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1. Introduction

The basic function of the compression piston ring is
to seal the combustion chamber. This prevents the
escape of high-pressure gases and conversely lubricant
leakage into the chamber. The piston ring assembly
accounts for approximately 30-45% of engine frictional
losses [1]. However, effective sealing function of the
compressions ring can result in increased friction and
thus parasitic losses, because of reduced ring-liner
clearance. Therefore, in order to improve engine
performance, it is important for tribologists to have a
deep understanding of lubrication phenomena at the
piston ring —cylinder liner interface.

The convergent-divergent conjunction between the
piston ring profile and cylinder liner suggests that the
oil film may experience cavitation. There are two
possible cavitation patterns for a piston ring, i.e.,
enclosed cavitation and open cavitation [2, 3].

Enclosed cavitation assumes that the fluid film
ruptures somewhere in the diverging outlet wedge of the
conjunction and reforms before the trailing edge of the
ring. Here, the lubricant flow reaches the exit pressure
boundary condition. On the other hand, open cavitation
assumes that the fluid film does not reform, but
separates into striated flow in the diverging wedge. For
a fully flooded piston ring, enclosed cavitation is very
likely to occur. The investigations presented in this
paper are focused on a fully flooded piston ring with the
enclosed cavitation pattern.

In recent years, several researchers [4-6] used the
JFO boundary conditions, coupled with the Elrod
algorithm to obtain  numerical  solutions  for
hydrodynamically lubricated piston rings. However, the
authors are not aware of any published work, which has
employed JFO boundary conditions directly to obtain an
analytical solution of the problem. This paper presents a
novel CFD of piston ring lubrication problem with
enclosed cavitation pattern under assumed isothermal
condition. In addition to the obvious advantages of the
CFD approach, it provides a better insight into the
physics of problem.

2. Problem description and Governing Equations

A general schematic of the enclosed cavitation
phenomenon in piston ring and cylinder liner
conjunction is shown in Figure 1. The parabolic ring
profile hy(x) is defined as:

ot 1
hs(X)—(b/Z)2 1)

where ¢ and b are crown height and ring contacting
face-width respectively. This simplifies the problem to a
one dimensional contact, which is valid for ring-bore
contact of bore diameter-to-ring face-width ratio:
27ty /b =30 as shown by Haddad and Tian [7], which is

applicable to the engine studied here. The engine is a
high performance V12 4-stroke naturally aspirated
gasoline engine with specifications provided in Table 1.

During most of the engine cycle there is no localised
contact deflection and the ring—liner conjunction
operates under hydrodynamic or mixed regimes of
lubrication [8].
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Figurel: 2D Diagram of piston ring-liner
conjunction

Tablel: Engine data [1]

Parameters Values | Units

Crank-pin radius, r 40 mm

Connecting rod length, | | 141.9 | mm

Bore nominal radius, r, | 44.45 mm

Ring crown height, ¢ 14.9 pm

Ring axial face-width, b | 1.475 | mm

Ring radial width, d 35 mm

Ring free end gap, ¢ 10.5 mm

Engine speed, N 2000 rpm

The contact is divided into three distinct regions:
(i) full film, (ii) film rupture and cavitation and (iii)
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lubricant film reformation. To describe the physics of
fluid flow in the cavitated region, in which two state
phases of lubricant co-exist at the same time, a suitable
two-phase flow model needs to be employed alongside
the Navier-Stokes equations.

The fluid flow is governed by the 2D compressible
Navier—Stokes equations. The continuity of flow is

given as:
Dp__fou ow
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and the conservation of momentum provides:
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where 2_is the total derivative with respect to time t,
Dt

o is the lubricant density, 7 is the effective lubricant
dynamic viscosity, p is pressure, u the x-component of

velocity (direction of lubricant entraining motion) and
v the y-component of velocity. One possibility in a
CFD model is to evaluate fluid viscosity as a function of
pressure and temperature along the liner and into the
depth of the lubricant film. The following boundary
conditions are used along the axial x-direction of the
contact (i.e. along the ring face-width)

p(-b/2)=p_
p(+b/2) = py (5)
p(xc) = Pe

Table2. Lubricant properties [9]

Parameters Values | Units

Lubricant viscosity, n | 0.0069 | kg/m-s

Lubricant density, p 0.87 | kg/m®

3. The cavitation Model: Vapour Mass Fraction

The lubricant is assumed to be a mixture of liquid
and vapour. A vapour transport equation governs the
vapour mass fraction, f , given as:

g(pmf)wwm 7,f)=V(;Vf)+R, - R, (6)

where p,, is the mixture density, vV, is the velocity
vector of the vapour phase, y is the effective exchange
coefficient, and R, and R are the vapour generation
and condensation rates (or phase change rates). The rate
expressions are derived from the Rayleigh-Plesset
equations and limiting bubble size considerations
(interface surface area per unit volume of vapour) [10].
These rates are functions of the instantaneous local
static pressure and are given as:

When: p < pgy
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where the suffices | and v denote the liquid and vapour
phases, V, is a characteristic velocity, y is the surface

tension of the liquid, pg, is the liquid saturation

vaporisation pressure at the given temperature,
and C, and C, are empirical constants, in this case

with the values 50 and 0.01 respectively [11].

