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A multi-physics integrated analysis of piston top compression ring of a high-performance internal combustion
engines is presented. The effects of transient ring elastodynamics, thermal gas flow through piston crevices upon
chamber leakage pressure and parasitic frictional losses are investigated. The multi-physics analysis comprises
integrated flexible ring dynamics, ring-liner thermo-mixed hydrodynamics and gas blow-by, an approach not

hitherto reported in literature. The predictions show close conformance to frictional measurements under engine
motored dynamometric conditions. It is shown that power losses due to gas leakage can be as much as 6 times
larger than frictional losses, which are usually considered as the main sources of inefficiency.

1. Introduction

The primary function of the piston compression ring is to provide a
gas tight seal between the piston and the cylinder wall, preventing
cylinder pressure loss and improve engine thermodynamic efficiency.
Consequently, excessive interactions between the compression ring and
cylinder liner promotes increasing friction and parasitic frictional power
loss. Therefore, there are conflicting forms of power loss and operational
efficiencies, which need to be considered whilst operating in the harsh
mechanical and thermal loading conditions of internal combustion en-
gines. Overall, up to 5% of the total IC engine losses are attributed to the
piston compression ring conjunction with the cylinder [1].

Accurate prediction of energy losses is an important prelude for en-
ergy efficiency of the compression ring — cylinder liner interface,
depending on the study of the effect of various parameters. Numerous
predictive studies have been reported with varying degrees of
complexity. Some Initial studies into the lubricant film thickness at
piston reversals were conducted by Castleman [2] and Furuhama [3]. A
one-dimensional (1D) solution was reported by Dowson et al. [4], who
assumed a fully flooded conjunctional inlet under isothermal conditions
with nominally smooth surfaces. This 1D solution was later extended for
the case of lubricant starvation [5,6] and with mixed regime of lubri-
cation [7,8].

Akalin and Newaz [8] showed good agreement between the results of
their predictive model with experimental measurements of Furuhama
and Sasaki [9]. A 2-dimensional solution of piston compression
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ring-cylinder liner contact is often required as the ring does not fully
conform to the surface of the liner. Two-dimensional (2D) analyses were
conducted, accounting for variable gap between the in-situ ring and the
bore surface by Ma et al. [10] and Mishra et al. [11,12], with the latter
showing better agreement with the measurements of Furuhama and
Sasaki [9] than the 1D analysis in Ref. [8]. However, there were de-
viations from the measurements for frictional variation in transition
from the compression to the power stroke at the top dead centre. The
deviations from measurements are partly due to the fact that real cyl-
inders are out-of-round, whilst most analyses assume the bore to be a
perfect right circular cylinder [13]. Rahmani et al. [14] took into ac-
count the out-of-roundness of real cylinder liners as well as their axial
profile. As the results they showed that the ring-bore contact remains in
a mixed regime of lubrication during a large part of the power stroke in
an engine cycle. The effect of an out-of-round bore on friction and
blow-by was also studied by Piao and Gulwadi [15].

Tian et al. [16] noted the importance of the piston compression ring
in reducing oil consumption without resorting to increased tension of
the oil control ring [17], which typically compromises frictional per-
formance. Takiguchi et al. [18] explored the effect of engine operating
conditions on lubricant film formation at the top ring and second ring
conjunctions of a diesel engine. Baelden and Tian [19] used finite
element analysis (FEA) to study the effect of ring conformability and its
structural deformation upon lubricant transport. The study also partly
explains the difference between the experimental measurements of
Furuhama and Sasaki [9] and the quasi-static analysis of Mishra et al.
[12].
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Nomenclature

A Apparent contact area m?

A Cross-sectional area of control volume normal to the flow
m2

Ay Cross-sectional area of the ring m?

Ay End-gap area of the incomplete ring m>

A, Real contact area between ring and liner m?

Cq Flow discharge coefficient

c Sutherland’s number kgm~'s 'K ~%°

E Equivalent (reduced) Young’s modulus of elasticity N/m?>

E; Young’s modulus of elasticity of the liner material N/m?

