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ABSTRACT

RING PACK BEHAVIOR AND OIL CONSUMPTION
MODELING IN IC ENGINES

By

Mikhail Aleksandrovich Ejakov

In this dissertation, two major research areas are considered: further development
of the piston ring analysis model, and application of this model to engine design and anal-
ysis in order to better understand physical processes in an internal combustion engine. The
model development includes: creating the first operational three-dimension ring twist
model; establishing an interface between the in-cylinder combustion model and piston
ring; and adding the ring pack optimization routine.

It was found that ring twist significantly influences ring pack performance and
dynamics and that the nature of ring twist requires a three-dimensional analysis of the ring
motion. Simulations were performed for an engine at the same operating conditions for
several combinations of twist and no twist analysis. The results show the importance of
modeling ring twist to achieve accurate predictions of the ring position, inter-ring gas
pressures and inter-ring pressure gradients. Special attention has to be paid to the motion
of the twisted second ring at the middle of the intake and the end of the compression
stroke and to the top ring at the beginning of the compression stroke and the end of the
exhaust stroke.

Another part of the model development includes the ring pack optimization rou-
tine. An optimization technique was developed and applied to ring-pack design synthesis.

When applied to existing engine ring-pack designs, optimized results indicated the poten-



tial for significant reduction in blow-by through the ring-pack by optimizing ring geome-
try.

In analysis of the blow-by of combustion chamber gasses through the ring pack,
the coupled effects of ring dynamics, piston dynamics, ring-pack gas dynamics, and in-
cylinder pressure are all important for achieving accurate predictions of blow-by. It was
recognized that ring pack cannot be de-coupled from the engine bore-stroke ratio through
its influence on piston / ring motion, therefore it has to be considered in the early stages of
engine design in order to optimize ring pack performance.

In the Variable Displacement Engine (VDE) analysis, interesting physical phe-
nomena associated with the ring pack transient processes after the engine valves are shut
off were analyzed. The model predictions indicated the optimal valve timing in order to

minimize losses of the in-cylinder pressure due to blow-by through the ring pack.
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Chapter 1 INTRODUCTION

MOTIVATION

In recent years, a significant amount of work has been done in the area of internal
combustion engine modeling and simulations. The “driving force” of these efforts has
been an industry trend for fuel efficiency improvement, emissions reduction, and cost sav-
ing. Computer models have proven to be valuable tools for designing engines which sat-
isfy all of these demands. An important part of overall engine modeling and design is
understanding the processes occurring in the piston ring pack. The main purpose of the
piston is to transfer the kinetic energy of the combustion gases into the mechanical energy
output of the engine through a reciprocating mechanism. The piston rings can be consid-
ered as an auxiliary element of the piston. The main purpose of the piston rings is to elim-
inate combustion chamber energy losses through proper sealing of the combustion
chamber from the environment at the level of the piston. In addition, the piston rings have
to satisfy design constraints for durability, emissions, noise, vibration, manufacturing, and
cost requirements. Most of these requirements are mutually exclusive. A good piston ring
pack design represents a compromise among all of these factors. Even though piston ring
design may appear simple, finding a suitable compromise requires extensive efforts in
research and development. A bad piston ring design can significantly affect engine perfor-

mance due to engine blow-by (insufficient ring pack sealing), engine emissions due to



back flow and high oil consumption, engine durability due to excessive ring wear and
ensuing ring failure, and compliance of the engine with Noise, Vibration, and Harshness
(NVH) requirements due to ring fluttering.

The difficulties associated with finding a good ring pack design can be character-
ized by two primary factors. First, even having been studied for more than one century, the
physics of an internal combustion engine still is not very well understood. The internal
combustion engine represents a complicated cyclic technical device with multiple physical
processes taking place simultaneously or concurrently. The cyclic nature of the problem
provides sufficient conditions for non-steady transient cyclic processes. These physical
processes can be described by fluid mechanics [1, 2, 82], thermodynamics [81], the theory
of combustion [48], heat transfer [36], non-linear dynamics [38, 83, 70, 3], structural
mechanics [84], and the theory of chaos [83, 70].

