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Abstract. Of great concern for the automotive industry is the power lost to friction in the reciprocating
components, in particular at the piston ring/liner contact. The piston rings seal the space between the
piston and the liner, and act essentially as slider bearings subject to alternating motion. The numerical
assessment of the ring/liner contact is very challenging due to the dynamical interaction of the ail film
with the elastic rings, and the significant effect of cavitation and starvation phenomena. |mportant prece-
dents can be found in the work of Priest and coworkers (e.g.; Proc. Inst. Mech. Engrs. 214:435-447,
2000).

In this article we report, to our knowledge for the first time, numerical simulations of the piston-
ring assembly along a full engine cycle with a conservative formulation that is not restricted to one-
dimensiona configurations. We consider redlistic applied loads on the rings, the actual crankshaft-
connecting rod kinematics, and study both untextured and striated liners. It is shown that the rings
dynamics is strongly affected by starvation along the downwards strokes of the piston (intake, blow),
leading to solid-solid contact of the compression ring. The effect of both transverse and oblique stria-
tions on this dynamics is assessed. The former induces an unstable behavior of the wiper ring, while the
effect of the latter is more benign and indeed brings improvement at some parts of the cycle.

A brief discussion on the work that is still needed to accurately compute ring/liner lubrication is
included as closure, with emphasis on the pitfalls of available mathematical models and on the numerical
difficulties involved.
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1 INTRODUCTION

Of great concern for the automotive industry is the powet togriction in the reciprocat-
ing components, in particular at the piston ring/liner emtt The piston rings seal the space
between the piston and the liner, and act essentially asrdlielarings subject to alternating
motion. Comprehensive theoretical modeling of piston hfgication has been undertaken by
Priest(1996); Priest and Dowso(iL999 2000; Priest(2000.

Ongoing research aims at finding surface textures that nueitime friction losses at the
ring/liner contact. This is certainly related to the moradamental question of whether the
friction of a slider bearing can be reduced by texturing thidase. Pin-on-disk and other ex-
perimental tests have been conducted in several studiesg(geUehara et al(2004); Wakuda
et al.(2003; Yagi et al.(2008; Yu et al.(2010; Zum Gahr et al(2007), of which some have
given evidence of friction reduction, mainly in the mixedbfication regime. On the theoretical
side, some authors have modeled the problem using the Riydmundary condition at the
cavitation boundaries. This boundary condition does naseose mass, and though in some
cases it provides acceptable accuracy, it fails miserabohgany cases of interest, in particular
when the surfaces are textured. This was first pointed otusas et al(2009h, and more
recently further elaborated upon Ryu and Khonsar{2009

The assessment of the hydrodynamics of ring/liner contastitequires physically sound nu-
merical models. In principle, the (multifluid) Navier-Stxkequations with free surfaces should
be solved, but this is far beyond current capabilities. Alsvkeeping in mind its limitations
(Dobrica and Fillon2008, the Reynolds-equation-based model with Jacobson-FjeD&sson
boundary conditions, in the formulation introduced by Blemd Adams (Elrod-Adams model
hereafter), is the best available candidate. Piston rimgilsitions based on the Elrod-Adams
model with moving textures in the dynamical case have nobgen reported in the literature.
Our purpose here is to adapt the algorithm proposedusas et al(20093 to the piston ring
case, and perform simulations under conditions correspgrid an automotive engine at 2000
rpm.

2 MODELING
2.1 Geometrical model

We consider the configuration shown in Fifj. Three rings are in contact with the liner,
namely the compression ring (ring 1), the wiper ring (ringaRg the oil ring (ring 3). The
surface of the liner is developed along the— x5 plane,z; being the axial direction (coinci-
dent with that of the piston motion) and the circumferential one. The curvature alongis
neglected, in view of the large ratio between the circunmfeedength and the piston/liner gap
thickness.

