to frictional forces.
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CHAPTER 2 

LITERATURE REVIEW 

2.1 General Literature Review – Prior works on the Piston Ring – Cylinder Liner 

interface. 

 Many methods and techniques have been used in the past to predict the frictional 

losses of a piston ring – cylinder liner interface in an engine.  This system includes 

several variables such as surface topography, transient lubrication, and exhaust flow rate 

that interact with each other.  Prior works have generally focused on only one variable at 

a time.  Furuhama and Sumi’s [9] analysis of compression ring linings is one of the first 

investigations on the subject.  Ma et al. [10] analyzed lubricant transport and found that 

cylinder liner surface and ring movement significantly influence the tribological 

behavior.  Akalin and Newaz [11] analyzed the mixed lubrication regime using the 

Reynolds equation with flow factors.  They found that hydrodynamic lubrication occurs 

during most parts of the stroke, but the friction coefficient increases greatly at top and 

bottom dead center when the sliding speed is too low for the lubricant to support much of 

the load.  Their analysis did not calculate flow factors for a specific surface or consider 
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elastic-plastic asperity contact, nor did they perform experiments to validate their model.  

Jeng [12] analyzed the lubrication conditions at the ring contact surface.  Furuhama and 

Sasaki [13] derived a new technique to measure friction forces for small engines.  

Previously this was a difficult task because they could not be isolated from much larger 

gas and inertia forces.  Taking into account torsion, film thickness changes, and ring 

wear, Tian [14] studied piston ring dynamics numerically and experimentally. 

 In recent years several studies have focused on improving internal combustion 

engine efficiency.  Morris et al. [15] optimized the piston ring to minimize the energy 

losses, incidence of asperity contact, and ring mass.  Bewsher et al. [16] applied atomic 

force microscopy to measure the boundary asperity shear strength and thus calculate 

localized values of frictional losses on real engine components.  Howell-Smith et al. [17] 

tested lubricant coatings and surface textures for friction reduction.  They found that 

surface modifications of the liner at top dead center (TDC) reduces friction by creating 

additional lubricant reservoirs there.  In turn, this increases the power output of the 

engine by up to 4%.  Li et al. [18] found that laser finishing could reduce the friction 

coefficient and weight loss of an Al-Si alloy cylinder liner by removing the aluminum 

layer and exposing rounded edges of silicon particles. 

 Efficiency can also be improved by changing the surface texture.  Senatore et al. [19] 

studied a bronze coating with different surface textures and found that an appropriate 

texture geometry improves the friction coefficient and wear.  Wang et al. [20] tested the 

effects of dimples on brass discs.  They found that only a small dimple pattern reduced 
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the friction – for large dimples the friction coefficient actually increased.  Kligerman et 

al. [21] developed an analytical model for partial laser surface texturing to reduce the 

friction in the piston ring – cylinder liner system.  They found an optimal percentage of 

the textured portion and dimple depth depending on operating conditions.  Spencer [22] 

developed simulations to evaluate a cross hatched cylinder liner to reduce oil 

consumption, wear, and friction.  Lu and Wood [23] observed an 82% reduction in piston 

ring – cylinder liner friction when texture grooves were normal to the sliding direction.  

Abril et al. [24] studied the effects of dimples and the honing groove in the cylinder liner.  

A slight increase in dimple density increased the minimum film thickness and reduced 

the friction force.  Comparable increases in minimum film thickness could be obtained 

with deeper, larger dimples.  Their honing groove analysis found that a 15 degree 

increase in honing angle reduced the friction coefficient by more than 14%.  However, 

friction increased when the honing groove density was too high. 

 

2.2 Rough Surface Contact 

 

 Contact between rough surfaces is an ubiquitous problem that can be applied to 

numerous phenomena such as friction, wear, and contact resistance.  It can be modeled in 

various ways – statistical [25-28], fractal [29], multi-scale [30], and deterministic [31] 

models are just some of the methods employed.  In the statistical model, mathematical 

parameters describing the surface are used to calculate probabilities and determine the 
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contact area and load.  Fractal based models account for different scales of surface 

features that statistical models neglect.  However, for a perfect fractal, the predicted 

contact area at the smallest scale is zero.  The multi-scale model avoids this because it 

more accurately incorporates surface structure and deformation mechanics.  Rather than 

approximate features, the deterministic model incorporates all of them in an analysis.  

However, this is frequently too computationally expensive to be feasible.  Thus, faster 

methods (statistical, multi-scale) are more commonly used instead. 

 Henrich Hertz was one of the first researchers in the field of contact mechanics.  His 

solution of a parabola deforming elastically in contact with a flat surface can be applied 

to cylindrical or spherical contact [32].  However, he did not consider frictional or 

yielding effects.  The single asperity, or raised point on a surface, solution can be 

expanded by incorporating a roughness model that describes the surface’s topography. 

 One such expansion is the statistical model by Greenwood and Williamson [25] (GW 

model).  They considered the interaction between a perfectly flat, rigid plane and a plane 

covered with spherical asperities of varying heights.  They assumed that asperities behave 

independently of each other and that deformation is limited to the asperities.  However, 

they only assumed elastic contact, so other models were subsequently derived when 

yielding occurs at larger loads.  Jackson and Green (JG) [27] derived a statistical elastic-

plastic deformation model in which they established the load required for plastic 

deformation.  Other models were proposed by Chang, Etsion, and Bogy (CEB) [26] and 

by Kogut and Etsion (KE) [28] that incorporate the effects of plasticity.  As contact 
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pressure increases, the internal stress within asperities increases as well.  This results in 

yielding and plastic deformation.  At the critical interference, ωc, the material is assumed 

to yield.  The JG model, while it includes varying fully plastic pressure not captured by 

the KE model, is limited to small deformations where the contact radius is no more than 

41% of the radius of curvature.  Wadwalker et. al. [33] extended the model for larger 

contact radii, but asperities may behave like isolated spheres rather than peaks at higher 

loads. 

 Statistical models are reliable and easily implemented, but shortcomings exist.  

Those previously described assume a homogenous radius of curvature over an entire 

region, neglect the effects of different scales of features, and do not couple the 

deformation between asperities and the substrate.  Bush et. al. [34] developed a statistical 

model that accounts for variable asperity radius, but they still assumed negligible asperity 

interaction.  Ciavarella et al. developed a model that accounts for lateral asperity 

interaction [35].  Afferrante et al. followed up with a coalescing asperity model, while 

Vakis expanded it below the mean asperity height [36-37].  These works are similar to 

the wavy asperity model that includes lateral asperity interaction used here, but they do 

not address the existence of features at different scales. 

 Majumdar and Bhushan (MB) [29] created a fractal model for rough surface contact 

by applying the Weierstrauss-Mandelbrot (WM) function to multiple levels of roughness.  

However, a surface may not have a spectrum that strictly follows the fractal equation.  

Ciavarella et al. [38] solved the 2D W-M fractal-rigid flat interface using a stacked 
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asperity assumption and an elastic sinusoidal model derived by Westergaard [39]. Morag 

and Etsion [40] attempted to improve the model by allowing the asperity contacts to exit 

the elastic regime and become plastic as load increases, but the fractal models are still 

arguably deficient in other ways. The usage of the fractal geometry for describing real 

rough surfaces is still debated, and it is questionable to use them in a rough surface 

contact model [40-46]. In fact, it has been shown in elastic and elastic-plastic contact that 

a true fractal surface in contact will have zero contact area and infinite pressure [47,48]. 

There are also other families of models based on diffusion and fractal geometries, but it is 

unclear or impossible to employ different single asperity models within them.  For these 

reasons, this work does not consider a fractal-based model. 

 To overcome the limitations of the GW model and predict a realistic area of contact, 

the multi-scale model was developed by Jackson and Streator [29] (JS). Their model 

builds off Archard’s [49] “protuberance upon protuberance” concept in which the 

Hertzian sphere was expanded by including hemispheres of smaller radii on it. As loads 

increase, the surfaces come into complete contact at the smallest scales and begin 

compressing at larger scales. Archard’s theory predicted a linear relationship between 

area and force and that rougher surfaces would only flatten with larger force. Jackson and 

Streator refined Archard’s model so it could be applied to real surfaces [29]. They made 

the following assumptions: smaller asperities are stacked on larger asperities, load is 

distributed equally over all asperities on each scale, total load does not depend on scale, 

and the contact area is limited to that of the scale below. They applied the Johnson, 
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Greenwood, and Higginson piecewise solution [50] for perfectly elastic 3D sinusoidal 

contact and connected the equations. To consider roughness, the surface was converted 

using a discrete Fourier transform into a series of sine waves of known frequency and 

amplitude [29]. 

The JS model was subsequently modified using results from Krithivasan and 

Jackson [51], who analyzed a finite element model of a sinusoidal asperity. Like the JG 

model, a critical value below which contact remains perfectly elastic exists. Because 

interference is not calculated, the critical values are found in terms of force.  Chu et al. 

[8] found this model to be inadequate for predicting the surface separation given the load, 

so this work does not consider a multi-scale model.  Other recent works have also sought 

to incorporate the effect of coatings [52] size-dependent properties [53] (especially 

material strength), and tangential loading or friction [54–56] and even wear or surface 

damage [57].   

 Idealistically, deterministic models solve rough surface contact without making any 

significant simplifying assumptions (in contrast the mathematical and statistical models 

are already discussed). A review and summary of some deterministic rough surface 

contact modelling methods is provided in Liu et al. [31]. Later, Liu et al. [59] used the 

finite element method with plastic deformation and the simplex algorithm to consider 

cylindrical and 2-D rough surface contact in plane strain. Somewhat different from other 

works, several researchers [60–62] used a semi-analytical boundary element-based 

approach to solve the elastic-plastic problem. Finite elements were used by Pei et al. [63] 
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and Sahoo and Ghosh [64] to consider the contact of self-affine fractal elastic-plastic 

surfaces. The rough surfaces of a microelectromechanical system in contact were 

considered by Liu et al. [65] using the finite elements. The finite element deterministic 

modeling methodologies were discussed by Thompson [66,67] in order to predict the 

thermal contact resistance. A deterministic finite element model was compared to a 

hybrid analytical model by Megalingam and Mayuram [68]. More recently, Wang et al. 

[69] and An et al. [70] implemented an elastic-plastic finite element deterministic model 

of measured rough surfaces and sought to refine the mesh toward a converged solution.  

Although all of these models are referred to as deterministic, they still make many 

assumptions and contain errors in their predictions.  In many cases they have not reached 

mesh convergence. 

  

 

2.3 Hydrodymanic Lubrication 

 

 To calculate the hydrodynamic load in modeling viscous flow of lubricant between 

the cylinder wall and the piston ring, the Reynolds Equation is used.  It is a second order 

partial differential equation derived from the Navier-Stokes equations assuming a 

Newtonian fluid, negligible inertia and body forces, negligible pressure variation across 

the film, laminar flow, and negligible curvature [71].  It can take many forms depending 
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on the physical mechanisms involved in the system.  The general form for a thin 

Newtonian fluid is given by 

 

2 2

.
12 12 2

h p h p U h h

x dx z dz x t

   
 

        
           

 (2.1) 

While this form assumes laminar flow, it can be derived for different operating conditions 

as well.  Ng and Pan derived a version for incompressible turbulent flow using the 

linearized turbulent theory [72].  Peiran and Shizhu derived another version for non-

Newtonian thermal elasto-hydrodynamic lubrication [73].  Mitsuya et. al. tried to 

incorporate roughness and slip past the asperities [74].  Wu built on this model and 

applied it to the compressible flow equation [75].  In the model presented here, statistical 

flow factors that account for various surface roughness in the full-film lubrication regime 

have been added. 

 Flow Factors are a method to determine roughness effects on lubrication flow in any 

of the three regimes: full film lubrication, mixed lubrication, and boundary lubrication.  