E, Young’s modulus of elasticity of the ring material N/m?

fr Radially applied force on the ring per unit length N/m

fm Compressibility factor

i Tangentially applied force on the ring per unit length N/m

G Shear modulus of ring material N/m?

h Lubricant film thickness m

h; Ring face axial profile m

h; Width of the channel m

I Second area moment of inertia m*

K Stiffness matrix N/m

l Connecting rod length m

L Land height m

M Mass matrix kg

p Contact pressure distribution Pa

Pam Atmospheric pressure Pa

Pp Downstream pressure Pa

Py Upstream pressure Pa

R Gas constant Jkg 'K !

Ry Ring nominal radius m

r Crank pin radius m

T Piston top land temperature K

Ty Upstream temperature K

To Reference gas temperature K

t Time s

U Sliding velocity m/s

u Radial deflection m

Wq Asperity contact load N

Wy Hydrodynamic contact load N

w Circumferential in-plane deflection m

Greek symbols

o Atmospheric pieso-viscosity coefficient m?/N

Bo Atmospheric thermo-viscosity coefficient

Y Thermal expansion coefficient for the lubricant K*

Vs Ratio of the specific heats

S Pressure induced localised (Hertzian) defection m

A Global elastic deflection m

A0 Discretised interval in the circumferential direction rad

¢ Coefficient of asperity shear strength

n Lubricant effective dynamic viscosity Pa. s

1o Reference dynamic viscosity of gas Pa. s

g Gas dynamic viscosity Pa. s

(2 Circumferential angular position along the ring periphery
rad

K Average radius of curvature of asperites m

A Stribeck lubricant film ratio

Vi Poisson’s ratio of the liner material

2 Poisson’s ratio of the ring material

& Density of asperity peaks per unit area 1/m?>

p Lubricant density kg/m>

Po Lubricant density at atmospheric conditions kg/m?>

Pa Ring material density kg/m>
Combined RMS surface roughness m

T Viscous shear stress N/m?

7o Characteristic Eyring shear stress N/m?

® Angular radiancy rad/s

Subscripts

g Combined

ip In-plane

op Out-of-plane

Abbreviations

1D One-dimensional

2D Two-dimensional

AFM Atomic force microscope

BDC Bottom dead centre

CDA Cylinder de-activation

FDM Finite difference method

FE Finite element

FEA Finite element analysis

ICE Internal combustion engine

RMS Root Mean Square

TDC Top dead centre

Although ring-bore conformability analysis was carried out in some
of the above mentioned analyses, the approach was mostly quasi-static,
not taking into account the elastodynamics of the thin compression ring
under transient conditions, with modal responses in the radial direction
(in-plane dynamics) and in the axial direction of the bore (out-of-plane
ring dynamics). Baker et al. [20-22] were able to show considerable
improvements in numerical predictions through progressive improve-
ments to their elastic ring model, culminating in a 3-dimensional elas-
todynamic ring. In fact, it has also been shown that ring dynamics plays
a significant role in affecting engine oil consumption, oil degradation,
piston ring and liner wear, blow-by, and unburnt hydrocarbon products
as well as friction [16,20-22]. The frictional and wear performance can
have implications on the coated surfaces for these conjunctions [23].
Piston ring-cylinder liner friction and wear can also cause unstable idle
speed in engines due to any gas leakage [24]. Tian et al. [16] also
numerically verified the experimental results of Furuhama et al. [25] for
the top ring flutter under high-speed, low-load operating conditions.
Namazian and Heywood [26] showed that reduced ring friction can also