It is assumed that the rings are only allowed to move alengheir positions being pa-
rameterized by/,, Z, and Z3, respectively. The origin of th&;’s is chosen so that; = 0
corresponds to the ringtouching ther; — x5 plane.

Each ring has some given profile,(z1, z2) (: = 1,2, 3), which as a result of the definition
of the Z;’s satisfymin,, ,,) hi(x1,22) = 0. The actual profiles considered here are shown in
Fig. 2.

The liner is assumed to coincide with the — x5 plane 3 = 0) when it is smooth (untex-
tured). In the textured case, it is given by some functign= —hy(x1, 25) < 0. We consider
here texture patterns inspired from striated surfacesiwduie frequently found in liners. They
are idealized as parallel striations of depthnd widthg, which repeat periodically with period
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Figure 1: Scheme of the piston/cylinder system.

Figure 2: Profiles of the rings.
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A. These striations form an angjewith the direction of motion;. This is the case that will be
denoted hereafter as “simply striated”. The second cassistsrof combining two equivalent
simple striations, of the same characteristics, at angteand—~. It will be denoted as “cross
striated”. In any of the cases, the problem becomes periadig, so that in the simulation
only one period is considered,< z, < B, with suitable boundary conditions at = 0 and
To = B.

The piston follows a motion given by, = ¢(t), corresponding to the classical crankshaft-
connecting rod mechanism. Assuming inertial forces alongo be negligible, we adopt a
frame of reference that moves with the piston. The rings thesupy fixed regions of the
r1 — oo plane, that we denote b, and that in fact are bands parallel to theaxis. More
specifically, ring numbef occupies the region;, < z; < b;. Outside of the rings’ positions
the gap between piston and liner is assumed uniform of tlessn(notice that this implies, in
particular, that the piston is centered and aligned withcthieder, which constitutes of course
an idealization).

Under the assumptions above, the gap between the pistgassembly and the liner is given
by

hi(x1 — ¢(t), x9) + hi(x1, x2) + Z;(t) If a; < a1 < by
M1, 72,8) = { hLExl — qbgtg,xz; +e | ) " otherwise (1)

The piston displacement(¢) that we consider here, together with the relative velocéy b
tween piston and cylinder(¢) (which due to our choice of reference frame equadg(t) are
depicted in Fig. 3 as functions of the crank angte = wt, wherew stands for the angular
frequency (in rad/s for example) of the crank.
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Figure 3: Displacement of the piston and relative velocity.
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2.2 Forces on therings

The dynamics of the rings is governed by the forces actindgiemtalong the:s-direction.
These forces are originated on four different physical mams, as described below.

Thepre-stress forceomes from the elastic response of the ring to the deformageded to
make it fit into its placement. It points outwards (i.e.; aonrs) and can be assumed constant.
We denote byV?” its valueper unit length along:;. The values adopted here &§” = —325
N/m, W5* = —290 N/m andW?* = —704 N/m.

The gas-pressure forceriginates from the leakage of cylinder pressure throughtirrow
gaps that exist between the rings and the piston. It maifdetsf ring 1 (compression ring) but
also has some effect on ring 2 (wiper ring). This is a timeesejent force for which we adopt
the valuesyger unit length along:,)

WP (1) = —0.9 x 107°m x p.(t), WP () = —0.5 x 107*m x p.(t), Wi (t) =0

where the cylinder pressupe(t) is shown, as a function of the crank angle, in Fg.
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Figure 4: Pressure in the cylinder as a function of the cragjtea

Thehydrodynamic forceriginates from the pressupéz, , -, t) that develops in the oil film
between the ring and the liner. Its value per unit length @lonis given by

1 b B
Wih(t) = E/ /o p(x1, 29, t) dy das (2)

The pressure fielgg comes out from the hydrodynamic model that is described ennxt
subsection.