These regimes are depicted in Figure 2.1.   
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Figure 2.1: Lubrication Regimes [76] 

 

Boundary lubrication, which is characterized by high surface abrasion and wear, 

is on the left side.  On the right side, the lubricant separates the surfaces sufficiently such 

that no solid contact occurs.  The lubrication regimes can be categorized by the Stribeck 

curve, a plot of friction coefficient against the dimensionless bearing number, shown in 

Figure 2.2.  It is used to determine transitions between flow regimes. 
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Figure 2.2: Sample Stribeck Curve [77] 

 

 Lubricants interact at both the macroscopic and the microscopic scales; the latter is 

especially important for the surfaces.   Using the Reynolds equation to determine the 

pressure at each asperity is possible akin to a deterministic contact model, but it becomes 

computationally unfeasible for a sufficiently large surface resolution.  Flow past 

individual asperities is too computationally and numerically difficult to model, so the 

simpler method of flow factors added to the Reynolds equation is used instead.  Patir and 

Cheng [6] were the first to determine the effects of surface roughness on flow between 
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three-dimensional surfaces.  They derived statistical flow factors added to the Reynolds 

equation as follows: 
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 (2.2) 

 This modified Reynolds equation produces a more accurate solution that accounts for 

microscopic surface features.  In this equation, z and x measure the flow resistance 

across asperities in the flow direction and the transverse direction respectively, while s 

measures lubricant transport due to shear effects.  The flow factors depend on the film 

thickness, the RMS surface roughness, and the Peklenik number, .  This number can be 

calculated from auto-correlation functions derived from the surface topography [78]. 

The flow factors calculated by Patir and Cheng were based off a statistically 

generated surface whose asperities were purely transverse, isotropic, or purely 

longitudinal. However, their flow factors are not totally accurate for a real surface that is 

not perfectly Gaussian.  Other researchers tried methods to improve upon Patir and 

Cheng’s work to find a more accurate model for specific cases.  Wilson and Marsault 

derived an alternate form of the Reynolds equation applicable for high contact area ratios 

[79].  Peeken et. al. investigated flow factors for sintered bearing surfaces [80].  Hu and 

Zheng considered different boundary conditions and numerical methods to calculate flow 

factors but still considered theoretical surfaces [81].  Morales-Espejel derived a 

transformation to calculate flow factors for a non-Gaussian surface from their 
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counterparts for a Gaussian surface [82].  Sahlin et al. devised a new way to calculate 

flow factors that accounts for contact mechanics and used measured surfaces to do so 

[83].  Their results agreed with those of Patir and Cheng for longitudinal asperities but 

differed substantially for cross-hatched surfaces.  Others applied various numerical and 

analytical methods [84-86].  The methodology used here is similar to work by Leighton 

et. al. [87], who derived surface specific flow factors for a piston ring-cylinder liner 

interface. 

Previous studies of surface roughness effects on lubrication flow was mostly 

limited to stochastic concepts such as those first introduced by Tzeng and Saibel [88].  

Patir and Cheng [6, 89] derived a new method based on numerically solving the Reynolds 

equation over a randomly generated surface and calculating an average equation from 

flow quantities.  Their method assumes that rough surface heights are a perfect Gaussian 

distribution though.  This work uses the flow factors Locker et al. [7] derived for an 

actual cross-hatched cylinder wall by combining stochastic concepts with Peklinik’s 

signal processing theory [78]. 
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CHAPTER 3 

 

MODULE METHODOLOGY 

 

 The overall piston ring model is divided into a rough surface contact module and a 

lubrication module with sub modules for finding the frictional force and its effects on the 

system temperature.  This chapter describes the modules in greater detail. 

 

3.1: Rough Surface Contact 

 This work uses the Greenwood-Williamson statistical model [25] as a base for 

predicting the effects of rough surface contact.  The equations to find the total contact 

load and area are   

      .n

h

P h A P z h z dz 


               (3.1) 

     n d
A d A A z h z dz 


                (3.2) 

P is the total contact force, An is the nominal area of contact (neglecting roughness), h is 

the mean surface separation, η is the areal asperity density, and ϕ is the asperity height 

distribution.  Asperities are assumed to be homogenous and evenly distributed; their 

RMS (root mean square) height is σs.  In early versions of the model, the spectral moment 
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approach used by McCool [90] was employed to calculate η, ϕ, and σs.  From raw surface 

data spectral moments can be calculated using  

2

2
1

1 N

n n

dz
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   
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                  (3.3) 

and 
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                (3.4) 

where N is the number of points at which the surface height is measured.  Because the 

analyzed surfaces are three-dimensional, moments were calculated along two orthogonal 

directions then averaged (the surfaces were assumed to be isotropic).  They were used to 

calculate the statistical quantities: 
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                 (3.5) 
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                 (3.6) 
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Note that σ is the rms height of the entire surface. To determine whether the surface was 

Gaussian in nature, the bandwidth parameter was calculated in both dimensions using 
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
 

  
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                (3.8) 

If its value exceeded 1.5, the surface was assumed to be sufficiently Gaussian in that 

direction to confidently use the G-W model.  In a previous work [91], it was found that 

many surfaces are too far removed from a Gaussian distribution for a real value of σs to 
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be calculated.  Thus, an alternate method of deriving the statistical parameters was 

developed.  Asperities were manually counted by scanning the surface profile and 

identifying points whose height was higher than any of the 8 surrounding points.  Kalin et 

al. found that using this deterministic approach results in different values of the statistical 

parameters compared to the spectral moments method [92].  The radius of curvature of 

each asperity was calculated in 2 orthogonal directions using 

3

2
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x

dh
dx
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d h
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   

                 (3.9) 

and  
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y

dh
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r
d h
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 
 

  .                (3.10) 

The two values were averaged to estimate asperity’s radius of curvature r.  This 

parameter was calculated for every asperity, and then it was averaged to find R for all the 

asperities.  The asperity density η was found by dividing the number of asperities counted 

by the area scanned.  The original G-W model assumes elastic Hertz contact and a 

constant value of R.  Different equations are used here because this work assumes the 

asperities are sinusoidal in nature and the loads are large enough for yielding to occur.  

The following relations were used to convert the asperity radius and density to frequency 

and amplitude: 
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                  (3.12) 

 

For a single    wavy asperity area to reach complete elastic contact the pressure 

required is given by 

* 2 ' ,p E f                  (3.13) 

where 
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                 (3.14) 

Assuming an average contact pressure of 𝑝̅ and letting 

*e

p
P

p
 ,                 (3.15) 

the following asymptotic solutions were found by Johnson, Greenwood, and Higginson 

[50]: 
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for small values of Pe and 
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             (3.17) 

when Pe approached unity. 

Jackson and Streator [30] fitted a polynomial combining these equations using 

experimental data from Johnson et. al [50] 
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These equations neglect asperity yielding, so the elastic-plastic model developed by 

Krithivasan and Jackson [51] is used instead.  They derived an expression for the contact 

area above which elastic-plastic contact occurs.  This was derived from spherical contact, 

so this work uses a model developed by Jackson et. al. [93] that computes the critical 

interference above which elastic-plastic relations are used.  That expression from 

Ghaednia et al. [94] is 
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           (3.19) 

Using this value of critical interference, the following equation was fitted to the FEM 

data of Krithivasan and Jackson [51] that links the pressures required for complete 

contact under elastic and elastic-plastic loading: 
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The contact area for low loads is found using  
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where 
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The equation that links the contact area for low and high loads is 

   1.51 1.04

2
1 .JGHp ep epA A P A P               (3.23) 

In this equation,  
2

JGHA is calculated by replacing Pe with Pep in Equation 3.16. 

To apply sinusoidal asperities to the GW model, the surface separation needs to be 

calculated.  Rostami and Jackson [95] derived expressions by averaging the surface 

separation from a finite element model.  Their fitted equations are 
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for elastic contact and 
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for elastic-plastic contact.  In these equations, 

,
g

G 


                  (3.26) 

*
1 0.08ln ,A B                 (3.27) 

   *0.44 0.41 1*
2

1
1 0.99 0.5,

15

B
A B


               (3.28) 
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                 (3.29) 

The integrals in Equation 3.1 and 3.2 were numerically evaluated for a range of surface 

separations.  To find the corresponding load, Equation 3.24 for elastic contact or 

Equation 3.25 for elastic-plastic contact was solved numerically for the pressure, which 

was subsequently multiplied by the nodal area. 



50 
 

3.2 Fluid Lubrication Model 

The piston ring-cylinder wall interface is not exclusively boundary lubrication; fluid 

film lubrication plays an integral role in the overall system behavior.  To calculate the 

hydrodynamic lift, the modified Reynolds equation is employed.  The original Reynolds 

equation was derived from the Navier-Stokes equations for the assumptions of 

incompressible thin film steady state flow of a Newtonian fluid.  For smooth surfaces the 

Reynolds equation is 

2 2

12 12 2

h p h p U h h

x dx z dz x t 
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           
          (3.30) 

The left hand side of the Reynolds equation represents 2D Poiseuille flow due to a 

pressure gradient in the direction of fluid motion.  The first term on the right hand side of 

the equation represents velocity driven (Couette) flow due to a velocity gradient normal 

to the fluid’s motion.  The last term of the equation is the squeeze film term – it 

represents the time-dependent variation of film thickness.  This work neglects squeeze 

film effects, but they could be considered in a future version of the model. 

 

3.2.1 Flow Factor Derivation and Reasoning 

Since the Reynolds equation assumes smooth surfaces, it needs to be modified for 

surface roughness.  Patir and Cheng [6] first developed a flow factor method that models 

rough surfaces as smooth; Locker et al. [7] refined them for the piston ring and cylinder 

wall studied here. 
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Consider a control volume of length Δx, width Δz, and height h(z,x,t).  The local film 

thickness can be written as  

x x x z z zq q q qh

t x z
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for the limiting case of an arbitrarily small control volume. The local flow rates per unit 

width are defined as 
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The average flow rates can be defined as 
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The pressure and shear flow factors are defined such that the average flow rates become 
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The average flow rates can be used to modify the Reynolds equation as follows: 
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To obtain the pressure flow factors two 1D Poiseuille flows are assumed.  The following 

boundary conditions are assumed: the pressure takes known values of PA and PB at x = 0 

and x = Lx respectively, the pressure is periodic normal to the flow, and the local film 

thickness remains finite.  In the x-direction, equations 3.35 and 3.37 are set to be equal.  

Solving that equation for the flow factor results in 
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A similar procedure is followed in the z-direction using equations 3.36 and 3.38 to obtain 
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Following this methodology, Locker et al. [7] averaged flow factors over the entire 

surface. 

The shear flow factor relates the effects of neighboring asperities in terms of pure 

shear and accounts for the chance of cavitation at the trailing edge of each asperity.  Each 

individual surface was assumed to be sliding separately against a smooth surface with no 

pressure induced gradient.  Roughness effects are obtained through a similar surface 



53 
 

discretization to the pressure flow factor derivation.  The shear flow factor for each 

surface can be written as 
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The combined shear flow factor is convoluted through each surface’s variance ratio: 
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Equations 3.42 and 3.43 are now combined to write the shear flow factor as 
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Locker et al. [7] fitted the flow factors to empirical equations: 
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For the surfaces being studied, x and z are related through the film thickness, 

roughness, and surface anisotropy index as 
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Later in the model’s development, additional flow factors from [89] were added to 

account for surface roughness in the shear stress calculation.  Defining 
3

h
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
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If z > 1: 
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            (3.51) 

 

where H is the dimensionless surface separation (h/σ).  Values of coefficients are given in 

Table 3.1. 

Equation 3.39 is solved numerically using an iteration scheme. 

 

3.2.2 Shear Rate, Pressure, and Temperature dependence of Viscosity 

Because early versions of the model predicted that the system operated mostly in the 

hydrodynamic regime with relatively high shear rates, a shear thinning model was 

introduced.  A version of the Carreau model adapted from Jang, Khonsari, and Bair [96] 

was introduced as follows: 

 
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   



          
           (3.52) 

In this equation, G and n are material dependent constants.  The placeholder values 

of 10 kPa for G and 0.8 for n were initially selected, but later versions of the model fitted 
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curves to measured data to derive them.  However, said data was only provided for two 

distinct temperatures: 60 and 100°C.  Initially it was presumed that they would suffice 

(while not being 100% accurate) for the base temperatures of 50 and 120°C, while the 

average was used for an 80°C starting temperature.  Early versions of the model set μ2 to 

0 and performed a least squares regression to find G and n. Eventually it was realized that 

the curve fit would have to be generated at one of the temperatures for which data was 

given as attempts to interpolate between the values failed.  Therefore, a single fit was 

done at a temperature of 60°C.  Tables 3.1 and 3.2 list the lubricant’s shear thinning data.  

In these tables, the first two measurements were conducted with a Cone and Plate 

Viscometer, while the other values were measured by a Tapered Bearing Simulator 

Viscometer and modified relative to ASTM D6616. 