lead, not only to ring flutter, but also ring jump with associated loss of
chamber pressure. Therefore, ring dynamics is related to conjunctional
friction (as one of the boundary conditions), resulting in power loss,
blow-by and associated unburnt hydrocarbons at the piston ring crev-
ices. Baker et al. [27] also took into account the effect of ring dynamics
in ring jump, loss of chamber pressure and blow-by. Other studies,
taking into account the effect of ring dynamics, include that of Ejakov
et al. [28] who presented the flexibility of the ring in a gas blow-by
model using flexible dynamics of a straight beam as an approximation.
Tian [29,30] also developed a finite element model of a curved beam in
their study of gas blow-by, oil transport and ring-liner lubrication.
Therefore, clearly, Ring dynamics can significantly affect the tribolog-
ical behaviour of the contact through variations in the contact load,
contact geometry and kinematics. Therefore, a better understanding of
the dynamics of piston compression ring dynamic is a prerequisite for a
more accurate power loss analysis. Reasonable agreement between nu-
merical predictions and experimental measurements of piston
compression ring frequency response was observed by Turnbull et al.
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Fig. 1. (a) 3D representation of the flexible piston ring model and (b) schematic representation of the control volumes in the gas blow-by model.

[31] using various frequency sweeps. The model was later developed
into a generic equivalent mass and stiffness matrix method which
directly embedded the effect of ring curvature for a variety of boundary
conditions [32]. The reported method increased the accuracy of pre-
dictions when compared with experimental measurements, capturing
higher order frequency responses, not observed previously.

Accurate prediction of piston ring behaviour relies on complex and
integrative analysis of ring dynamics, structural deformation, tribolog-
ical contacts, lubricant rheology, gas flow dynamics, heat generation
and flow through ring-piston ring-land crevices. Such an approach is
essential in the trade-off between ring frictional losses and power losses
due to loss of sealing, which is the integrated approach presented in this
paper, and not hitherto reported in the open literature.

2. Methodology
2.1. Tribological model

Piston ring-cylinder liner lubricated conjunction is modelled using
two-dimensional Reynolds’ equation for a compressible piezo-viscous
lubricant as:

9 (01 00\ | 0 (o 0p _0lpUR) __, o) W
Ox \ 61 ox dy\6n dy)

Ox ot

where, p, 1, h, p, U are the lubricant density, dynamic viscosity, film
thickness and shape, generated contact pressure distribution and the
sliding velocity. Any side leakage of the lubricant in the lateral
(circumferential direction of the bore) is ignored, owing to the low
lubricant flow through the conjunction. Therefore, the lubricant film
thickness varies in a transient manner in an engine cycle as:

h(x, y,1) = hy(t) + hs(x) + A(y, 1) + 6(x, ¥, 1) (2

Therefore, the lubricant film thickness is a function of ring face-

width profile, h;, and the global (elastic/structural) deflection of the
ring, A, and any pressure-induced localised (Hertzian-type) deflection of
the ring-liner interface, 5. The in-plane ring dynamics affects the mini-
mum film thickness, h,, through . Mishra et al. [11,12] showed that the
pressure-induced localised deformation, &, is usually negligible in
typical gasoline engine road vehicles due to relatively low to medium
range hydrodynamic contact pressures of the order of few tens of MPa
between the ring and the liner.

The overall sliding velocity of the compression ring equates the
piston velocity regardless of small ring flutter within the piston groove.
Thus, the sliding velocity can be determined using piston kinematics as
[33]:

2 -

where, r, I, ¢ and w are the crank-pin radius, the connecting rod length,
crank angle and the crankshaft angular velocity respectively.

Lubricant density and dynamic viscosity alter with generated pres-
sure and temperature. The density variation with pressure and tem-
perature is given by modified Dowson and Higginson [34] relationship
to include temperature [35]:

6 x 1071°(p — P,yy)
1+ 1.7 % 10°(p — Pam)

p=p, |1+ [1-4(T —Tv)] @

where, p, and y are lubricant density at atmospheric conditions and the
coefficient of thermal expansion of the lubricant. Houpert [36] proposed

a relationship for lubricant dynamic viscosity variation with pressure
and temperature, based on the original work of Roeland [37]:
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Fig. 2. Flow chart of the integrated analysis method.
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Table 1