Thecontact forceoriginates from the direct contact between the asperitissosurfaces. It
is given by

1 b; B
Wz’c(t) = E/ /0 pcon(l’l, Za, t) dry dxo (3)

For the contact pressung.,, we adopt the Greenwood-Williamson mod&réenwood and
Williamson, 1966, more specifically the expression provided Bgnayi and Schoci008.
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The contact pressure is thus calculated as

* Cl+CQ§+C3Z—§ .
FE 07 |:CG + exXp (W)} if h < 4o

0 otherwise

(4)

Pcon =

whereE™ is the combined Young modulus of the two surfaeeis, the composite rms amplitude
of the roughnesso( = /0?7 + 02), and the constants take the valugs= —0.48347, Cy, =
—1.65118, O3 = 0.06043, Cy = —0.19256, C5 = 0.01610, Cs = —3.50796 x 10~% and

Cr; = 161\5/5 T (nﬁa)z\/g

with 7 the asperity density and the asperity radius of curvature. In the cases we consider
C7 = 0.64892, E* = 10" Pa andr = 0.14 microns.

From the above considerationsyif, is the mass of ring#i per unit length, then the dynam-
ical equations for the rings’ displacements read

d*Z;

M

= WP(t) + WP() + W E) + W) (5)

for i = 1, 2 and 3. This is supplemented with initial conditions fgrand Z att = 0. For
the model to be in closed form it only remains to explain thiewdation of the hydrodynamic
pressure.

2.3 Hydrodynamics and cavitation modeling

We adopt here the well-known Elrod-Adams modelr¢d and Adams1974), which incor-
porates into a single formulation Reynolds equation forgressurized region and Jacobsson-
Floberg-Olsson boundary conditions. This model is mass&wmng, which as shown jusas
et al.(2009D is essential for obtaining physically meaningful resuitkibrication problems in-
volving textured surfaces.

The model postulates the computation of two fiejdand#, which correspond to the hydro-
dynamic pressure and an auxiliary saturation-like vaeiatdspectively, which (weakly) satisfy
the equation

h3 u(t) OhO O hb
V@ﬁ@—z%+m ©)
under the complementarity conditions
p >0 = 0 =1
6 <1 = p =0 (7)
0<0 <1

wherey is the viscosity of oll.

This model has been analyzed to great extenBbyada and Chamb&1986; Bayada
et al. (1990, and it has been shown that leads to well-posed problemsvieral physically-
meaningful situations. For the piston ring/liner contaet assume that the oil-film thickness
is known (and constant, equal #g;) far away from the ring assembly. This amounts to im-
posing thatd) = dg/h at the boundary of the computational domain. More precisély
the computational domain correspondsite < z; < zy,, then whenu(¢) > 0 we impose
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9(1’14, X, t) = don/h(l'lg, Ta, t) and Whem(t) < 0we impOSEﬁ(QJlr, Ta, t) = do”/h(l'lr, X2, t)
For brevity, we denote
xy ifu(t) >0

7y (1) = { x1,- ifu(t) <0 (8)

As already said, the boundary conditions alang= 0 andz, = B are defined so as to enforce
the proper periodicity in that direction. An initial conigdit for ¢ is also provided.

As a consequence of the previous model, at each instant thaidspontaneously divides
into a pressurized regio®), wherep > 0, and a cavitated regiof)’, where the film is not
full (& < 1). At the boundary betweet™ and2°, the so-called cavitation bounda¥y, the
Elrod-Adams model automatically enforces the mass-ceatien condition

h3 u(t) R
— h=—>=(1—0)hn-1 9
12”Vpn 2( Yhn-i (9)

wheren is the normal ta- (oriented outwards frorf2®) and: is the unit vector along;. In
particular, the saturation fieilturns out to be discontinuous at those partSethereu(t)n - i
is positive (reformation boundary).

If the gap thicknes# is discontinuous at the cavitation boundary, which is ottem case
in the textured case, E® does not hold. However, the Elrod-Adams model considereal as
conservation law,p + V - J = 0, with ¢ = h 6, remains in general well-posed and provides
a physically-meaningful solution (the theory is somewhagmented and does not cover all
possible conditions, but sufficient evidence exists tolgassume well-posedness under initial
and boundary conditions that make physical sense).