 

Table 3.1: Lubricant Viscosity Dependence on Shear Rate, 100°C 

Shear Rate (1/s) μ (Pa*s) 

1000 0.0072 

10000 0.006735 

10000 0.00661 

100000 0.00596 

1000000 0.00603 

3500000 0.00548 
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Table 3.2: Lubricant Viscosity Dependence on Shear Rate, 60°C 

Shear Rate (1/s) μ (Pa*s) 

1000 0.02 

10000 0.01921 

10000 0.01971 

100000 0.01777 

1000000 0.01601 

3500000 0.01537 

 

Figure 3.1 shows the fit to the shear thinning data, and Table 3.3 shows the values of 

G and n.  It was presumed that the coefficients remained valid for different temperatures. 
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Figure 3.1: Final Shear Thinning Fit at 60°C 

Table 3.3: Coefficients Used in Equation 3.48 

G (Pa) 299 

n -0.0254 

 

Initially the model was executed using a constant viscosity, but to improve the 

comparison with experimental data it was subsequently revised to incorporate pressure 

viscosity effects.  At high pressures, the lubricant’s resistance to flow increases until 

solidification occurs at a sufficiently high pressure.  This model uses the Barus equation 

to account for increased viscosity under pressure. 
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0
Pe                   (3.53) 

Table 3.4 lists the values used for the pressure viscosity coefficient. 

 

Table 3.4: Pressure Viscosity Coefficient Values of the Lubricant 

Temperature (°C) ξ (Pa*s) 

25 2.05*10-8

100 1.248*10-8

 

With only two values provided, the pressure viscosity coefficient was assumed to 

vary linearly with temperature.  If the temperature was beyond the range of the provided 

values, the closer value was used without modification.  Figure 3.2 shows the effects of 

pressure on viscosity for a temperature of 100 °C when applied to the model.  The 

pressure viscosity dependence appears to be an important factor to include, particularly in 

the hydrodynamic regime.  Neglecting viscosity changes due to pressure resulted in a 

small decrease in the predicted friction coefficient at higher speeds and smaller changes 

at lower speeds where rough surface contact carries a majority of the load. 
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Figure 3.2: Viscosity Pressure Effects on Predicted Friction Coefficient 

Once frictional heating was incorporated, the effects of increased temperature on 

viscosity also needed to be added to the model.  As the temperature increases, the 

intermolecular forces that resist flow of a liquid decrease.  The Roelands equation was 

used to adjust the viscosity. 

 

0
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S
mtG

 


                     (3.54) 

 

Figure 3.3 illustrates the viscosity fit as a function of temperature. 
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Figure 3.3: Created Fit for Temperature Dependent Viscosity Variation 

 

3.3 Predicting the Frictional Force 

 This model relies on Amonton’s Law of Friction, 

f contact kF F                  (3.55) 

to predict the frictional force due to solid contact.  Initially, the value of μk was guessed 

and assumed to be independent of load.  However, the model did not match the 

experimental measurements very well.  One possible reason is that it did not consider 

friction behaviors observed for elastic-plastic contacts.  A mechanism to decrease the 
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friction coefficient with load (which has been observed and predicted by various 

researchers) needed to be added [97-100].  The first attempt to improve the model was 

taken from Cohen et al. [97] 

 0.0095 0.09*0.43
0.26s nF





 

  
 

   (3.56) 

where the plasticity index ψ is given by 

 2 ' s
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


    (3.57) 

This model considers friction to be due to asperity micro-welding, and sliding occurs 

only after the entire contact area has yielded.  Friction coefficient decreases as load (and 

plasticity) increase.  However, Equation 3.49 is not valid for ψ > 8.  In that case, a 

different equation derived by Li, Etsion, and Talke [98] must be used instead. 

    0.4
1.19 exp 1.9. 0.34 *0.26 0.32s ne F


      (3.58) 

After this equation gave an even higher predicted friction coefficient, another equation 

for friction coefficient was evaluated based off the Etsion model: 

   0.4exp 1.91.19 *
max 1 1.23 exp 0.34s nF

         
  (3.59) 

μmax is a parameter that can be set just like μk in Equation 3.48. 

 

Unfortunately, this model predicted an increase in friction coefficient as load increased; 

friction coefficient is observed to be inversely proportional to load.  Thus, a new 

simplified model was formulated from experimental data and evaluated (see Chapter 7).   

0 .20 .33 F     (3.60) 
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In this equation, the friction coefficient only depends on the overall load measured in 

Newtons.  However, it could be adapted so it could include the nondimensionalized load.  

Based on FEM results from Wang et al. [99] and a sample of results applying the model 

using Equation 3.53 (see Figures 7.6 – 7.11), the following expression was derived. 

 

*
max 0.085 nF      (3.61) 

Once again μmax can be varied; its initial value was 0.175.  After doing some curve fitting 

to experimental data with a baseline temperature of 80°C (see Chapter 5), the following 

equation was proposed. 

*
max 0.2 nF       (3.62) 

Initially μmax was set to 0.153, but it was increased to 0.1565 as that resulted in a better 

comparison to experimental data. 

To determine the friction due to fluid motion, Newton’s Law of Viscosity was initially 

used. 

du

dy
                   (3.63) 

Later versions of the model added shear factors that reflect the surface roughness and 

used the following equation to calculate viscous shear stress instead: 

 2 1

2f s

U U h p

h x
    
  


            (3.64) 

The frictional force can then be calculated by multiplying the shear stress by the area on 

which it is applied. 
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3.4 Incorporating Temperature Adjustments into the Model 

 Due to the high friction coefficient in boundary lubrication, a large amount of heat 

can be generated, especially when the load is large.  This is known as flash temperature.  

The following equation can be used to calculate the generated heat. 

 

Q FV                   (3.65) 

The heat depends on the total frictional force and the velocity – higher speeds and/or 

loads will result in a greater amount of heat generated.  That manifests itself in a 

temperature increase of the system as given by Equations 3.62 for a moving surface and 

3.63 for a stationary surface [101]. 

0
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              (3.66) 
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                   (3.67) 

Based off an analogy with electrical current, Equations 3.62 and 3.63 can be combined 

for the case in which neither surface is adiabatic [71]: 

   1 0 2 04 4Q rk T T rk T T                (3.68) 

Equation 3.64 assumes a low sliding speed for both surfaces but can be easily adapted if 

either surface is sliding rapidly.  Solving it for the temperature change results in   

0
4.56 0.66 4

Q
T T

rk Pe rk
 

 
            (3.69) 
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To calculate all the quantities, the thermal diffusivity and conductivity of the ring and 

liner must be known.  There are multiple ways to incorporate frictional heating: either the 

temperature change of the system as a whole can be considered, or the temperature could 

be calculated at specific points.  It was quickly discovered that the former option would 

not be feasible. 

 

3.5 Summary 

 Different modules are employed and tested in the integrated piston ring model to 

compare its predictions to experiments.  They incorporate the effects of rough surface 

contact using wavy asperities; hydrodynamic lubrication with flow factors to account for 

roughness; speed, pressure, and temperature dependence on viscosity, friction coefficient 

dependence on normal load, and heat generation due to frictional forces.  The influence 

and effectiveness of these modules will be discussed in future chapters. 
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CHAPTER 4 

 

COMBINING THE INTEGRATED LUBRICATION AND SOLID CONTACT 

MODELS 

 

4.1 Coding the Mixed Lubrication Elastic-Plastic Model and Integrating Abaqus Outputs 

 The combined effects of the oil hydrodynamic pressure and surface contact pressure 

need to be considered in modeling the cylinder wall – piston ring interface.  Procedures 

for finding these pressures are detailed in Chapter 3.  They are superimposed on every 

side of the piston ring to find the overall force on the system.  To improve the model, 

deformations are incorporated by coupling the combined model to a finite element 

analysis performed in Abaqus.  Initially, a very simple axisymmetric model using the 

mesh shown in Figure 4.1 was created, as the only goal at the time was to make sure 

Abaqus could read the forces calculated from running the lubrication and contact models 

in MATLAB®. 
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Figure 4.1: Initial Mesh of Piston Ring 

 

The abaqus2matlab toolbox [102] is used to allow the MATLAB® program to read the 

displacements from the finite element analysis to determine the new ring profile for the 

next iteration. Once it was demonstrated that MATLAB® and Abaqus could communicate 

with each other, the piston ring was refined to reflect the actual geometry; the mesh and 

the geometry are shown in Figures 4.2-4.3. 

 

 

Figure 4.2: Final Mesh of Piston Ring 
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Figure 4.3: Schematic of Ring Geometry 

For baseline predictions, the piston ring was assumed to slide over the following range of 

speeds: 0.0009 m/s to 0.9 m/s, which is based on typical speeds of an actual piston head.  

The lubricant temperature was held at 100 °C, and the sliding friction coefficient was 

taken to be 0.10.  A 424 kPa pressure was applied to the inside of the ring as shown in 

Figure 4.4 (left side of figure). 

 

Figure 4.4: Loads and Pressures on the Ring 
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The flowchart for running the model is given in Figure 4.5. 

 

 

Figure 4.5: Initial Flowchart of Model 

Boundary conditions include lubricant pressures on the edges of the ring (open to 

atmosphere in the experiments [see Chapter 5]), the base temperature, the applied load, 

 Set material and surface properties. Initialize geometry and contact forces 
in a finite element model (FEM). 

Set boundary conditions. 

Solve elastic-plastic asperity model 
for contact pressure. 

Solve the Reynolds equation with 
flow factors to determine fluid 
pressure.

Combine the contact and fluid 
pressures and incorporate them in 
the FEM.

Run abaqus to solve the FEM and 
extract deflection results in matlab.

Is this the first 
iteration?

Are the results 
within a certain 
tolerance? 

No

Yes

Yes

No

Use these results to predict friction 
and component life. 
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and the range of speeds analyzed.  Sliding speed is assumed to vary sinusoidally – three 

different average speeds were analyzed: 0.3 m/s, 0.6 m/s, and 1.2 m/s.  Figure 4.6 shows 

how the speed varies as a function of time. 

 

Figure 4.6: Converting Speed to Time 

At higher average sliding speeds, the piston ring reaches its maximum speed faster and 

spends less time at lower speeds where boundary lubrication would likely occur.  The 

density and the kinematic viscosity vary with temperature.  Table 4.1 lists their values. 
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Table 4.1: Available Properties of Lubricant 

Temperature (°C) η (mm2/s) ρ (g/cm3) 

-40 22000   

-20 2200   

-17.8   871.2

0 422   

20 125 848.6

21.1   847.8

40 47.17 835.7

49.4   830.9

60 23.9 824.5

79.4 13.7 812.9

93.3   804.5

100 8.698 800.5

121 5.84 787.9

140 4.3 776.5

  

Using Equation 4.1, the dynamic viscosity can be calculated from the data in Table 4.1. 

 

   (4.1) 

Figure 4.7 shows the temperature dependent density variation. 
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Figure 4.7: Density Variation with Temperature 

Initially when the model temperature was held at a constant, the closest temperature for 

which viscosity and density were given were used.  For other operating temperatures, 

curve fits were generated to determine the viscosity or density.  The figure above 

suggests a linear fit is highly suitable for the density variation, but a look at Figure 3.4 

suggests that a fit to Equation 3.51 is required to predict the viscosity given the 

temperature. 

When applying the contact and fluid pressures to the ring (Figure 4.3), they needed to be 

converted to forces.  This was done by calculating the area of a node on the outside of the 
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ring.  This surface was treated as a rectangle with dimensions depicted in Figure 4.8 

below. 

  

 

Figure 4.8: Area of a Single Node 

 

The angle was calculated as follows: 

 

2
1 0

2
0

2 0.017
cos

2

r

r
   
  

 
 (4.2) 

where r0 is the outside radius of the piston ring, 0.0463 m.  For the edge nodes, the value 

of the node spacing dz is halved. 

On the other side of the ring, the applied load (50, 100, or 150 N) was converted to a 

pressure using the contact area on the inside.  This mimics the loads applied in the 

experiment and those experienced in an actual engine.  Combining the applied load on 

the inside with the contact and fluid pressures on the outside gives an equation that 

relates net axial force and surface separation.  The location of the ring was numerically 

solved for a net zero axial force.  The contact and hydrodynamic forces that solve the 

equilibrium equation are written in an abaqus input file that creates the mesh shown in 
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Figure 4.2 and applies the loads shown in Figure 4.4.  The input file is then run in 

Abaqus, and the toolbox abaqus2matlab [102] is used to transfer the displacements back 

to MATLAB®.  These displacements are then used to alter the piston ring profile, and the 

process is repeated until convergence is reached. 