Second, in order to achieve a good ring pack design satisfying multiple constraints,
the influence of a significant number of design parameters and factors affecting ring pack
performance has to be considered. It is worth mentioning that the relative influence of ring
pack design parameters also depends on a particular engine design and may vary signifi-
cantly from one engine to another. Overall, designing the ring pack in particular and the
engine in general requires a significant amount of experimental work and testing. That is
why computer modeling and simulations have proven to be valuable theoretical tools for

better understanding physical processes and providing practical design recommendations.



RING PACK DESIGN

A typical ring pack design of a modern gasoline engine includes three rings: two
compression rings, and one oil control ring. The top compression ring usually has a sym-
metric cross section and a barrel face profile. The second compression ring is typically a
twisted ring with a bevel cut or a step in its cross section with a taper face profile. How-
ever, both the compression rings can be twisted or non-twisted. The oil control ring typi-
cally consists of three pieces: two rails and an expander. The ring pack configuration
shown in Figure 1 includes two twisted compression rings and a three-piece oil control

ring. References on types and designs of piston rings may be found in [9, 50, 77].

PREVIOUS EFFORTS IN RING PACK MODELING

Ring pack modeling can be logically divided into the following submodels: inter-
ring gas pressure, blow-by, and ring motion; ring lubrication; ring friction; ring wear; and
oil consumption. Over the past fifty years, many aspects of inter-ring gas flow have been
considered [5, 29, 34, 35]. Ting and Mayer [78, 79] presented a concept of a quasi-steady
orifice-volume gas flow model for ring pack gas flow analysis. This approach has been
employed in many research models [24, 66, 24, 46, 75, 10]. The original orifice-volume
gas flow models include only the flow through the ring end gap clearances without consid-
ering the effect of ring side clearance on the inter-ring gas flow through the ring pack. Fur-
ther developments involved incorporating ring axial motion and flow behind the ring
groove with the orifice-volume approach [10, 46]. Namazian et al. [54] suggested an

empirical orifice flow formula for the better description of the flow along the ring side
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clearance. A very good description on the physical processes in the ring pack and the
inter-ring gas flow modeling was given by Ting [77]. Other recent works include work
done by Tian et al. [75], Keribar et al. [46], and Knowland et al. [47].

In early works on piston ring dynamics, only ring axial motion was considered [77,
34, 35]. In addition to axial translation motion, Tian et al. [75] and Keribar et al. [46] con-
sidered the effect of ring twist on ring dynamics and gas flow. However, these studies
included only two-dimensional axisymmetric analysis. Corbat [21] tried to formulate a
mathematical theory of three dimensional dynamics of non-symmetric piston rings. Due to
the complexity of three-dimensional ring motion, only limited results are available.

Many theoretical studies on piston ring lubrication have been conducted. In 1886,
Osborne Reynolds derived a mathematical equation to describe a general lubrication prob-
lem. The Reynolds equation and its modifications are still widely used for hydrodynamic
lubrication problems. The Reynolds equation of hydrodynamic lubrication can be found in
any lubrication textbook [14, 44).

Castleman [18] was one of the first who tried to study theoretically the lubrication
of piston rings. He introduced the concept of hydrodynamic lubrication in the analysis of
piston rings and made calculations of the oil film thickness. He considered a curved ring
face profile and calculated the pressure distribution between a ring and a circular bore.
Eilon and Saunders [28] assumed a symmetrical parabolic profile. Their calculations
included the predictions of oil film thickness and friction forces acting on the ring. Furu-
hama [32] considered a ring profile consisting of a central flat region and two circular arcs
at the top and bottom of the ring face profile. In addition, he considered the variations of

the pressure with axial ring speed during the engine cycle.



With advances in computer technology, piston ring models have become faster and
more complicated. In his work, Lloyd [51] assumed an off-centric parabolic ring profile
and considered cyclic variations of velocity, oil viscosity, pressure, and load during an
engine cycle. Ting and Mayer [78, 79] calculated the oil film thickness and used the results
to predict the cylinder wear. Further research was conducted by Baker et al. [6], Hamilton
and Moore [41], Allen et al. [4], and Butler and Henshall [13]. Brown and Hamilton [11]
added oil starvation into a ring pack lubrication model.