2.4 Friction losses

The friction force per unit width is given by

1 [ (B t)g(l 0
Fy = E/ / <% + Sha—p + NSpcon> dzy dzy (10)
a; 0 1

where the functiory(0) is taken either as a switch function(¢) = 1 if 6 = 1, otherwisey = 0)
that neglects any friction in the cavitation region, or a®atmuous function that accounts for
streamers¢(#) = #). We denote by, ; the friction force computed with the streamers version
of g.

The friction coefficient then results from

F;

(11)

2.5 Adimensionalization and final equations

We consider an adimensionalization of the equations basdtdefollowing fundamental
scales:

Quantity Scale| Adopted value
Velocity U 10 m/s

Length L lcm

Gap thickness H 1pum
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These scales, together with the viscosity of the oil, assliméey = 0.004Pa-s lead to the
following derived scales for the different quantities

Quantity Scale | Adopted value | Name

T, To L 1072 m

t L 103s time

h H 107°m gap thickness

Z; H 107°m ring’s radial position

D, Peon UL | 2.4 x 10° Pa | pressure

WP W wh we 6“;{—52 2.4 x 107 N/m | radial forces per unit width
F, dCL 14 x 102 N/m | friction forces per unit width
m; f}ff(’j 2.4 x 107 kg/m | mass per unit width

Notice that, since the scales for radial and friction foraessdifferent, the friction coefficient

is given by
H K
B =r

where the carets (hats) denote the corresponding non-dioreai quantity.

Upon adimensionalization of all variables, and omittingatets for simplicity, let us collect
the complete mathematical problem to be solved:

“Find trajectoriesZ;(t) (: = 1, 2, 3), and fieldsp(¢), 6(t), defined orf2 = (14, x1,) x (0, B)
and periodic inr,, satisfying

ZZ(O) - 109 Z@,(O) - ‘/;07 1= 1a273
O(x7 (1), xa,t) = doit/h(x7 (t), 22, 1) Vxe € (0, B)

(12)

p >0 = 0 =1 (13)
0 <1 = p =0
0 <60 <1
and
d2Zi ps gp h c
m S = WP+ W) + WA + WE) (14)
3 u(t) Ohl  Ohb
. P— 1
\V4 (h Vp) 5 o, + BT (15)
where
. hL(.Z'l — Qb(t),l'g) —+ hi(.l’l,l'g) —+ Zl<t) if a; < x1 < b
M1, 22,1) { hi (21— B(8), 72) + € otherwise ~ + (16
1 b; B
Wl(t) = B / p(x1,29,1) dy dzy (17)
a; 0
1 [ (B
Wet) = B / Peon(1, T2, t) dy day (18)
a; 0

is a given function of..”
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2.6 Numerics

The numerical treatment is exactly that describedlusas et al(20093. It consists of a finite
volume, conservative method with upwinding discretizatad the Couette flux and centered
discretization of the Poiseuille flux and an iterative imfosa of the cavitation conditiong(>
0;6 <1 = p=0,p>0 = 0 =1)by means of a Gauss-Seidel-type algorithm. The
dynamical equation fof (¢) is discretized by a Newmark scheme, which is built into therall
iterative process.

3 NUMERICAL SIMULATIONS AT 2000 RPM
3.1 Untextured liner

The code was run at 2000 rpm, corresponding to a relationdsgtwrank angle and time of
((t) = 12t + (o, where( is in degrees; is non-dimensional, ang was chosen a&10 degrees.
This corresponds to a non-dimensional time of 60 for one d&free cycle of the piston. The
simulation time was 200 units, and a periodic behavior wasregd already at the third cycle.
The simulation domain was taken a$).577 < z; < 1.732, with about half a centimeter
separating the ring pack from the left and right boundarfde initial film thickness, together
with the thickness of oil at inflows, was taken as 5 microns.