 

4.2 Early Model Results and Validation Attempts 

 

Version 1 of the model does not incorporate temperature changes based on the friction 

force. It predicts the load carried by the asperities and the load carried by the lubricant for 

a range of speeds.  The results are shown in Figures 4.9-4.14 for four specific speeds and 

a range of speeds to confirm the model works properly.  In each case the load is the 

placeholder load stated on Page 55. 
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Figure 4.9: Pressure Distribution for a Speed of 0.9 m/s, Model Version 1 

 This suggests hydrodynamic lift completely separates the surfaces at a sliding speed 

of 0.9 m/s and that rough surface contact can be neglected completely.  
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Figure 4.10: Pressure Distribution for a Speed of 0.09 m/s, Model Version 1 

For the slower sliding speed of 0.09 m/s, the lubricant still carries most of the load.  

However, surface roughness begins to play a role as the peak contact pressure is roughly 

35% of the maximum hydrodynamic pressure. 
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Figure 4.11: Pressure Distribution for a Speed of 0.009 m/s, Model Version 1 

For the even slower sliding speed of 0.009 m/s, surface contact begins to carry most of 

the load, but the lubricant still carries a significant portion. 
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Figure 4.12: Pressure Distribution for a Speed of 0.0009 m/s, Model Version 1 

For the slowest sliding speed considered, the lubricant cannot support much of the load; 

its effects are largely negligible. 
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Figure 4.13: Stribeck Curve, Model Version 1 

The model predicts a high friction coefficient at very low sliding speeds.  However, it 

seems that the predicted friction coefficient drops erratically at sliding speeds between 

0.1-0.2 m/s.  This indicates that revisions will likely be needed. 
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Figure 4.14: Load Carrying Distribution 

 

Figure 4.14 shows how the model predicts the load is carried at different speeds.  At the 

fastest piston speeds, the lubricant carries the entire load.  This coincides with the slow 

increase in predicted friction coefficient as speed increases under the fully hydrodynamic 

regime as shear force increases (Equation 3.60).  As the speed decreases, the contact 

pressure increases because the oil cannot carry as much of the load.  The system remains 

in the boundary lubrication regime only for very low speeds and quickly transitions to the 

hydrodynamic regime.  The average friction coefficient is 0.0155.  This is a very low 

value, and the trend is nowhere close to the experimental measurements.  An attempted 
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solution was to modify the sliding friction coefficient from 0.1 to 0.25.  However, did not 

appreciably increase the predicted friction coefficent; Figure 4.14 depicts the new 

Stribeck Curve with only that friction parameter changed. 

 

 

Figure 4.15: Stribeck Curve for the Revised Dry Friction Value 

 

From Figure 4.15, the overall trend remains very similar – for almost the entire quarter 

cycle the ring operates in the hydrodynamic regime.  In fact, it appears that the ring enters 

the hydrodynamic regime at an even slower speed.  While the quarter cycle average 
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friction coefficient increased to a value of 0.0198, it was clear that the model needed 

substantial revisions.  It still did not incorporate any temperature adjustments. 

 

4.3 Establishing Model Convergence Criteria and Improving the Model’s Estimations 

 A closer inspection at the code revealed significant errors: the only convergence 

requirement was for the pressure on the outside of the ring, which was quickly satisfied 

due to forces being balanced.  The deformations were not mapped correctly either, and 

the shear flow factor equation was inaccurate. 

The criteria were revised as follows: the hydrodynamic and contact pressures were 

checked at each node to see if they changed by more than a certain amount, and the shear 

force percentage change could not exceed a certain value, say 0.05% relative to the 

previous iteration.  Table 4.2 shows how the predicted friction coefficient for a sliding 

speed of 0.09 m/s and a load of 150 N was affected by choice of maximum pressure 

change. 

 

Table 4.2: How a Nodal Pressure Change Tolerance Affected Model Predictions 

Maximum Allowed Pressure Change 

Between Iterations 

Final Predicted 

Coefficient of Friction 

1 MPa 0.0575 

100 kPa 0.065 

10 kPa 0.065 
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In the latter two cases, convergence was not reached very quickly.  While looking at the 

data, it was observed that the shear force converged to a very low value.  Figure 4.16 

shows the trend.  

 

Figure 4.16: Shear Force Convergence for Model Version 2 

  Two notable observations can be made: the number of iterations required for 

convergence and the instability of the decreasing shear force trend.  With over 100 

iterations required, the program would not be feasible to run because it would take too 

long to predict the friction for a range of speeds.  The other noteworthy issue was the fact 

that shear force was almost continually decreasing.  However, this was not seen as a 
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problem at the time.  An observation of the predicted pressures revealed that the contact 

pressure was an order of magnitude smaller than hydrodynamic pressure.  While the 

lubricant’s contribution to the total shear force was minimal, it was desired to correct the 

contact model first.  Based on the difficulties with using spectral moments to calculate 

surface parameters, those values were recalculated by manually inspecting the surfaces 

for asperities.  Details of this method are explained in Chapter 3.  Table 4.3 lists the 

parameters that were used in the model. 

 

Table 4.3: Surface Parameters 

R (μm) 16.05 

η (asperities/m2) 101.803 10  

σs (μm) 0.5126 

 

Figures 4.17 and 4.18 show model Version 2’s predictions using the revised set of surface 

parameters. 
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Figure 4.17: Shear Force Convergence with New Surface Parameters 

 

  While the revised model increased the predicted shear force, the trend of slowly 

decreasing shear force persisted.   
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Figure 4.18: Model Version 3 Predicted Pressure Profiles 

 While the predicted pressures and friction were higher, the model took more than 

twice as long to converge.  With over 240 iterations required for a single velocity, it was 

clear new convergence criteria had to be developed.  The requirement for pressure 

changes at individual nodes was dropped, and only a 0.05% change in shear force was 

retained.  The load remained at 150 N.  Figure 4.19 shows the model’s predicted friction 

coefficient. 
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Figure 4.19: Model Version 3 Predicted Friction Coefficient 

 Model Version 3 predicts a quarter cycle average friction coefficient of 0.036.  This 

is still a very low value compared to experimental measurements, so the model needed 

more revisions.  This suggests that the model is missing important mechanisms or 

implementing them incorrectly.  The predicted friction coefficients for higher piston 

speeds was below 0.01, which suggested frictional force due to the lubricant was nearly 

negligible compared to measured values.  Since it appeared the model was over-

predicting the hydrodynamic lift, shear thinning model was added to the overall model; 

details are given in Chapter 3.  Figures 4.20-4.22 summarize the overall model 

predictions once shear thinning was incorporated. 
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Figure 4.20: Model Predicted Friction Coefficient with Shear Thinning 

The quarter cycle average friction coefficient is 0.10.  This is roughly 2.78 times higher 

compared to the previous version of the model.   
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Figure 4.21: Model Version 4 Predicted Minimum Film Thickness 

However, a look at Figure 4.21 reveals that the model has not converged.  The 

minimum film thickness should not be fluctuating that much.  This indicates that the 

convergence criteria are too lenient. 
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Figure 4.22: Model Version 4 Predicted Load Distribution 

 

 The oil no longer carries the entire load at higher speeds, which means the model has 

not yet entered the hydrodynamic regime at the maximum speed unlike previous versions 

that lack the effects of shear thinning.  While more rigorous convergence criteria were 

being devised to rectify this in the next version of the model, the current version was run 

for an average sliding speed of 0.3 m/s to gauge how it performed at different speeds.  

The load remained at 150 N.  The friction coefficient variation for this different average 

speed is depicted in Figure 4.23. 
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 Figure 4.23: Model Version 4 Predicted Friction Coefficient, Average Speed 0.3 

m/s 

The predicted average friction coefficient is 0.163 for this version of the model.  This is a 

much higher value compared to the case with an average speed of 0.6 m/s.  The dry 

friction coefficient was reduced to 0.21; results are shown in Figures 4.24 and 4.25. 
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 Figure 4.24: Model Predicted Friction Coefficient, Average Speed 0.3 m/s, 

Assumed Dry Friction Coefficient 0.21 
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Figure 4.25: Model Predicted Friction Coefficient, Average Speed 0.6 m/s, Assumed 

Dry Friction Coefficient 0.21 

 

As shown in Figures 4.24 and 4.25, the quarter cycle average friction coefficients 

decreased to 0.127 and 0.083 for average running speeds of 0.3 m/s and 0.6 m/s 

respectively.  These seemed to be reasonable values; however, there was still substantial 

variation over the range of speeds analyzed.  The results should be taken with a grain of 

salt because the non-physical fluctuations in minimum film thickness had not been 

rectified.  The code was modified further, and those refined results are presented and 
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discussed in Chapter 6.  Table 4.4 summarizes different versions of the model tested so 

far. 

 

Table 4.4: Tested Versions of Model so Far 

 

Version Number Assumed Dry 

Friction 

Coefficient 

Determination of 

Surface 

Parameters 

Shear Thinning 

1 0.1 Spectral 

Moments 

Not Present 

2 0.25 Spectral 

Moments 

Not Present 

3 0.27 Manually Count 

and Measure 

Asperities 

Not Present 

4 0.27 Manually Count 

and Measure 

Asperities 

Present 

5 0.21 Manually Count 

and Measure 

Asperities 

Present 
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CHAPTER 5 

 

MEASURING THE FRICTION COEFFICIENT VIA A RECIPROCATING TEST 

 

 Model predictions are ultimately meaningless without experimental data to support 

and verify them.  For this reason, the model is compared to the results of a reciprocating 

test of a production ring sliding along a cast iron liner.  Measurements were produced by 

using a Phoenix Tribology TE77 High Frequency Friction Machine.  This test apparatus 

is widely used in the literature for measuring piston ring against cylinder liner friction 

[103-104].  An image of this machine is shown in Figure 5.1. 
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Figure 5.1: Phoenix Tribology TE77 High Frequency Friction Machine [105] 

Before each set of runs, the cylinder liner and piston ring were cleaned using hexane in 

an ultrasonic bath.  Enough SAE 5W-20 oil to cover the specimen was added to the test 

chamber shown in Figure 5.2. 
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Figure 5.2: Experimental Setup 

Four different combinations of piston ring and cylinder liner were run: production ring on 

cast iron liner, production ring on PTWA3 (a ~0.3 mm thick coating made of low carbon 

ally steel deposited on aluminum using plasmas transfer wire arc) coated liner, and two 

different DLC coated rings on cast iron liner.  Due to a lack of unused piston rings and 

cylinder liners, the components had previously been tested.  However, the cylinder liners 

were in reasonably good condition.  After testing one of the DLC coated rings, the wear 

was much more severe than before the test, so the cylinder liner was replaced with one 

that was not as worn.  For each combination, the oil temperature was set to either 30, 50, 

80, or 120°C and maintained by a PID (proportional-integral-derivative) controller.  The 

sliding frequency was set to 2, 5, 10, or 20 Hz with a stroke length of 15 mm.  These 
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sliding frequencies correspond to average sliding speeds of 0.12, 0.3, 0.6, and 1.2 m/s 

respectively.  Figure 5.3 shows the velocity as a function of time. 

 

Figure 5.3: Time Dependence of Velocity for a Single Cycle 

The applied load was either 50, 100, or 150 N.  For each temperature/frequency/load 

combination, the machine was allowed to run for 10 minutes to eliminate transient 

effects.  Friction data was then taken for 10 seconds at a rate of 5000 samples per second.  

This was done three times so the data would be more robust.  Data from the runs are 

shown in Figures 5.4-5.9.  While only one average sliding cycle is shown for each, that 

cycle reflects the average of every cycle across the three runs.  As the model was only 

compared to the production ring on cast iron liner, the figures exclusively focus on 
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measurements with those two components.  For the 10 Hz, 30°C, 150 N combination, 

data from one of the tests (Figure A.27) was not deemed suitable and excluded from the 

averages. 