Engine and lubricant specifications.
Parameter Value Unit
Compression ring material Steel -
Liner base material Steel -
Lubricant density at 110°C 806 kg/m?
Lubricant viscosity at 110 °C 10 mPa.s
Coefficient of thermal expansion 6.4x107* K!
Pressure-viscosity coefficient 2x1078 pa’!
Temperature-viscosity coefficient 0.04 K!
Surface roughness parameter (ko) 0.00369 -
Roughness slope parameter (¢ /) 0.0854 -
Coefficient of asperity shear strength 0.17 -
Young’s modulus of the liner 203 GPa
Poisson’s ratio of the liner 0.3 -
Young’s modulus of the ring 203 GPa
Poisson’s ratio of the ring 0.3 -
Ring face-width 1.15 mm
Ring radial thickness 3.5 mm
Ring end gap size (free ring) 10.5 mm
Ring material density 7850 kg/m?

—So z
Mo T—-138 P — Pam

= In| — —_— 1+——) -1 5
=M eXp{ n(%) KTO 138 e, (5)
where, 7, is the lubricant dynamic viscosity at atmospheric conditions.
Constants 57, and C, are 6.31 x 10 > Pasand 1.98 x 108 Pa respectively,
whilst the lubricant piezo-viscosity and thermo-viscosity indices are
determined as:

C, _Bo(To — 138)
ol
e e
where, ag and f, are atmospheric piezo-viscosity and thermo-viscosity
coefficients.

Once the pressure distribution is determined through Reynolds
equation, the hydrodynamic load carrying capacity can be determined

as:
W, — / / D dA @)

The lubricant film thickness decreases during piston reversals with
diminishing sliding velocity and the rate of entrainment of the lubricant
into the ring-bore conjunction. This momentary cessation of lubricant
entrainment means that the conjunction is subject to mixed or boundary
regime of lubrication, where some of the load is carried by the direct
interaction of asperity peaks on the counter faces (the ring and the liner).
Assuming a Gaussian distribution of asperities height for a out-in engine
cylinder on the cross-hatched surface plateau, then asperity contact load
can be predicted using Greenwood and Tripp [38] model as:

162 ,
W, = {,,@m)z\/% AFs(3) ®

1

where, &, k and o are the asperity distribution per unit contact area, the
average asperity tip radius of curvature and the composite surface
roughness of the contiguous surfaces. The Stribeck’s lubricant film ratio,
A, is defined as 2 = h/c. A is the apparent contact area and Fs), is a
statistical function of lubricant film ratio approximated by a fifth order
polynomial as [39]:

: ford > A, =2.224 ©
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0

Fa(2) = {—0.0018/15 +0.02814* — 0.17284° + 0.52581% — 0.80431 + 0.5003; for A < A, = 2.295
h(4) =

The effective (equivalent) Young’s modulus of elasticity of the con-
tact pair, E, is obtained, based on moduli of elasticity and Poisson’s
ratios, v, of the two surface materials as:
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Fig. 5. The measured cylinder pressures at various engine speeds for the
Honda CRF450R.

lzl—vf 1—v3

E E, E,

(10)

where, subscripts 1 and 2 refer to the cylinder liner and the piston
compression ring respectively.

The generated contact friction comprises viscous shear of thin
lubricant film and boundary friction as the result of interactions of
asperity pairs protruding out of the thin lubricant film. Therefore, the
total friction becomes:

fo=h+ 1 an

Boundary friction is evaluated using [38]:
fo=10A, + W, (12)

where, 7 is the limiting Eyring shear stress of the lubricant, beyond
which non-Newtonian tractive behaviour occurs [40,41], and ¢ is the
coefficient of asperity shear strength measured using an atomic force
microscopy (AFM) in lateral force mode [40,42]. The real area of contact
area (as opposed to the apparent area of contact A) A,, represents the
effective asperity contact area as:

A, = 1 (£k6) AF, () 13)

where, F, is a statistical function of the Stribeck lubricant film ratio, A,
and is fitted to a 5th order polynomial [39] as:

; ford > 1, =2.295 a4

Viscous friction occurs for the wetted part of the contact area due to
hydrodynamic shear as:

fi=(A-A,) (15)
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The viscous shear stress of the lubricant, 7, varies with contact
pressure as well as lubricant viscosity and film thickness [14]:
1:‘ig€p+vg‘ (16)

Friction generates heat in the contact area which supplements the
heat due to combustion. These heat sources increase the temperature of
the contacting surfaces; liner and the ring, as well as the lubricant film. A
fairly detailed thermal model is required. Morris et al. [43] reported a
thermo-mixed lubrication analysis of the piston ring conjunction, using
a control volume thermal network model for the compression
ring-cylinder liner conjunction. They showed that the contact temper-
ature is primarily controlled by the cylinder liner temperature with only
a few degrees temperature rise due to viscous and boundary contact
friction. This finding is confirmed by the experimental and numerical
analysis of others [44,45]. Therefore, the contact temperature is taken as
that measured from the cylinder liner surface by Furuhama et al. [46] for
a small engine, representative of that studied in the current study.

2.2. Gas blow-by model

The combustion gases flow into the crevices between piston ring,

piston grooves and the cylinder liner as the cylinder pressure rises.
Following the method presented by Baker et al. [22], a thermal flow
control volume method is used to predict the mass flows through the
boundaries of each crevice (Fig. 1).

The generated contact pressure for the piston ring is determined by
the trapped mass behind the ring (i.e. the control volume B). The mass
flow rate through each crevice can be modelled assuming a laminar
isothermal flow through an equivalent narrow channel. The flow rate
through the incomplete circular ring end-gap can be evaluated by a
laminar flow through an equivalent orifice. Namazian and Heywood
[26] verified experimentally that Reynolds number is relatively low in
these crevices (Re ~ 10). Therefore, the laminar flow assumption is
valid for the gas blow-by problem. Therefore, the mass flow rate from
the combustion chamber to the control volume A (Fig. 1) can be
approximated as [14,50]:

AR

_ 2 p2 17
m 24[1 ﬂgRT( Ch A) ( )

where, m; is the mass flow rate between the control volumes A and B.
Parameters h;, [; and A; are the width, the length and the cross-sectional
area normal to the flow of channel respectively. R, is the ideal gas
constant and upstream temperature, T, is approximated to the piston
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top-land temperature. Namazian and Heywood [26] showed that the
temperature of the gas flow in crevices is only a few degrees higher than
that of the contiguous boundary surfaces. P4 and Pj are the gas pressures
in the control volumes A and B respectively. The viscosity of the gas, 7.,
is evaluated as [47]:

(T +0) (T)yz

=My \n,

(18)

where, 7, is the dynamic viscosity of the gas at the reference tempera-
ture, Ty, and the constant C is the Sutherland’s number, described in
Ref. [48].

The mass flow rate through the ring end-gap is estimated assuming
an isentropic flow through an equivalent orifice [47], thus:

Py

.e =CA m
Meg dflg RT,

19)
where, Cyq and A; are the coefficient of discharge and the ring end-gap

area respectively. The orifice upstream temperature, Ty, equals the
temperature of the control volume A. The compressibility factor, fp,

varies with the upstream pressure, Py, downstream pressure, Pp, and the
ratio of specific heats, y, [26,47]:

V‘+|
yj( 2 )-(/:’l)’ & N
7s+1 Py

7

< 2 )(h’”
v+l

S = 2 . (20)
[Zen)
0.85 70.25<P£> L < 2 ) ‘
PU PU Ys + 1
The coefficient of discharge, Cg, is given as:
P 2
C,=0.85-0.25 (—D> (@3]
Py

Fuel energy is transformed into mechanical power in an internal
combustion engine. Some of this power is dissipated in the form of
friction and heat at the piston rings’ conjunctions with the cylinder liner
and partly through the work done in compression of combustion gases in
the various crevices. For isentropic flows, the specific work done per unit
mass on the compressible gas, Wy, can be approximated as [49]:
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This specific work is associated with the power losses as:
Pi=mW, (23)

where, the mass flow rate due to gas blow-by, m, is the flow rate of the
gases as they flow from upstream to downstream pressure.