The time and space discretization steps were chosévt as1.25 x 1073 (48000 time steps
per engine cycle) andz = 3.61 x 1072 (640 divisions inz,).

3.1.1 Movement of the rings

In Fig. 5 we plot a cycle, betweenh= 102.5 (crank angle of zero degrees) ahe- 162.5
(crank angle of 720 degrees), beginning with the pistoneatdp dead center just before intake.
Notice that a positive velocity corresponds to the pistoimgaownwards.

The first phenomenon to be observed is, at tim&08.5 (corresponding to a crank angle of
72 degrees), that the gap between ring 1 and the liner fallea £.1 microns to 0.43 microns
(which corresponds to solid-solid contact). The reasothigrcan be inferred from the solutions
between time 102.5 and 109 shown in FégIn those graphs, as in those that are shown later, the
oil thickness (equal té h) has been designed as lying on the liner just to ease th@ietation.
This is certainly true at thmflows since the flow there is simply the amount of oil present on
the liner in relative movement with respect to the pistort,isyust an idealization once the oill
has passed under any of the rings.

Coming back to Fig.6, we observe that the compression ring (ring 1, the rightrimotte
figure) starts its descent (suction stroke) by lifting uniiher action of increasing velocity and
sufficient oil supply accumulated on top (to the right in tlgufe) of the wiper ring in its way
up. However, the wiping action of ring 2 is much more efficientits way down, and at time
~ 108.5 the compression ring goes into starvation and comes ingzidoontact with the liner.
Ring 2 is in contact all along the descent, while Ring 3 detaghst a little bit (about half a
micron).

At time 117.5 the piston is at its bottom dead center, and then its starisngapwards
(meaning that the liner starts moving to the left in the fig)r& he evolution of the system along
this part of the cycle (compression stroke) is shown in FigRemember that at the boundaries
the oil thickness is assumed to be of 5 microns. In this stthissboundary condition could be
guestionable, since it assumes that there exists someuwtesthat replenishes the liner layer
after the rings have passed. Any way, this assumed freshdépd arriving from the right gets
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Figure 5: Piston velocity (non-dimensional) and cylindezgsure (in MPa) for an engine cycle as functions of
non-dimensional time, together with the radial positigh& ) of the three rings (in microns).

to Ring 1 att ~ 120, allowing it to lift by hydrodynamic action, and the same paps with
Ring 2 att ~ 122. Notice how the much better hydrodynamical behavior of RAng upwards
motion is captured by the simulation. By~ 130 Ring 1 eventually comes back into contact
with the liner as a consequence of increased cylinder pre$sading and diminishing velocity,
and the same happens with Ring 2 at 132, which is close the pressure peak and to the top
dead center.

Along the second downwards motion of the piston (the poweks) the physical picture
of the ring/liner contact is pretty much the same as alongtlmtion stroke, except that Ring
1 detaches less from the liner before it gets starved (whaqgipéns at about the same angle, at
t ~ 138.5, crank angle of 432 degrees). The behavior along the seqomdrds motion, going
fromtime 147.5t0 162.5 (blow stroke), also resembles ¢yoskat happens at the compression
stroke. Some instants can be seen in Big.

3.1.2 Friction

The time evolution of the friction forces and of the frictipower losses (product of force
times velocity) is depicted in Fig® and12, along a cycle (to simplify the analysis we turn to
plot in terms of the crank angle instead of time).