 

 

Figure 5.4: Averaged Experimental Measurements at 30°C and 2 Hz for One Cycle 
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Figure 5.5: Averaged Experimental Measurements at 30°C and 5 Hz for One Cycle 
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Figure 5.6: Averaged Experimental Measurements at 30°C and 10 Hz for One Cycle 

Based off Figures 5.4-5.6, the friction coefficients were observed to decrease with 

increasing speed and load.  However, load did not have as large of an influence on the 

friction coefficient at higher speeds.  Generally, as speed increases the fluid lift increases 

and less solid friction occurs.  This results in friction decreasing with speed as seen in the 

Stribeck Curve (Figure 2.2). The relationship with load is potentially happening because 

of increased elastic-plastic contact at higher loads – yielded asperities will not be able to 

resist sliding as much relative to elastic contact [97-98].  Another reason is that the oil 

could be heating up at higher speeds due to the larger frictional force.  This decreases the 
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lubricant’s load carrying capacity and results in more load (and friction) carried by the 

asperities. 

 

 

Figure 5.7: Averaged Experimental Measurements at 5 Hz and 50 N for One Cycle 
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Figure 5.8: Averaged Experimental Measurements at 5 Hz and 100 N for One Cycle 
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Figure 5.9: Averaged Experimental Measurements at 5 Hz and 150 N for One Cycle 

Examining Figures 5.7 - 5.9, higher friction coefficients were observed as the 

temperature increased.  Perhaps this is because the lower viscosities at higher 

temperatures mean a lesser flow resistance and a loss of load carrying capacity.  For the 

reverse half of the stroke, the friction coefficient magnitude was observed to decrease 

across the entire stroke at higher temperatures.   

Possible sources of error during the experiments include minor variations in applied 

load and lubricant temperature during the test.  There was also a lack of precision in 

setting the speed – the data shown in Figures 5.4, 5.5, and 5.7-5.9 does not align perfectly 
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across all the tests.  Measurements at 20 Hz were deemed to be too unrepeatable due to 

excess vibration, and later versions of the model are not compared to them. 

Tables 5.1 and 5.2 summarize the average measured friction coefficients for the 

forward half of the stroke.  These values were calculated by averaging every point in time 

during the repeating tests whose friction coefficient value was at least 10% of the 

maximum observed during its test.  As seen in Figures 5.4-5.9, the friction coefficients 

for the backwards half of the stroke exhibit different trends.  For this reason, those values 

are excluded from the averages. 

 

Table 5.1: Average Measured Friction Coefficient, Average Sliding Speed 0.3 m/s 

 50 N 100 N 150 N 

30 °C 0.1226 0.1130 0.1102 

50 °C 0.1386 0.1239 0.1183 

80 °C 0.1451 0.1270 0.1215 

120 °C 0.1542 0.1325 0.1250 
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Table 5.2: Average Measured Friction Coefficient, Average Sliding Speed 0.6 m/s 

 50 N 100 N 150 N 

30 °C 0.1107 0.1064 0.1074 

50 °C 0.1293 0.1176 0.1177 

80 °C 0.1394 0.1255 0.1189 

120 °C 0.1477 0.1300 0.1248 

 

Tables 5.3 and 5.4 show the standard deviation for the experimental measurements.  

These values were calculated by using every data point that is part of the averages in 

Tables 5.1 and 5.2 and determining their deviations from the overall average. 

 

Table 5.3: Standard Deviation of All Measurements, Average Sliding Speed 0.3 m/s 

 50 N 100 N 150 N 

30 °C 0.0175 0.0132 0.0126 

50 °C 0.0147 0.0130 0.0129 

80 °C 0.0145 0.0135 0.0135 

120 °C 0.1542 0.1325 0.1250 
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Table 5.4: Standard Deviation of All Measurements, Average Sliding Speed 0.6 m/s 

 50 N 100 N 150 N 

30 °C 0.0250 0.0180 0.0155 

50 °C 0.0182 0.0141 0.0139 

80 °C 0.0174 0.0145 0.0135 

120 °C 0.0179 0.0152 0.0139 
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CHAPTER 6 

 

DEBUGGING AND REFINING THE MODEL USING EXPERIMENTAL DATA 

 

6.1 Continuing to Refine a Basic Model 

 Modifying the convergence criteria to eliminate significant, unphysical variations in 

minimum film thickness seen in Figure 4.20 resulted in a relaxation factor added to the 

model to assist convergence.  They were believed to be due to numerical errors.  

Difficulties were observed in reaching convergence when a minimum film thickness 

criteria was added to make the sliding speed-minimum film thickness plot linear in 

nature.  It was believed that deformations were implemented too quickly, so a relaxation 

factor (which is used to prevent instabilities in iterative calculations) proportional to the 

iteration number was introduced.  While testing various initial relaxation factors for a 

stationary ring wide variations were observed in the minimum film thickness; the largest 

value was 50% greater than the smallest value.  This meant the final ring profile differed 

depending on the initial value of the relaxation factor.  The model still predicted the same 

frictional force; however, for a moving ring the predicted friction force varied by about 

10-15% between the largest and smallest values.  Eventually it was decided to set the 

relaxation factor equal to 0.05 times the iteration number until a limiting value of 1 was 
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reached.  At higher speeds, continued difficulties meant the relaxation factor was reduced 

to 0.02 times the iteration number.  Ultimately the following convergence criteria were 

proposed: the relaxation factor reached 1, the frictional force did not change by more than 

0.05%, and the minimum film thickness changed by no more than 5%.  Figures 6.1-6.6 

show the convergence of shear force and minimum film thickness over several iterations 

for two different piston speeds. 

 

 

Figure 6.1: Shear Force Convergence for a Sliding Speed of 0.8243 m/s 
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Figure 6.2: Minimum Film Thickness Convergence for a Sliding Speed of 0.8243 m/s 
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Figure 6.3: Shear Force Convergence for a Sliding Speed of 0.3378 m/s 
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Figure 6.4: Minimum Film Thickness Convergence for a Sliding Speed of 0.3378 m/s 
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Figure 6.5: Shear Force Convergence for a Sliding Speed of 0.0164 m/s 
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Figure 6.6: Minimum Film Thickness Convergence for a Sliding Speed of 0.0164 m/s 

 Based on these results, the code seemed to reach convergence relatively quickly for 

low speeds, but it still took 25 iterations.  For higher speeds convergence took even 

longer: more than 70 iterations for a medium sliding speed and nearly 180 for a fast 

sliding speed.  Even then the model might not have truly converged considering that the 

shear force and minimum film thickness continue to change in the same direction 

between late iterations.  Considering the 12 different load/temperature combinations that 

were tested in Chapter 5 the program would take hours to run a single case.  The 

minimum film thickness behaved similarly across the 3 speeds tested: it sharply 

decreased for the first 8 iterations, then increased almost as rapidly for the next ~6 
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iterations before leveling off and increasing very slowly until convergence was reached 

according to the criteria.  While the shear force leveled off quickly at the slowest speed, 

the trend at faster speeds was identical what was observed in Figures 4.15 and 4.16: the 

shear force decreased very slowly.  Based on the erratic nature of the minimum film 

thickness, the piston ring profiles were examined for each iteration to determine how to 

further improve the code.  Figures 6.7-6.9 show the final profiles for the 3 speeds 

analyzed here. 

 

Figure 6.7: Piston Ring Profile for a Sliding Speed of 0.8243 m/s 
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Figure 6.8: Piston Ring Profile for a Sliding Speed of 0.3378 m/s 
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Figure 6.9: Piston Ring Profile for a Sliding Speed of 0.0164 m/s 

 

 All 3 piston ring profiles share a similar shape – the ring experiences major tilting 

due to friction on it; a ring profile without tilt would appear symmetric.  The 

deformations are less extreme at higher speeds where solid contact carries less of the load 

and contributes less to the total frictional force.  The model was tested using the same 

parameters from Figure 4.22, only with different convergence criteria.  Figures 6.10 and 

6.11 show the results. 
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Figure 6.10: Model Version 6 Predicted Friction Coefficient, Average Speed 0.3 m/s, 

Assumed Dry Friction Coefficient 0.21, Initial Relaxation Factor 1/3 
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Figure 6.11: Model Version 6 Predicted Minimum Film Thickness, Average Speed 

0.3 m/s, Assumed Dry Friction Coefficient 0.21, Initial Relaxation Factor 1/3 

 

While the minimum film thickness never dropped below zero, the model still predicts 

significant variations from a linear trend.  The quarter cycle average friction coefficient 

was 0.0836.  In other words, only changing the initial relaxation factor decreased the 

predicted friction by 33%.  This indicated serious problems existed with the model, but 

those remained undiscovered for a few months.  To increase the predicted friction, the 

assumed dry friction coefficient was increased to 0.35.  Figures 6.12 and 6.13 show the 

effect of this single change on the model. 
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Figure 6.12: Model Version 7 Predicted Friction Coefficient Comparison, Average 

Speed 0.3 m/s, Initial Relaxation Factor 1/3 
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Figure 6.13: Model Version 7 Predicted Minimum Film Thickness, Average Speed 

0.3 m/s, Initial Relaxation Factor 1/3 

 

When the dry friction coefficient was increased to 0.35, the quarter cycle average friction 

coefficient increased to 0.139.  This was more than 60% higher than the previous model.  

While the predicted friction increased over the entire range of speeds considered, there 

was much greater variation at low speeds (which was thought to be numerical error).  A 

look at the minimum film thickness plot reveals severe problems – the model predicts a 

negative film thickness, which means the ring penetrates the liner.  To determine whether 

the model’s problems existed solely with the transition between the boundary and the 
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hydrodynamic regimes, the average speed was increased to 0.6 m/s.  Figures 6.14 and 

6.15 show the model’s predictions with a faster range of speeds included. 

 

 

Figure 6.14: Model Version 7 Predicted Friction Coefficient, Average Speed 0.6 m/s, 

Initial Relaxation Factor 1/3, Assumed Dry Friction Coefficient μ=0.35 



122 
 

 

Figure 6.15: Model Version 7 Predicted Minimum Film Thickness, Average Speed 

0.6 m/s, Initial Relaxation Factor 1/3, Assumed Dry Friction Coefficient μ=0.35 

 

When the dry friction coefficient was increased to 0.35, the quarter cycle average friction 

coefficient was 0.072.  For the faster speeds, the model predicted a very low friction 

coefficient as hydrodynamic load dominated.  The concerning variations in minimum 

film thickness and predicted friction coefficient still existed, and the model took dozens 

of iterations to converge for certain speeds.  The friction coefficient variation profile did 

not match the experiments at all.  To help resolve potential issues with the ring profile, 

the dry friction coefficient was reduced to 0.18; it could be changed later if convergence 
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improved.  An inspection of the code revealed that the placeholder values of G and n 

were still being used in Equation 3.45.  Even though using the data at 100 °C would not 

provide a perfect fit, it was still deemed to be better than continuing to run the model with 

placeholder values.  Figures 6.16 and 6.17 show how this changed the model’s 

predictions. 

 

Figure 6.16: Model Version 8 Predicted Friction Coefficient with Shear Thinning Fit 

#1 Implemented 
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Figure 6.17: Model Version 8 Predicted Minimum Film Thickness with Shear 

Thinning Fit #1 Implemented 

 

As expected, based off Figure 6.16 the model predicts a lower friction coefficient at low 

speeds.  It was suspected the higher friction forces contributed to excessive deformation 

of the ring and the resultant negative film thickness, which the model no longer predicts.  

However, variations remain in the model’s predictions of friction coefficient and 

minimum film thickness.  This suggests that the model has not truly converged.  To try to 

determine what was happening, the model was set to predict the friction coefficient for 
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the single speed of 0.05 m/s.  Figures 6.18 and 6.19 show how the shear force and the 

friction coefficient changed with each iteration. 

 

Figure 6.18: Variation of Shear Force over Several Iterations, Sliding Speed 0.05 

m/s 
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Figure 6.19: Variation of Minimum Film Thickness over Several Iterations, Sliding 

Speed 0.05 m/s 

 

Looking at Figure 6.18, the shear force did not gradually decrease.  It varied enough such 

that convergence was not reached.  Of greater concern was the complete lack of a trend in 

variation of minimum film thickness.  Based on all prior model predictions, two things 

were occurring: the model underpredicted the shear force due to the lubricant, or the 

model was predicting a transition to the hydrodynamic regime at too low a speed.  A 

shear flow factor (Equation 3.46) was added that reflects the surface roughness, and the 
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dry friction coefficient was reset to 0.15.  Figure 6.20 compares this model with the 

previous version. 