2.3. In-plane elastodynamics of compression ring

Lang [50] described the equations of motion for small deformations
of curved beams as:

EzIz 03W 0414 E2A2 ow _ 0214
R (W*ﬁ e Tt oe) T @4
E>)A, ou  *w EL (@w Ju _ Pw
R (7%+aez)+ R (002+aa3 =PAse @)

where, p,y, I, A2, Ry and 0 are the piston ring material density, the
second area moment of inertia, the cross-sectional area of the ring, the
ring radius of curvature and the angular position along the ring
circumference respectively. fz and f, are the radially and tangentially
applied in-plane forces acting radially on the piston ring. Deflections u
and w act in the radial and circumferential in-plane directions.

The following assumptions apply to the compression ring in-plane
radial dynamics:
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e The effect of rotary inertia and shear deformation are negligible.

e The cross-section of the ring is invariable along all its periphery.

e The centreline of the ring follows either a full circle or a circular arc.
o Free-free boundary conditions are applied to the ring segment.

Equations (24) and (25) are discretised using the central finite dif-
ference method (FDM) [32]. The in-plane dynamic model is detailed and
validated with experimental measurements in Turnbull et al. [32].

2.4. Method of solution

Three models are utilised in an integrated multi-physics manner in
the current investigation. The first model (rigid-body ring dynamics
model) deals with the tribology of piston compression ring-to-cylinder
liner conjunction. This model assumes rigid body ring dynamics with
the gas pressure acting behind the inner rim of the ring to be the com-
bustion chamber pressure. In this model, the film thickness for each
crank angle is obtained by considering the forces applied on the ring as
well as the ring inertial force in the radial direction. The second model
(flexible ring dynamics) removes the assumption of the rigid ring by
including elastodynamics of the flexible ring, coupled with the tribo-
logical investigation. Thus, in this method, the ring circumferential
shape and subsequently the gap between the ring and the liner can be
determined through use of elastodynamics Equations (24) and (25). The
third model (flexible ring dynamics and compressible gas flow) uses
realistic gas pressures behind the ring, using a gas blow-by model,
including the flexible ring dynamics as well as the tribological ring-liner
interfacial model. The solution is depicted in the flowchart of Fig. 2.

3. Results and discussions

The overall multi-physics model comprises ring dynamics and its
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structural modal behaviour, as well as tribology of ring-liner contact and
the associated gas blow-by. Thermal effects are included in lubricant
rheology as well as the compressible gas flow. Frictional heat generation
and transfer through the ring-cylinder liner contact is neglected (note
that the liner measured temperature is used for the analysis). Gas flow
and its compressibility in the crevices consume a small portion of the
fuel energy. This effect has not been investigated in the studies of power
loss of this conjunction.

This paper makes a comparative study of the three methodologies: (i)
with rigid-body ring dynamics, (ii) with flexible ring dynamics and (iii)
with flexible ring dynamics and compressible gas flow. The predicted
power loss is validated with the measured results from a motored engine
test.

A single-cylinder, four-stroke, spark-ignition (SI) Honda CRF450R
motocross motorbike race engine was used by Gore et al. [51,52] in a
dynamometric test using an Oswald 250 kW transient dynamometer.
The experimental setup and calibration are detailed in Gore et al. [51,
52]. Experimental measurements were reported under motored and
fired engine conditions. It was possible to isolate the power losses spe-
cific to the compression ring conjunction under motored condition. In
this case a slightly oversized piston (reduced nominal clearance) was
used in the tests carried out without the presence of the compression
ring (the engine has 2 rings, one compression and the other an oil control
ring) In the configuration used, friction was measured directly using a
floating liner [51,52]. The motored engine results are used to validate
the current analysis. Engine specifications for the motored conditions
are given in Ref. [51]. After validation of the methodology, the com-
bined multi-physics approach is used to predict the power losses of the
compression ring for the fired engine conditions as the compression ring
cannot be removed under fired conditions. Engine specifications for the
fired engine conditions are provided in Table 1.