The largest friction forces take place near the top deacecetignition, and are logically
most severe for Ring 1, which is pushed against the liner bycttiinder pressure. Dividing
at each instant the friction force by the applied load (gress plus gas-pressure forces) it is
possible to obtain the instantaneous apparent frictioffic@nt, which is shown in Fig.10.
The observed values should be understood in terms of theeSkriparameters observed along
the cycle, for which we define an instantaneous value by

__ hu(t)
SUE) = Ty —yvar D (19)
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Figure 6: QOil thickness profiles (suction stroke).

and we plot it in Fig. 11. We observe that along most of the cydeis abovel0—° for all
rings, which for full-film conditions lead (according to preus results) to hydrodynamic or
mixed conditions on the three rings. However, Fi§.shows that rings 1 and 2 exhibit friction
coefficients corresponding to solid-solid contact alongthaj the suction and power strokes.
This is due to starvation of these rings, as already discusse

Of more practical importance is the power loss, which alsmshevidence of this behavior.
The contributions to power loss of the three rings are coatgar most of the time the largest
one corresponding to Ring 1 (see Fi®), followed by Ring 2. Power loss is again significant
around ignition, but it is also very important during the tsoic stroke and during the end of the
power stroke. This is because in these downwards movententgiper ring is in solid contact
with the liner, and as discussed before the compressiomangmes starved at about 72 degrees
from the top dead center and also becomes in solid contacttagtliner. Overall, the average
non-dimensional friction power equals 0.1105, with 0.04&8%) for Ring 1, 0.0342 (31%) for
Ring 2 and 0.0265 (24%) for Ring 3.

The power loss can also be decomposed between hydrodynasai(power dissipated due
to hydrodynamic friction) and solid-contact loss (powessipated due to solid contact). This
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Figure 7: QOil thickness profiles (compression stroke).

is shown in Fig.13.
In fact, the average power dissipated hydrodynamicallggtbe cycle is 0.038 (34%), while
that dissipated by solid contact is 0.072 (66%).

3.2 Transversely textured liner

A simulation was performed with a transversely texture@dinn which the texture only
depends on, periodic with period\ and depthy. The specific shape is given by (see also Fig.
14.

hL(l’l,.fCQ) = ) 4% — 2) if %Z’l < %
§(4—4m) if By < )

We tookA = 0.5 mm ands = 0.5 microns (for larger depths the wiper ring became unstable).
The rest of the conditions are as in the untextured caseu@in the mesh and time step).
In Fig. 15 we show the minimum distance between each ring and the Iméurections of
time. Notice that due to the presence of texture, the minirdigtance does not coincide with
the radial position of the ring4;), which is shown in Fig.16. These are highly oscillatory
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Figure 8: QOil thickness profiles (blow stroke).

guantities due to the passage of the textures under the eingshus hard to analyze. The same
happens with the friction power, shown in log scale in Fig. Notwithstanding, theverage
friction power turns out to be strikingly low, of 0.0778 (30 $maller than for the untextured
liner!), decomposed into 0.0255 for Ring 1, 0.0257 for Ringri2l 0.0266 for Ring 3. Also,
of the total power loss 0.0397 corresponds to hydrodynamssightion and 0.0381 to solid-
contact dissipation. It is thus observed that the main réolug in friction have taken place in
Rings 1 and 2, and that they have affected mainly the solidaxt dissipation.

To further understand the impact of the texture we then m®dtlee friction power data,
averaging each point over 161 time steps (80 on each sidege $ne total friction loss is the
integral of the friction power, and the time step is constéms filtering does not affect the
guantities of interest but allows us to get a picture of then@mena that are taking place. We
compare the filtered friction power with that of the unterticase in Figl8, while in Figs.19
and20we show the same comparisons for the compression and wipge, riespectively.

Figurel8is very useful in the sense that it clearly shows where albagycle the transverse
texture reduces friction. The most important reductioretalace along the suction and power
strokes.
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Figure 9: Non-dimensional friction force as a function of ttrank angle
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Figure 10: Instantaneous apparent friction coefficientfametion of the crank angle

For the compression ring, the main difference is that thautexavoids the sudden increases
in friction that arise at crank angles of 72 and 432 degregsafently, the compression ring
remains at a larger distance from the liner simply because®ilithickness arriving to it from
the wiper is 1 micron, instead of the 0.4 microns that arriwei in the untextured case and led
it to solid contact. The compression ring accompanies tissgge of the texture without any
striking phenomenon taking place. We thus turn our attertbdhe wiper ring.