Further research included the study of the influence of the piston ring profile on
ring pack lubrication. Rhodes [61] demonstrated the importance of the ring face profile on
the piston ring lubrication and friction. Furuhama and Hiruma [33] continued this work
and determined the necessary conditions of the barrel-face ring profile lubrication. Allen
at al. [4] included into their calculations the effects of varying ring face / cylinder bore
inclination and viscosity variations due to changes of liner temperature along the cylinder
bore. Das [22] considered the ring and the liner as two eccentric circles, and he solved the
Reynolds equation using a Finite Difference Method.

The work of Dowson et al. [24] included calculations of oil film thickness, the fric-
tion force and the oil transport for a single ring as well as for a ring pack. In this study,
they assumed mixed lubrication with a constant friction coefficient when the oil film thick-
ness was smaller than a certain value. Ruddy et al. [67] examined the effect of thermal dis-
tortion and wear of piston ring grooves on ring pack lubrication.

During the 1970s, several studies were made to incorporate into the models the
effect of surface roughness on ring pack lubrication [19, 20, 57, 58]. As the oil film is

reduced, the sliding surfaces start to make contact with their asperities. The metal-to-metal



contact between asperities takes part of the load from the lubricating fluid and causes plas-
tic deformation of the asperities. In order to determine the area of a metal-to-metal con-
tact, the surface asperities of a simple geometrical shape were represented mathematically.
The mathematical model confirned some of the phenomena associated with boundary
lubrication.

Rohde et al. [62] studied the influence of piston ring and engine design parameters
on piston ring lubrication and friction. In his later work, Rohde [63] included the effect of
surface roughness into his lubrication model. His calculations showed that at the end of
the stroke, most of the load is supported through the contact between asperities causing
higher friction forces. Patir and Cheng [57, 58] introduced the concept of average flow to
the model of partial hydrodynamic lubrication. In their approach, the asperities were
treated as a statistical average with standard deviation. Recently, this approach has been
incorporated into several ring pack lubrication models [76, 74, 85]. The latest trend in ring
pack lubrication modeling includes the attempt to model the effect of shear stresses on vis-
cosity or shear thinning [69, 73, 76]. In these models the lubricant viscosity is calculated
based on variations of oil temperature along the cylinder liner and the rate of shear due to
a contact with the sliding surface of the ring face.

The two primary goal of this dissertation can be described as further model devel-
opment and model application. The model development includes the three dimensional
ring twist model; the ring pack optimization routine; and the establishment of an interface
between the ring pack model and the in-cylinder combustion model. This interface allows
modeling of ring pack phenomena for a wide range of operating conditions as well as for a

particular engine setup or configuration and is the first step toward a “virtual” engine. The



three-dimensional ring twist model has the capability to predict a complicated ring motion
in three-dimensional space with constraints or ring displacements. A correct modeling of
ring motion allows one to predict inter-ring gas pressure and blow-by more precisely. The
ring pack optimization routine helps to determine the optimal ring pack configuration with
a given objective function. In addition to design analysis, it introduces a design syntheses
into ring pack modeling.

In a model application, the ring pack model is applied to engine design and analy-
sis for better understanding of physical processes associated with the ring pack. First, the
model is used for prediction of processes in a specific engine setup, the Variable Displace-
ment Engine (VDE). Second, the ring pack model is used to analyze ring pack behavior of
three production engines to understand blow-by characteristics and ring dynamics for a

wide range of operating conditions.