3.1. Validation of numerical methodology (motored engine conditions)

Simulations are carried out for the cases of ring rigid-body dynamics,
flexible ring elastodynamics and a flexible compression ring with
compressible gas flow. For all these analyses the motored engine data
from Gore et al. [51,52] is used. The predicted minimum film thickness
is shown for these various scenarios in Fig. 3a. The horizontal lines in the
figure demarcate the boundaries for hydrodynamics (4 > 3), mixed
regime of lubrication (1 < 1 < 3) and boundary regime of lubrication
(4 < 1). The piston compression ring undergoes hydrodynamic regime of
lubrication for a large part of the engine cycle. Asperity interactions
occur at piston reversals (particularly at the top dead centre) due to a
reduction in lubricant entrainment into the conjunction. The associated
friction indicates that boundary interactions take place at the top dead
centre in the combustion (power) stroke (Fig. 3b). Contact pressure is
distributed more uniformly for the flexible ring and there is a rise in the
minimum lubricant film thickness. Therefore, boundary friction is
marginally mitigated with a flexible ring.

Gas flows through the piston ring to piston crevices before it settles in
the piston groove. Gas pressure behind the compression ring differs from
cylinder pressure due to its compressibility and temperature variations
near the surfaces. This effect has not hitherto been taken into account in
the open literature and constitutes one of the original contributions of
the current study. Thus, the predicted boundary friction is noticeably
decreased after the inclusion of gas blow-by effect (Fig. 3b). Similar
trends are observed for the predicted power losses of a flexible ring and a
flexible ring with compressible gas flow (Fig. 3c). The contribution of
flexible ring to power losses is significant during an engine cycle. Gas
compressibility effect noticeably affects the power loss during the
compression stroke.

Boundary friction accounts for approximately 30% of the power
losses and mainly resides around the top dead centre in transition from
the compression to combustion stroke (Fig. 3b). Therefore, the predicted
and measured frictions are analysed between —45 and 45° crank angles
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(Fig. 4a). The results show the significance of the multi-physics
approach in studying piston ring problems. The rigid-body model
over-estimates the frictional losses by two folds. As the complexity of the
model increases through inclusion of ring flexibility and gas blow-by,
the predictions converge to the measured friction from motored en-
gine by Gore et al. [51]. Frictional losses are divided into before and
after top dead centre regions in compression and power strokes (Fig. 4b
and c). Contact pressure and lubricant’s speed of entraining motion play
significant roles in generated friction. Gas blow-by model suggests that
contact pressures are lower before top dead centre. Thus, there is good
agreement between the predicted and measured frictional losses. The
deviation for the region past the top dead centre reversal is larger due to
contact thermal effects. Numerical errors can be improved using a heat
transfer model.

It is clear that the more detailed multi-physics model, including ring-
liner tribological conjunction, elastodynamics of a flexible compression
ring and compressible gas flow, provides more realistic predictions and
conforms better to the experimental measurements of Gore et al. [52] for
motored engine conditions. The results can be considered as a good
validation of the integrated multi-physics methodology, which can be
used to provide prediction of piston compression ring performance,
which is quite difficult to isolate experimentally under the fired engine
conditions.

3.2. Fired engine results

As it has been already noted, ring flexibility and gas blow-by
significantly improve the accuracy of numerical predictions. The
harsher operating conditions of fired engines suggest that friction and
gas flow power losses may be quite comparable. Thus, the overall in-
tegrated model, comprising tribology of ring-liner conjunction with
elastodynamics of the flexible ring and gas blow-by analysis is extended
to fired engine operating conditions. Fig. 5 shows the measured cylinder
pressures at various engine speeds for the same Honda CRF 450R using a
Kistler 6081A40 probe by Dolatabadi et al. [53].