A sequence of images of the oil film near the wiper ring at cramles near 90 degrees can
be observed in Fig1 and22. By inspection, it is seen that the wiper exhibits a rathetic,
non-periodic movement, which leads to excursions of up to @a@re microns away from the
liner (e.g.; see angle 90.3). These oscillations also takery close to the liner, as at crank
angle 91.05. The net effect of these excursions is that &ahil film passes under the wiper
ring than in the untextured case (see bottom graph inZiy.

Notice also that the behavior of the oil ring does not changemirom the untextured to the
textured case. We see an oil thickness of about 1 micronyefidoil ring arriving to the wiper
ring in both cases. It is thus concluded that the oscillab@igavior of the wiper ring, leaving
behind it a thicker oil film and inhibiting starvation of therapression ring, is responsible for
the lower friction losses shown by the textured liner in timewdations.

We remark firstly that though friction losses are diminishia@ strong oscillations of the
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Figure 12: Non-dimensional friction power loss as a funttdthe crank angle

wiper ring would probably lead to fatigue and failure. Alsach an oscillatory behavior chal-
lenges the resolution and modeling capabilities of the migalescheme. To check that the
phenomena described above are not mere numerical artifawigher simulation of the trans-
versely textured bearing was run with twice the number ofscahd of time steps. Though
there is an effect of the mesh and time step, the qualitaghator seems to be independent of
numerical error. It is clear that the average position isimmore distant from the liner than in
the untextured case

The friction reduction predicted for the transversely te&t liner thus results from oscilla-
tions of the wiper ring, which in turn arise from the ring fmNing the profile of the texture to
some extent. This can only happen if the striations are Bxalgned with the ring, which is
unlikely. To further investigate the effect of striatiomsuinaligned cases, simulations were run
with cross-striations, which are described in the nextisect

3.3 Cross-striated liner

A simulation was performed under the same conditions ag®gfoth a cross-striated liner
of angley = 60 degrees, widthh = 0.125 mm and period\ = 0.5 mm. The striation bottom is
planar, that is, inside the striations the depth is constdri microns.

To compare with the transversely-striated case, we begipldiying the distance of each
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Figure 13: Non-dimensional friction power loss as a functid the crank angle, decomposed into hydrodynamic
and solid-contact components.

Figure 14: Scheme of the transverse texture.

ring to the liner in Fig.23. Notice the big differences with the untextured case (FEg. All
the rings are now much closer to the liner, and the detachsrantings 1 and 2 during the
upwards strokes are of less than 1 micron. The friction p@i@ng the cycle is shown in Fig.
24. The behavior is quite different from that in the untextucage. Along the suction stroke,
the compression ring dissipates very little power, sinciés not become starved. This makes
that along the suction stroke, and also along the secondohd#ife power stroke, the cross-
striated liner turns out to be convenient with respect touthiextured ones in terms of friction,
according to these simulations. On the other hand, thedngiower near 360 degrees is quite
higher than that for the untextured liner. Also, the oil rialgng the whole cycle dissipates
more power. Overall, the average friction power dissipa&dd1218 (10 % higher than for the
untextured liner), decomposed as 0.0415 for Ring 1, 0.082Ring 2 and 0.0482 for Ring 3.

3.3.1 Effect of the rings’ masses

The behavior of the system is strongly governed by the dyoswofithe rings. As an example,
we show in Fig. 25 the effect of multiplying the masses of the rings by a factbd®. A
significant reduction in the losses is observed, which cdnoes the detachment of the wiper
ring from the liner along the downward strokes (shown fordtetion stroke in Fig26. This is
a phenomenon similar to that observed for the transveregtyred liner, and causes more oil
to be left behind by the wiper, inhibiting starvation of thengpression ring but also increasing
the oil consumption. A preliminary computation with thednmasses (ten times smaller than in
the original simulations), on the other hand, yieldedditlfference with the reported results.
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Figure 16: Radial position of the rings, for the transveeseure.