 

Figure 6.20: Model Version 9 with and Without an Extra Shear Flow Factor 

 

  Looking at the above figure, it appears that the addition of the extra shear flow factor 

does not really affect the model’s predictions – the predicted friction coefficient is only 

slightly higher at faster speeds.  Note that variations from a general decreasing trend 

remain – even though such oscillations exist in the experimental data, they are more 

pronounced in the model prediction.  A closer look at the code revealed a huge problem: 

the deformations were cumulative rather than applied to the undeformed profile.  That 
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explains the results of a convergence test in which the relaxation factor was varied both 

for a stationary ring and for a ring with a sliding speed of 0.1 m/s.  In those tests, the 

number of iterations required to achieve convergence varied greatly because the differing 

relaxation factors resulted in different sets of deformations applied to the ring.  In turn, 

this resulted in variations in piston ring profile and thus predicted friction force for the 

same temperature/load/speed combination.  Figures 6.21 shows the predicted deformation 

from a single iteration. 

 

Figure 6.21: Predicted Axial Deformation (m) for a Single Iteration of the Model 

 

While the deformation for a single iteration is small, bear in mind that prior versions of 

the model required dozens (or hundreds) of iterations to reach convergence.   
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6.2 Predictions with the Basic Model 

Because of the temperatures at which shear thinning data was given, the temperature 

was decreased to 80 °C.  The relaxation factor was removed; it could always be reinstated 

if convergence problems still existed.  As there were problems reaching convergence at 

higher loads in the final version of the model, the relaxation factor was set at a constant 

value of 0.2.  The requirement for it to be unity was removed.  Figure 6.22 shows the 

model’s predicted friction coefficient assuming an average sliding speed of 0.3 m/s. 

 

Figure 6.22: Model Version 10 Predicted Friction Coefficient, Temperature 80 °C, 

Average Sliding Speed 0.3 m/s, 150 N Load 
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 The variation in predicted friction coefficient dropped sharply after fixing the 

problem with the deformation implementation discussed on the previous page.  The 

average predicted friction coefficient was 0.148 with very little variation but a slight 

decreasing trend.  The model predicts boundary lubrication over the entire range of 

speeds, a stark contrast to prior versions.  Some small variations remain; this was 

believed to be numerical error because similar trends were observed from the 

measurements.  Because the predicted trend more closely matched the experimental 

results, the model was extended to average speeds of 0.6 and 1.2 m/s.  Table 6.1 

summarizes these predictions and compares them to the experimental measurements.  

 

Table 6.1: Average Friction Coefficients for Model Version 10 and the Experiments, 

150 N Load 

Average Speed 

(m/s) 

Model Predicted Average 

Friction Coefficient 

Average Measured Friction 

Coefficient 

0.3 0.148 0.121 

0.6 0.147 0.119 

1.2 0.144 0.107 

 

Figures 6.23-6.25 show the comparisons between the model and the experiments. 



131 
 

 

Figure 6.23: Model Version 10 Comparison to Experiment, Average Sliding Speed 

0.3 m/s 

 

 

Figure 6.24: Model Version 10 Comparison to Experiment, Average Sliding Speed 

0.6 m/s 
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Figure 6.25: Model Version 10 Comparison to Experiment, Average Sliding Speed 

1.2 m/s 

 

 As can be seen from the plots, the model overestimates the friction coefficient 

relative to the experiments.  It is especially weak at predicting transient effects that occur 

when the sliding velocity changes direction.  In these regions, mechanical play or ring 

rotation might cause the contacts to stick briefly, behaviors this model neglects.  This 

could be corrected by changing the value of μ and hopefully finding a single value or 

function that would work for all speed/load/temperature combinations. 

 Based on the initial comparison and some samples of the experimental data, μ was 

set to 0.124.  Figures 6.26-6.28 show how the model compares to the measurements.  

However, temperature influence has not yet been discussed. 
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Figure 6.26: Model Version 11 Comparison to Experiment, Average Sliding Speed 

0.3 m/s 

 

 

Figure 6.27: Model Version 11 Comparison to Experiment, Average Sliding Speed 

0.6 m/s 
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Figure 6.28: Model Version 11 Comparison to Experiment, Average Sliding Speed 

1.2 m/s 

 

Figures 6.26-6.28 illustrate a close match between model and experiment that lesser for 

increasing piston speed.  Buoyed by this success, further comparisons were done for 

different loads and temperatures.  Tables 6.2-6.5 compare the model’s predictions of 

friction coefficient with the overall experimental averages. 
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Table 6.2: Average Friction Coefficients for Model Version 11 and the Experiments, 

80 °C, 150 N 

Average Speed 

(m/s) 

Model Predicted Average 

Friction Coefficient 

Average Measured Friction 

Coefficient 

0.3 0.122 0.121 

0.6 0.119 0.119 

1.2 0.115 0.114 

 

 

Table 6.3: Average Friction Coefficients for Model Version 11 and the Experiments, 

120 °C, 150 N 

Average Speed 

(m/s) 

Model Predicted Average 

Friction Coefficient 

Average Measured Friction 

Coefficient 

0.3 0.121 0.125 

0.6 0.118 0.125 

1.2 0.113 0.120 
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Table 6.4: Average Friction Coefficients for Model Version 11 and the Experiments, 

50 °C, 150 N 

Average Speed 

(m/s) 

Model Predicted Average 

Friction Coefficient 

Average Measured Friction 

Coefficient 

0.3 0.122 0.118 

0.6 0.121 0.118 

1.2 0.119 0.106 

 

 

 

 

Table 6.5: Average Friction Coefficients for Model Version 11 and the Experiments, 

50 °C, 100 N 

Average Speed 

(m/s) 

Model Predicted Average 

Friction Coefficient 

Average Measured Friction 

Coefficient 

0.3 0.122 0.114 

0.6 0.120 0.118 

1.2 0.118 0.106 

 

These results suggested that the model needed a fundamental change – for a temperature 

of 50 °C, the model overestimated the friction coefficient by a greater value than at the 

higher temperatures.  A closer inspection of Tables 6.3-6.5 reveals how little the 
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temperature change affected the model’s predictions at the time.  The friction coefficients 

were highest at low sliding speeds and high temperatures, which suggests that 

hydrodynamic lubrication still does not influence the model results enough.  Recall from 

the Stribeck Curve that increases in either viscosity or velocity move contact towards the 

mixed lubrication regime and lower friction coefficients.   It was clear the model would 

have to be further improved to reflect the effects of base temperature changes.  An 

inspection of the code also revealed an incorrect viscosity value being used; it was 10 

times greater than the true value. 

 

6.3 Viscosity Pressure Dependence 

 

To address the smaller than measured friction coefficient variation with speed, the 

viscosity now varied with pressure instead of remaining a constant.  Figures 6.29 and 

6.30 show how the revised model compares to the old version of the model and the 

measurements for a load of 50 N and a temperature of 80 °C.  The procedure to find the 

pressure viscosity coefficient is detailed in Chapter 3. 
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Figure 6.29: Model Versions 11 and 12 Compared to Experiment, Average Sliding 

Speed 0.3 m/s 
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Figure 6.30: Model Versions 11 and 12 Compared to Experiment, Average Sliding 

Speed 0.6 m/s 

 

 Correcting the value of viscosity used and incorporating the Barus equation in the 

model resulted in a much lower friction coefficient compared to the previous version.  In 

addition, the trend in predicted friction coefficient did not look as smooth as it did when 

the wrong viscosity value was used.  The average friction coefficients are summarized in 

Table 6.6. 
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Table 6.6: Average Friction Coefficients for Model Versions 11 and 12 and the 

Experiments, 80 °C, 50 N 

 Average 

Speed (m/s) 

Model Version 12 

Predicted Average 

Friction Coefficient 

Model Version 11 

Predicted Average 

Friction Coefficient

Average Measured 

Friction Coefficient 

0.3 0.084 0.121 0.145 

0.6 0.056 0.119 0.139 

 

 The model now predicts a substantial decrease (27%) in average friction coefficient 

at higher speeds not too far removed from the measured percentage change.  However, 

the model was unable to make any predictions at speeds higher than 1.6 m/s because the 

Reynolds code did not converge.  This was because the Reynolds coefficients were not 

calculated correctly; their values were too small.  A modification to the code rectified 

this, and Figure 6.31 illustrates how this impacts the split between contact and 

hydrodynamic forces for an average speed of 0.6 m/s. 
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Figure 6.31: Breakdown of Load Type Before and After Correcting Reynolds 

Coefficients, Average Sliding Speed 0.6 m/s 

 

 The smaller calculated Reynolds coefficients resulted in the model predicting greater 

hydrodynamic lift at higher speeds (up to 80% of the load carried by the fluid).  On the 

other hand, it predicts that surface contact will still carry more than 80% of the load at the 

faster speed with the corrected Reynolds coefficients.  Figures 6.32-6.33 show how the 

last 3 models compare to the experiments for a load of 50 N and a temperature of 80 °C. 
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Figure 6.32: Model Versions 11, 12, and 13 Compared to Experiment, Average 

Sliding Speed 0.3 m/s 
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Figure 6.33: Model Versions 11, 12, and 13 Compared to Experiment, Average 

Sliding Speed 0.6 m/s 

 

 

 The updated model now predicts a similar trend to the 11th version – underestimating 

relative to the measured coefficient of friction, but something that could be easily 

rectified for a single temperature-load combination by adjusting the assumed value of μ 

to 0.154.  Figures 6.34 and 6.35 show how the model now compares to the experiments 

for the same load and temperature. 
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Figure 6.34: Model Version 14 Compared to Experiment, Average Sliding Speed 0.3 

m/s 
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Figure 6.35: Model Version 14 Compared to Experiment, Average Sliding Speed 0.6 

m/s 

 

 The model compares very favorably to the experiment; the predicted average friction 

coefficient is 0.147 for an average speed of 0.3 m/s and 0.140 for an average speed of 0.6 

m/s.  However, it needs to closely match the experimental data for other loads and 

temperatures too.  Figures 6.36-6.41 show how it fares for other loads and temperatures. 
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Figure 6.36: Model Version 14 Compared to Experiment, Average Sliding Speed 0.3 

m/s, Applied Load 100 N, Temperature 80 °C 
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Figure 6.37: Model Version 14 Compared to Experiment, Average Sliding Speed 0.6 

m/s, Applied Load 100 N, Temperature 80 °C 
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Figure 6.38: Model Version 14 Compared to Experiment, Average Sliding Speed 0.3 

m/s, Applied Load 150 N, Temperature 80 °C 
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Figure 6.39: Model Version 14 Compared to Experiment, Average Sliding Speed 0.6 

m/s, Applied Load 150 N, Temperature 80 °C 
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Figure 6.40: Model Version 14 Compared to Experiment, Average Sliding Speed 0.3 

m/s, Applied Load 50 N, Temperature 50 °C 
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Figure 6.41: Model Version 14 Compared to Experiment, Average Sliding Speed 0.3 

m/s, Applied Load 50 N, Temperature 120 °C 

 

The model still compares reasonably well to the experiments for a 50 N load.  However, 

it does not capture the effects of a different applied load as there is poor agreement with 

the 100 N and 150 N cases.  It would need to be substantially revised to do so. 

 

Table 6.7 summarizes the recent model versions and what changes were made between 

each version. 
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Table 6.7: Tested Model Versions (Continued from Table 4.3) 

 Model Version 

Number 

Significant Change(s) from the Previous Version 

6 The initial relaxation factor was set to 1/3. 

7 The assumed dry friction coefficient was increased to 0.35 from 

0.21. 

8 The shear thinning fit used interpolation from measured data 

instead of placeholder coefficients. 

9 A new shear flow factor that reflects surface roughness was 

added to the Reynolds Equation, and the dry friction coefficient 

was decreased to 0.15. 

10 Deformations were now properly applied to the ring; previously, 

they were additive between iterations.  This resulted in 

unrealistic ring profiles. 

11 The assumed dry friction coefficient was set to 0.124. 

12 A pressure dependence on viscosity was added. 

13 A typo that caused the model to calculate the Reynolds 

coefficient incorrectly was fixed. 