Mixed regime of lubrication occurs during piston reversals and
especially during the combustion stroke due to the reduced sliding ve-
locity and increased contact load, resulting in the reduction of the
minimum film thickness (Fig. 6a). Lubricant film thickness increases
with engine speed except during the combustion stroke as the piston
approaches the mid-stroke from the top dead centre. Contact pressures
are comparable for all engine speeds during large parts of the engine
cycle. However, contact pressure during the piston reversal at the
combustion stroke is noticeably lower at 3000 rpm in comparison with
the other engine speeds. Therefore, the lubricant film can reform
quicker. At 4000 rpm engine speed, lubricant film is thinner than the
film at 3000 rpm due to the contact pressure effect. This trend reverses
as engine speed increases above 4000 rpm. This behaviour demonstrates
the careful balance needed between contact pressure and entrainment
velocity. A sudden reduction in the film thickness appears during the
maximum cylinder pressure.

Ring deflection (an intrusion toward the cylinder liner) at the loca-
tion of the minimum film thickness is evaluated for various engine
speeds (Fig. 6b). Fig. 6b suggest that ring deflection is comparable with
the lubricant film thickness at the top dead centre and into the com-
bustion stroke. This finding confirms that lubricant squeeze action is
largely affected by ring flexibility.

A comparison between the results of the motored and fired engine
conditions suggests that friction plays a significant role during the
combustion stroke (Fig. 7a). During this part of the engine cycle, the
regime of lubrication is mixed. The possibility of wear increases with the
cessation of lubricant entrainment velocity during piston reversals and
the power loss is exacerbated in these regions (Fig. 7b).

Fig. 8a shows the variation of power loss with engine speed. Power
loss increases approximately by 82 W per cycle with the speed ramping
up from 3000 to 6000 rpm. Gas flow and compressibility in piston and
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piston ring crevices consume a part of the engine power (Fig. 8b). The
combined analysis of frictional and gas power losses has not been re-
ported hitherto using a flexible ring tribodynamics model. Gas power
loss is up to 6 times larger than frictional power losses under fired
operating conditions.

The energy associated with the in-plane deformation of the
compression ring is averaged during an engine cycle (Fig. 9a). The
dissipated energy is noticeable over multiple engine cycles during the
lifespan of an internal combustion engine. Energy associated with
deforming the ring could be conceptually harvested [54] and utilised in
a power recovery system or for powering local sensors to monitor the
piston system.

4. Concluding remarks

The paper reports on comparative studies of three compression ring
models with increasing levels of complexity: (i) ring rigid-body dy-
namics, (ii) flexible ring dynamics and (iii) flexible ring model encap-
sulating gas blow-by. The contact conjunctional analyses of ring-bore
are identical in all scenarios. The motored engine analyses suggest that
the multi-physics nature of ring problem is fundamental to accurate
prediction of friction and power losses.

The numerical predictions show that the compression ring remains in
a mixed regime of lubrication during the transition from the compres-
sion stroke to the combustion stroke. The boundary friction contribu-
tions are significant before the top dead centre reversal and into the
power (combustion) stroke as well as at piston reversals. Lubricant film
sufficiently separates the surfaces in all mid-strokes, where the hydro-
dynamic regime of lubrication is dominant. Gas flow power loss can be
up to six times greater than frictional losses in fired engines, caused by
ring elastodynamics. This is an important original finding, not hitherto
reported in literature.

Ring deflection and the minimum film thickness are comparable at
the top dead centre of the combustion stroke. The associated energy and
power loss to the in-plane ring deformation is evaluated, showing a
significant increase in energy levels with engine speed. These findings
show that the influence of flexible ring dynamics and gas blow-by on
contact geometry, lubricant squeeze film action and friction prediction
cannot be neglected.

Future improvements of the predictions would be possible provided
the effects of lubricant starvation, film reformation and contact thermal
effects are considered. The current study is focused on frictional losses
and this model can be used to include the piston ring elastodynamics and
gas blow-by in an accurate manner in the prediction of fuel economy,
thermal effects and emissions. It would be interesting to experimentally
verify the model outputs further using monitoring other performance
parameters of an engines including emissions.
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