4 FINAL REMARKS

In this article we have reported, to our knowledge for the firse, numerical simulations of
the piston-ring assembly along a full engine cycle with asamative formulation, considering
realistic applied loads on the rings and the actual crarikslbanecting rod kinematics.

A detailed study was performed in the case of an untexturnedl. lit was shown that the oll
ring only enters in solid contact with the liner near the top &ottom dead centers. The wiper
ring, on the other hand, is in solid contact along the suctioth power strokes, during which
its friction is governed by the solid-solid friction coeféat. The compression ring exhibits a
more interesting behavior. During the compression and Islookes it is in the hydrodynamic
regime, with low frictional dissipation. During the suatiand power strokes, however, after the
oil accumulated on top of the wiper ring has been depletedtérs into starvation, with high
frictional dissipation. The overall non-dimensional fit; power equals 0.1105, decomposed
as 0.0498 for Ring 1, 0.0342 for Ring 2 and 0.0265 for Ring 3s0AI0.038 corresponds to
hydrodynamic losses and 0.072 to solid-contact losses.

Another study was carried out for a transversely textuneerliln this case it was observed
that the wiper ring enters into a chaotic, unstable behawatr ends up maintaining the ring
at a quite large average distance from the liner. This makesMper to not act according
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Figure 17: Friction power loss, for the transverse texture.
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Figure 18: Filtered friction power loss, for the transvetesd@ure, as compared to the untextured case.

to its function and a much larger flow of oil reaches the corsgion ring in the suction and
power strokes. The consequence is similar to simply rengatvia wiper ring, with the obvious
reduction in friction losses but no practical interest. STimistability is probably stronger in our
simulations than it would be in a real engine, since to saveptding time we took the rings’
masses with values multiplied by a factor of ten.

Finally, a study with a cross-striated liner at an angle ofdéQrees was carried out. The
average friction losses turned out to be 0.1218, with 0.04t3Ring 1, 0.0322 for Ring 2
and 0.0482 for Ring 3. Notice that the friction of the oil rimgreases significantly, showing
that the texture increases the friction in the hydrodynamgme. At the same time, notice
that the friction of the compression ring is significantlgueed by the texture. This is just a
consequence of more oil passing between the wiper and t&e Vitnich inhibits the starvation
of the compression ring during the downward strokes. Theasisumption, on the other hand,
would increase accordingly.

We end this report with a word of caution on the validity of themerical model. It should
be kept in mind that the model does not transport the oil cuntéh the correct velocity in the
region between rings. As a consequence, the oil film spoaotastgspreads after the passage of
each ring. In other words, the oil does not remain inside that®ns, it spreads so as to make
the oil thickness constant, which is unrealistic. This gpug spreading may overestimate the
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Figure 19: Filtered friction power loss at the compressiog,rfor the transverse texture, as compared to the
untextured case.
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Figure 20: Filtered friction power loss at the wiper ringr, foe transverse texture, as compared to the untextured
case.

capabilities of the cross-striated texture in inhibitiigrsation of the compression ring. Also,
notice that the change in the shape of the rings caused by(pasdicularly severe for the wiper
ring) has not been accounted for, and that the pressure tatiteof the compression ring has
not been made to coincide with the cylinder pressure. Thefseements require more accurate
experimental data and a modification of the algorithm th#itlvei addressed in future work.
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Figure 24: Filtered friction power along the cycle, for thegs-striated liner.
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Figure 25: Filtered friction power along the cycle, for th@ss-striated liner. Effect of multiplying by 10 the
masses of the rings.
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Figure 26: Minimum distance between Ring 2 (wiper) and therlifor the cross-striated case. Effect of multiply-
ing by 10 the masses of the rings.
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