14 The assumed dry friction coefficient was set to 0.154. 
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CHAPTER 7 

 

CONTACT FRICTIONAL FORCE DEPENDENCE ON LOAD MAGNITUDE 

 

 In many of the tests, lower friction coefficients were observed for higher loads.  Two 

mechanisms could be accounting for this. First, the friction from fluid shearing is less 

dependent on normal load and could result in this trend.  However, boundary lubrication 

dominates most of the cases.  Therefore, the model was substantially revised so it can 

account for changes in friction coefficient when load increases.  Initially the friction 

model adopted from Cohen et. al. [97] as shown in Equation 3.47.  Figure 7.1 shows the 

result using this model and the results of the previous version for a load of 150 N at a 

temperature of 80 °C and an average speed of 0.3 m/s. 
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Figure 7.1: Model Versions 14 and 15 Compared to Experiment, Average Sliding 

Speed 0.3 m/s, Applied Load 150 N, Temperature 80 °C 

 

 This model was less effective than the previous version – it predicted an average 

friction coefficient of 0.232.  The plasticity index, which had not been previously 

calculated, was added to the code.  Its value was 17, well beyond the values of ψ for 

which Eq. 3.49 had been derived.   Figure 7.2 shows the effect of replacing Eq. 3.49 with 

3.51. 
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Figure 7.2: Model Versions 14 and 16 Compared to Experiment, Average Sliding 

Speed 0.3 m/s, Applied Load 150 N, Temperature 80 °C 

 

 The model now predicts an even higher friction coefficient (0.246) relative to the 

experiments.  However, those equations are for static friction, meaning that slipping does 

not occur.  An entirely different equation would have to be tried.  Initially attempts to use 

Equation 3.52 did not work.  With μmax initially set to 1.25, Figure 7.3 illustrates a sample 

piston ring profile. 
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Figure 7.3: Predicted Piston Ring Profile when Using Equation 3.52 

 

 The highly deformed profile brought back memories of the convergence issues that 

were explained in Chapter 6.  This time, the shear forces were found to be unusually high 

– roughly the same magnitude as the load.  Two different values of μmax, 0.125 and 0.25, 

were selected, and the model was run using the same temperature, load, and average 

speed.  Subsequently, the load was reduced to 100 N to see how the model would handle 

a load variation.  Figures 7.4 and 7.5 show how the models compare to the experiments. 
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Figure 7.4: Model Comparisons to Experiment using Equation 3.52, Average Sliding 

Speed 0.3 m/s, Applied Load 150 N, Temperature 80 °C 
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Figure 7.5: Model Comparisons to Experiment using Equation 3.52, Average Sliding 

Speed 0.3 m/s, Varied Applied Load, Temperature 80 °C, μmax = 0.25 

 

 None of the models predicted the friction coefficient very well.  While this could 

have been rectified by changing the value of μmax, Figure 7.5 reveals a different trend: the 

model predicts an increase in friction coefficient as load increases, but a lower friction 

coefficient was observed when the load was increased.  Thus, Equation 3.52 was 

discarded, and the model was tested using a simpler model for the dry friction coefficient 

that does not depend on the local load (Equation 3.53).  Figures 7.6 – 7.11 show how the 
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model compares to the measurements with the simpler model for various temperatures 

and loads. 

 

Figure 7.6: Model Comparison to Experiment using Equation 3.53, Average Sliding 

Speed 0.3 m/s, 50 N load, Temperature 50 °C 
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Figure 7.7: Model Comparison to Experiment using Equation 3.53, Average Sliding 

Speed 0.3 m/s, 100 N load, Temperature 50 °C 

 

Figure 7.8: Model Comparison to Experiment using Equation 3.53, Average Sliding 

Speed 0.3 m/s, 150 N load, Temperature 50 °C 
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Figure 7.9: Model Comparison to Experiment using Equation 3.53, Average Sliding 

Speed 0.3 m/s, 50 N load, Temperature 80 °C 

 

Figure 7.10: Model Comparison to Experiment using Equation 3.53, Average 

Sliding Speed 0.3 m/s, 100 N load, Temperature 80 °C 
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Figure 7.11: Model Comparison to Experiment using Equation 3.53, Average 

Sliding Speed 0.3 m/s, 150 N load, Temperature 80 °C 

 

 While the model predicts a good fit for different temperatures and loads, different 

speeds were not tested.  Using these results and an analysis by Wang et. al. [99] 

considering friction in elastic-plastic rough surface contact, Equation 3.54 was derived.  

It became the new dry friction model employed; initially μmax was set to 0.175.  As 

always, it could be adjusted if necessary.  Figures 7.12 and 7.13 depict the model’s 

predictions against the measured friction coefficients using Equation 3.54 for a load of 

100 N and two different temperatures. 
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Figure 7.12: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 120 °C 
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Figure 7.13: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 80 °C 

 

 While the model overestimates the friction coefficient, that could be remedied by 

decreasing μmax to a lower value such as 0.144.  Figures 7.14 and 7.15 show how this 

affects the model’s comparison with the experiment for the same load and temperatures. 
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Figure 7.14: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 120 °C 
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Figure 7.15: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 80 °C 

 

 This appears to be a close match to the experiments, but further tests were run to see 

how well the model handled changes in applied load.  Figures 7.16 – 7.19 compare the 

model’s predictions to the measurements for loads of 150 N and 50 N. 
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Figure 7.16: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 120 °C, Applied Load 150 N 
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Figure 7.17: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 80 °C, Applied Load 150 N 
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Figure 7.18: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 120 °C, Applied Load 50 N 
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Figure 7.19: Model Comparison to Experiment using Equation 3.54, Average 

Sliding Speed 0.3 m/s, Temperature 80 °C, Applied Load 50 N 

 

 

 The model also provides a close match for a 150 N load, but it underestimates the 

friction coefficient for a 50 N load.  Because of those problems, two new models were 

proposed for the contact friction coefficient based off Equation 3.54. 

 

*0.085
max e nF                   (7.1) 

* 0.72
max 0.085( )nF                  (7.2) 

For these equations, μmax was set to be 0.155.  Table 7.1 summarizes their predicted 

friction coefficients. 
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Table 7.1: Model Predicted Average Friction Coefficients, Average Sliding Speed 

0.3 m/s, Temperature 80 °C  

Dry Friction Coefficient 

Calculated Using 

Predicted Friction 

Coefficient with a 50 N 

Load 

Predicted Friction 

Coefficient with a 150 N 

Load 

Equation 7.1 0.1471 0.1492 

Equation 7.2 0.1382 0.1295 

 

 Based on these results, Equation 7.1 was discarded.  The results using Equation 7.2 

were compared to the measurements (see Table 7.2 and Figure 7.20 below). 

 

Table 7.2: Measured and Predicted Average Friction Coefficients, Average Sliding 

Speed 0.3 m/s, Temperature 80 °C Using Equation 7.2 

50 N 100 N 150 N 

Experiments 0.1464 0.1282 0.1227 

Model  0.1382 0.1341 0.1295 

Percent Error 5.9 -4.4 -5.3 
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Figure 7.20: Model Comparison to Experiment using Equation 7.2, Average Sliding 

Speed 0.3 m/s, Temperature 80 °C 

 

 The model predicted a larger drop in friction coefficient that what was observed.  A 

new model was proposed after fitting the average friction coefficient to the average 

contact pressure for the given loads.  This would become the basis off which only minor 

variations would be made (Equation 3.55).  Once again, the model predictions were 

compared to the measured values (see Figure 7.21). 
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Figure 7.21: Model Comparison to Experiment using Equation 3.55, Average 

Sliding Speed 0.3 m/s, Temperature 80 °C 

 

 While the model underestimates the friction coefficient, that could be remedied by 

increasing μmax to 0.1565.  While this would result in a close fit for a single temperature, 

it needed to work well for other temperatures as well. 
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CHAPTER 8 

 

INCORPORATING FLASH TEMPERATURE ADJUSTMENTS 

 

Due to the high friction coefficients observed, a significant amount of heat is generated 

by the sliding piston ring.  This heat can appreciably increase the temperature of the 

lubricant and decrease its viscosity.  Flash temperature theory has been known for 

thousands of years, but only in the last century has it become a major factor in designing 

machinery [106]. With the addition of temperature changes to the model, the flowchart 

(Figure 4.1) describing the process needs to be revised.  Figure 8.1 depicts the revised 

flowchart that now accounts for temperature changes. 
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Figure 8.1: Revised Model Flowchart That Accounts for Temperature Changes 

 

Set material properties and viscosity. 

Identify boundary conditions. 

Solve Reynolds equation with 

flow factors to determine 

hydrodynamic pressure and shear. 

Solve elastic‐plastic contact model to 

determine contact pressure and friction. 

Combine contact and fluid 

pressures; is the net force zero? 

No 

Translate the ring. 

Yes 

Write forces to FEM and solve it using abaqus; 

then extract the deformation in MATLAB®. 

Is this the first iteration?  Are the 

results outside of a tolerance? 

Yes to either 

Adjust the temperature 

(depending on model) 

and the ring profile. 

The results can be used to predict performance. 

No to both 
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 There were some early problems trying to implement the flash temperature 

adjustments.  For a 100 N load, the model predicted an average friction coefficient of 

0.135, but it also predicted a temperature increase of 2270 K at a single asperity.  Below 

is the sample calculation using Equation 3.62 that resulted in such a high prediction. 

  

 
0

5
2

100 N 0.471 m/s 0.156 7.35
or 2270 K

0.003244.56 1.6 10  m 46.4 0.66 0.255
T T

W
m



  
   
 

 

It was assumed that all of the heat was transferred to the ring.  The model was 

quickly revised to account for heat transfer to both the ring and the liner.  A retest still 

found the predicted temperature to be unreasonably high as shown in Figure 8.2. 
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Figure 8.2: Flash Temperature Prediction, Average Sliding Speed 0.3 m/s, Base 

Temperature 80 °C, Applied Load 100 N 

 

The final predicted temperature is well beyond the upper limit at which lubricant 

properties were given.  While even higher flash temperatures were observed by Suzuki 

and Kennedy [107], they only considered the unlubricated contact of a sapphire slider and 

a thin film magnetic disk.  In either case, the model would have to be substantially 

revised to accommodate heat flowing away from the contact points.  It was quickly 

discovered that the load was distributed over several asperities, but the contact area only 

reflected a single asperity.  Figure 8.3 shows the model’s predicted temperature increase 
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using Equation 3.65 for 2 different loads when the contact area was expanded to match 

the FEM’s mesh size. 

  

Figure 8.3: Flash Temperature Prediction, Average Sliding Speed 0.3 m/s, Base 

Temperature 80 °C 

 

 Note that the temperature increased more for the higher load because the frictional 

force was higher.  Figure 8.4 shows the model’s predicted friction coefficient after 

accounting for frictional heating (which decreases lubricant viscosity) compared to the 

measurements. 
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Figure 8.3: Model Comparisons to Experiments Flash Temperature Adjustment, 

Average Sliding Speed 0.3 m/s, Base Temperature 80 °C 

 

While the model’s predicted friction coefficient very closely matched the experiments, it 

was found that the flash temperature adjustments did not change the model predictions by 

a significant amount.  Figure 8.4 shows the differences in predicted friction coefficient 

with the previous version of the model which predicted a negligible temperature increase. 
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Figure 8.4: Percent Difference in Predicted Friction Coefficient When Flash 

Temperatures Were Incorporated for the First Time 

 

 Since changing the temperature did not really affect the results, it was decided to take 

a second look at the shear thinning model.  A typo was found in the iterative calculation 

of viscosity, and it was discovered that the results of a least squares regression being 

performed were nowhere close to the actual curve.  Figure 8.5 illustrates how erroneous 

the shear thinning fit was. 
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Figure 8.5: First Attempt at a Shear Thinning Fit, Base Temperature 80 °C 

 

 An attempt was made to perform a least squares regression that calculated G, n and 

μ2, but this also failed.  Several proposed curve fits were generated assuming μ2 = 0 in 

Equation 3.48.  Figures 8.6 and 8.7 and Tables 8.1-8.2 summarize their results. 
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Figure 8.6: Attempts at a Shear Thinning Fit to Equation 3.48, Base Temperature 

60 °C 



183 
 

 

Figure 8.7: Attempts at a Shear Thinning Fit to Equation 3.48, Base Temperature 

100 °C 
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Table 8.1: Results of Shear Thinning Fits to Equation 3.48 at 60 °C 

Attempt Initial Guess for G 

(Pa) 

Initial guess for 

n 

G (Pa) n 

1 0.323 0.506 7286 -0.097 

2 1 -0.4 1.964 -0.0071 

3 1000 -0.4 999.8 -0.037 

4 20 -0.4 20.31 -0.012 

5 300 -0.4 299 -0.0254 

 

Table 8.2: Results of Shear Thinning Fits to Equation 3.48 at 100 °C 

Attempt Initial Guess for G 

(Pa) 

Initial guess for 

n 

G (Pa) n 

1 0.755 0.01 6.854 -0.0157 

2 0.755 -0.01 5.19 -0.0124 

3 10 -0.01 18.71 -0.0156 

4 10 -0.4 10.32 -0.0139 

 

While better than the least squares regression fit used previously, most of the shear 

thinning fits still did not accurately capture the trend of the measured values.  Attempt 5 

for a temperature of 60 °C worked very well, however (Figure 3.2).  With the revised 

shear thinning fit in place, the model could now be properly run with the flash 
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temperature adjustment.  Figures 8.8 and 8.9 show how the model compares to the 

experiments with and without the flash temperature adjustment. 