4. SIMULATION METHOD

CFD package FLUENT 14.0 is used to develop a
2D simulation model. The pre-processor Ansys Design
Modeller and Meshing is applied for the grid
generation. Owing to the very thin lubricant film,
particularly relative to the ring diameter and length,
only hexahedral elements are used. Forty divisions are
used across the film thickness and 1500 divisions along
the ring contacting face-width. This provides a total
number of cells of 60,000. Reynolds’ number is set to
laminar flow conditions. The vaporisation pressure is
assumed to be the atmospheric pressure.

Pressure inlet and outlet boundary conditions are
used for the leading and trailing edges of the ring/liner
contact. Therefore, when the piston undergoes upstroke
motion, the inlet pressure is that of the combustion
chamber, whilst at the exit the crank-case pressure is
assumed to be at atmospheric. In addition, for the down-
stroke sense of the piston, the inlet pressure is set to that
of the crank-case (atmospheric) pressure, whilst the
outlet pressure is that of the combustion chamber.

The pressure-based mixture model is chosen for the
present CFD analysis. The velocity—pressure coupling is
treated using the SIMPLE algorithm and the second-
order upwind scheme is used for momentum. For
greater accuracy, a value of 107° is used for all residual
terms.

In its radial plane, the ring is subjected to two
outward forces: ring tension or elastic force F; and the

gas force Fy . These forces strive to conform the ring to
the bore surface. Thus, the total outward force on the
ring is F = F; +Fg. The ring tension force is obtained
as Fy = p.bry, where the elastic pressure p,is [12]

gEl
= 9
Pe =7 ord 9)
where g is the ring end-gap in its free state. The gas
force acting behind the ring’s inner peripheral face is
given by equation (22). The combustion pressure varies
with engine speed and throttle demand.

Fo(0) = pgyp (0)bry (10)
where 6 denotes polar angles at which the
2
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measurements have taken place. These outward forces
are opposed by the contact force generated as the result
of combined actions of conjunctional hydrodynamic
pressures and the load share carried by direct contact of
surface asperities.

Two compiled user-defined functions (UDF) in the
C programing language are used. The first UDF is used
to compute the equilibrium position of the ring when a
known external force is applied to it. The UDF
integrates all pressure forces at the contact interface,
taking into account the boundary conditions. The
integrated pressure distribution is:
W(p) = [ pdA (11)

The aforementioned quasi-static balance of applied
forces on the ring is sought through:

IF(p)-W(p)
F(o)

The smoothing mesh method is used with a convergence

tolerance of 10~°. The dynamic mesh zones defined are:
(@) the liner as "stationary", (b) interior face as
"deforming" with "spring smoothing" method, and (c)
the ring as "rigid body". The second UDF is applied to
the fluid properties as functions of pressure.

Eff.y = <10°* (12)

5. Results

Figs. 2 and 3 show the lubricant film pressure
distribution and oil-film thickness in the vicinity of the
power stroke TDC (-5° and +10° of crank angle),
predicted by three different algorithms. The minimum
film thickness is smaller in the Elrod model. Therefore,
the predicted maximum pressure is greater compared
withthe other two models. The estimated pressure
distribution in the current analysis is in accordance with
Reynolds’ approach to a greater extent in the high
pressure zone. However, the Reynolds’ model fails to
predict the pressure variation in the cavitation zone.

Fig. 4 illustrates the volume fraction of vapour and
Ring
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fractional film content at the crank angle of -5°. As it
can be seen in the fractional film content graph, the
current analysis predicts that the mixed fluid contains
more oil in the proximity of ring, while there is more
vapour adjacent to the liner surface. Consequently,
cavitation is anticipated to commence on the surface of
liner. Unlike the CFD approach, the Elrod model
estimates 100% vapour in the cavitation zone.
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Figure4: Fractional film content and volume fraction of vapour at crank angle of p= 10°
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Nomenclature

A

)

b
C
d

contact area
ring axial face-width

, C. empirical constants

ring thickness
gas force

ring elastic force
ring end gap
minimum film thickness

connecting rod length
ring peripheral length

atmospheric pressure
cavitation/lubricant vaporisation pressure

elastic pressure
hydrodynamic pressure
crank-pin radius
nominal bore radius
vapour generation rate
vapour condensation rate
Reynolds number

time

ring sliding velocity
velocity vector
characteristic velocity

oil film rupture point

Greek Symbols

®»

X D=3

crank angle
lubricant dynamic viscosity

surface tension
lubricant density

effective exchange coefficient
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