 

 

Figure 8.8: Overall Model Comparisons to Experiments, Average Speed 0.3 m/s 
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Figure 8.9: Overall Model Comparisons to Experiments, Average Speed 0.6 m/s 

 

The overall average model error is shown in Table 8.3. 

 

Table 8.3: Average RMS Error of Models Compared to Experiment 

Average Speed (m/s) 0.3 0.6 

No Flash Temperature Adjustment 0.00149 0.00114

Flash Temperature Adjustment 0.00182 0.00215
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 Based on the results it seems as though the flash temperature model predicts a larger 

friction coefficient on average relative to the experiments for most of the cases 

considered and that the adjustments decrease the model’s overall accuracy.  One element 

that it did not incorporate was the reduction in metals’ yield strength as the temperature 

increases modeled by Johnson and Cook [108].  This would result in the surfaces 

becoming more liquid-like and less resistant to flow, meaning that the predicted dry 

friction coefficient would decrease.  It was proposed that another adjustment could be 

made to the flash temperature model.  The dry friction coefficient is modified based on 

the melting temperature of the contacting solid: 

 

 *
0 1 T                    (8.1) 

* room

m room

T T
T

T T





                 (8.2) 

 

Tm is the melting point, while the room temperature Troom was taken to be 20 °C.  The 

friction coefficient predicted by the previous model is μ0. 

The model was rerun with these adjustments.  Figures 8.10-8.33 show the models 

comparisons for each speed/temperature/load combination, while Figures 8.34-8.35 show 

the overall comparisons. 
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Figure 8.10: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 30 °C, 50 N Load 
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Figure 8.11: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 30 °C, 100 N Load 
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Figure 8.12: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 30 °C, 150 N Load 
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Figure 8.13: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 50 °C, 50 N Load 
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Figure 8.14: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 50 °C, 100 N Load 
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Figure 8.15: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 50 °C, 150 N Load 
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Figure 8.16: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 80 °C, 50 N Load 
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Figure 8.17: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 80 °C, 100 N Load 
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Figure 8.18: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 80 °C, 150 N Load 
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Figure 8.19: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 120 °C, 50 N Load 
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Figure 8.20: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 120 °C, 100 N Load 
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Figure 8.21: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 120 °C, 150 N Load 
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Figure 8.22: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 30 °C, 50 N Load 
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Figure 8.23: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 30 °C, 100 N Load 
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Figure 8.24: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 30 °C, 150 N Load 
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Figure 8.25: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 50 °C, 50 N Load 
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Figure 8.26: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 50 °C, 100 N Load 
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Figure 8.27: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 50 °C, 150 N Load 
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Figure 8.28: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 80 °C, 50 N Load 
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Figure 8.29: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 80 °C, 100 N Load 
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Figure 8.30: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 80 °C, 150 N Load 
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Figure 8.31: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 120 °C, 50 N Load 
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Figure 8.32: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 120 °C, 100 N Load 
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Figure 8.33: Model Comparisons to Experiments, Average Speed 0.6 m/s, Base 

Temperature 120 °C, 150 N Load 
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Figure 8.34: Overall Model Comparisons to Experiments, Average Speed 0.3 m/s 
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Figure 8.35: Overall Model Comparisons to Experiments, Average Speed 0.6 m/s 
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Overall there is good agreement between the models and the experiments.  The largest 

differences occur at the extremities of load and speed.  In particular, the second flash 

temperature model is the only one that predicts a friction coefficient more than 1 standard 

deviation away from the experimental averages for any temperature/speed/load 

combination.  Larger standard deviations within the experiments were generally observed 

at lower values of temperature and load, which suggests that those measurements are not 

as repeatable due to small fluctuations in those values being more pronounced.  At the 

faster speed the small variations in measured friction coefficient increased in magnitude.  

These were observed to be sufficiently large for an average speed of 1.2 m/s such that 

those data sets were not deemed consistent enough for a good comparison to the model.  

Tables 8.4 and 8.5 compare the average friction coefficient for the experiment and the 

models. 

 

Table 8.4: Average Coefficient of Friction for a Mean Piston Speed of 0.3 m/s 

Data Set Friction Coefficient 

Experimental Measurements 0.1275 

Model without Frictional Heating 0.1280 

First Flash Temperature Model 0.1302 

Second Flash Temperature Model 0.1262 
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Table 8.5: Average Coefficient of Friction for a Mean Piston Speed of 0.6 m/s 

Data Set Friction Coefficient 

Experimental Measurements 0.1237 

Model without Frictional Heating 0.1235 

First Flash Temperature Model 0.1280 

Second Flash Temperature Model 0.1244 

 

On the surface, it appears that the models that do not adjust for frictional heat generation 

provide the best fit to the measurements.  In fact, for the faster average piston speed the 

predicted average friction coefficient across all cases almost matches that of the 

experiments.  Tables 8.6 and 8.7 compare the average rms error of the 3 models and how 

frequently each was closest to the experimental means. 
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Table 8.6: Average RMS Error Relative to the Experiments for a Mean Piston 

Speed of 0.3 m/s 

Model RMS error Frequency That Model was Closest to 

Experimental Average 

No Adjustments for Frictional 

Heating 

0.0014866 6 cases 

First Flash Temperature 

Model 

0.0018159 4 cases 

Second Flash Temperature 

Model 

0.0027476 2 cases 

 

Table 8.7: Average RMS Error Relative to the Experiments for a Mean Piston 

Speed of 0.6 m/s 

Model RMS error Frequency That Model was Closest to 

Experimental Average 

No Adjustments for Frictional 

Heating 

0.0011368 7 cases 

First Flash Temperature 

Model 

0.0021501 3 cases 

Second Flash Temperature 

Model 

0.0028841 2 cases 

 



217 
 

Based on these results, the adjustments for flash temperature do not improve the model 

comparison.  While they work well for specific cases as seen in Figures 8.34 and 8.35, 

they perform poorly at the baseline temperature of 30°C.  This is likely because the flash 

temperature adjustments decrease the viscosity by the largest amount (see Figure 3.2).  

The decreased load carrying capacity of the lubricant means that more load (and friction) 

is carried by asperity contact, and the predicted friction coefficient increases. 
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CHAPTER 9 

 

CONCLUSTIONS AND NEXT STEPS 

 

9.1 Conclusions 

This work presents three slightly different mixed lubrication and solid contact 

models of a piston ring-cylinder liner interface.  The first model does not account for 

temperature changes at all due to frictional heating.  The other two models increase the 

temperature due to the frictional force and account for that in different ways.  One of 

those models decreases the solid friction coefficient due to metal softening with 

increasing temperature using Equations 8.1-8.2.  This effect becomes more pronounced 

as the base temperature increases because the heating pushes the system towards the 

melting temperature.  The models overall display good agreement with experimental 

measurements performed over a wide range of operating conditions, but larger 

discrepancies exist for low or high temperatures and high loads and speeds.   Partially this 

can be attributed to the shear thinning fit not working as well farther from the 

temperature from which it was found.   The models predict an increase in friction 

coefficient as temperature increases or load or speed decreases.  However, they do not 

predict as large an increase at high temperature and low load, the condition under which 
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the largest friction coefficients were measured.  Overall, these models can be used to 

design or evaluate friction reduction technologies such as better lubricants or surface 

textures. 

 

9.2 Future Work 

 The next immediate step would be to alter the values used in Equation 3.58 (which 

would potentially be temperature dependent).  This has already been done with a few 

cases shown in Figures 9.1-9.3. 

 

Figure 9.1: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 120 °C, 50 N Load, Dry Friction Equation 
*0.163 0.3 nF    
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The model still underestimated the friction coefficient (though this was the 

temperature/load combination for which the model underestimates the friction coefficient 

by the most), so further refinements were made as shown in Figures 9.2-9.3. 

 

Figure 9.2: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 120 °C, 50 N Load, Dry Friction Equation 
*0.170 0.3 nF    
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Figure 9.3: Model Comparisons to Experiments, Average Speed 0.3 m/s, Base 

Temperature 50 °C, 50 N Load, Dry Friction Equation 
*0.170 0.3 nF    

  

With the second modification to the dry friction equation, the model matches the 

experimental measurements more closely for the higher temperature.  However, it would 

be inferior at other temperature/speed/load combinations where the friction coefficient 

was lower.  The next step would likely introduce a temperature dependence to the 

equation. 

The flash temperature models could be rerun with convection from the lubricant 

included (which would decrease the temperature rise) and/or thermal deformations of the 
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ring and the liner.  More likely (depending on the results of altering Equation 3.58) the 

flash temperature models would be discarded because there would be no appreciable 

effect. 

 Once the baseline model has been refined, the model could subsequently be 

compared to the other piston ring-cylinder liner combinations tested in Chapter 5.  Figure 

9.4 shows the stresses experienced by the ring. 

 

Figure 9.4: Sample Stress Applied to Piston Ring 

 

These stresses can then be used to predict coating failure. 

 The model could also be expanded from an axisymmetric model to a full 3D model, 

which would be more computationally expensive to run.  The time needed to predict the 

friction coefficient would determine whether such a model is worth the time. 
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Friction Measurements of a Production Ring on a Cast Iron Liner 

 

 The following Appendix contains all of the experimental measurements of a 

production ring on a cast iron liner. 
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Figure A.1: First Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.2: First Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.3: First Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.4: First Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.5: First Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.6: First Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.7: First Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.8: First Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.9: First Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.10: First Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.11: First Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.12: First Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.13: First Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.14: First Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.15: First Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.16: First Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.17: First Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.18: First Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.19: First Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.20: First Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.21: First Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.22: First Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.23: First Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.24: First Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.25: First Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.26: First Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.27: First Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.28: First Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.29: First Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.30: First Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.31: First Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.32: First Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.33: First Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.34: First Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.35: First Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.36: First Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.37: First Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.38: First Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.39: First Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.40: First Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.41: First Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.42: First Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.43: First Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.44: First Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.45: First Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.46: First Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.47: First Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.48: First Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.49: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.50: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.51: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.52: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.53: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.54: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.55: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.56: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.57: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.58: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 



266 
 

 

Figure A.59: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.60: Second Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.61: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.62: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.63: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.64: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.65: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.66: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.67: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.68: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.69: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.70: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.71: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.72: Second Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.73: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.74: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.75: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.76: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.77: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.78: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 



276 
 

 

Figure A.79: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.80: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.81: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.82: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.83: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.84: Second Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.85: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.86: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.87: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.88: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.89: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.90: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.91: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.92: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.93: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.94: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 



284 
 

 

Figure A.95: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.96: Second Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.97: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.98: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.99: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.100: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.101: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.102: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.103: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.104: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.105: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.106: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.107: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.108: Third Set of Data, Sliding Frequency 2 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.109: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.110: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.111: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.112: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.113: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.114: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.115: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.116: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.117: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.118: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.119: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.120: Third Set of Data, Sliding Frequency 5 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.121: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.122: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.123: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.124: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.125: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.126: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.127: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.128: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.129: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.130: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.131: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.132: Third Set of Data, Sliding Frequency 10 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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Figure A.133: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 30 °C 

 

Figure A.134: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 30 °C 
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Figure A.135: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 30 °C 

 

Figure A.136: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 50 °C 
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Figure A.137: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 50 °C 

 

Figure A.138: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 50 °C 
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Figure A.139: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 80 °C 

 

Figure A.140: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 80 °C 
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Figure A.141: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 80 °C 

 

Figure A.142: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 50 N, 

Lubricant Temperature 120 °C 
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Figure A.143: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 100 N, 

Lubricant Temperature 120 °C 

 

Figure A.144: Third Set of Data, Sliding Frequency 20 Hz, Applied Load 150 N, 

Lubricant Temperature 120 °C 
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