Chapter 2 THEORETICAL BACKGROUND OF INTER-RING GAS
PRESSURE, RING MOTION CALCULATIONS AND PISTON RING
LUBRICATION

MOTIVATION

During an engine cycle, several physical processes take place simultaneously. The
piston / piston ring / combustion chamber assembly represent a complicated cyclic system
consisting of multiple components. During an engine cycle, the piston moves from the Top
Dead Center (TDC) to the Bottom Dead Center (BDC) and back. The pressure inside the
combustion chamber changes from relatively low at the end of the exhaust stroke and dur-
ing the intake stroke to high during combustion and the power stroke. Due to pressure
changes inside the cylinder and pressure differences above and below the piston rings, gas
flows from the cylinder into piston ring crevice volumes. Due to constant piston accelera-
tion and decceleration as well as pressure changes above and below the rings, the piston
rings change their positions relative to the piston grooves. The whole system represent a
complicated system with multiple feed back loops. Figure 2 shows inter-dependencies
affecting inter-ring gas pressure, blow-by, and ring motion.

Combustion rate and combustion chamber pressure, inter-ring gas pressures, and
blow-by form an inter-dependent triangle. The combustion chamber pressure has a signifi-
cant influence on inter-ring gas pressure and is a “driving force” for blow-by. However, for

a good ring pack design, the influence of blow-by and inter-ring gas pressures on combus-
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tion and the combustion rate is not very significant. In the case when piston rings fail to
properly seal the combustion chamber from the environment, this influence may become
significant. Blow-by and inter-ring gas pressure may cause incomplete combustion and
worsen engine emissions. The primary factors affecting combustion are engine design,
properties of the fuel, and operating conditions. Operating conditions include engine
speed and engine load.

Blow-by and inter-ring gas pressures are strongly inter-dependent. Blow-by is
caused by pressure differences between piston ring crevice volumes and depends on piston
/ piston ring / ring groove design and ring motion. Ring motion is controlled by three pri-
mary factors: pressure load, inertia load, and friction load. The pressure load depends on
in-cylinder and inter-ring pressure and ring pack design. The inertia load depends on ring
mass, piston kinematics, and engine operating conditions (engine speed). The friction load
damps the ring motion and depends on the ring design (ring tension, ring geometry), lubri-
cant properties, the pressure behind the rings, and the temperature load. Temperature load
affects lubricant viscosity. It is worth mentioning again that ring pack assembly represent a
complicated system of relatively simple components with multiple feed back loops. In
order to correctly predict inter-ring gas pressure, blow-by ring motion, and lubrication, the

model has to be able to analyze these inter-dependencies interactively.

PISTON KINEMATICS

A piston / crank / connecting rod / cylinder assembly represents a reciprocating
slider mechanism (Figure 3 and Figure 4). The piston kinematics depends on the length of

the connecting rod L, crank radius , and engine angular velocity m Considering geometri-
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cal constraints, the position of the piston at any given instant of time can be expressed as

follows:
y= r[l +5;-cos((m)- /%—sinz(mt)] )
where:
L connecting rod length
r crank radius
0 = ot crack angle at time ¢
(0] crank angular velocity
t time

Differentiation of Eq. (1) with respect to time yields an expression for piston

velocity

03

y= rO)Lsin(mt) + Cos(m’)Sin(a)t)J

L_ inXon
J -

Differentiation of Eq. (2) with respect to time yields an expression for piston accel-

eration

cosz(mt) 4+ o8 2((.ot) . sinz(u)t) N sinz((ot)
3/2
/’: _ sinXon) (’: _sin 2(mt)) /’: _sin¥(o1)
r r r

It is worth mentioning that due to geometry constraints of a reciprocating slider

y= rm?| cos(wt) +

3)

mechanism, piston kinetics do not a follow pure sinusoidal motion.
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INTER-RING GAS PRESSURES

Inter-ring gas pressures are calculated based on the quasi-steady orifice volume
flow model. The key assumptions can be summarized as follows. Gas is assumed to follow

the ideal gas law.

P-V=m-R-T 4)
where:
P pressure
vV gas volume
m gas mass
R gas constant

T gas temperature

Another assumption is that the flow is laminar because of a low Reynolds number.
There are three main paths for gas flow across the ring: through the ring end gap, between
the ring face and cylinder liner, and behind the ring. A schematic of the crevice volumes
and gas flow paths is shown in Figure 5. The mass flow rates between the volumes are cal-

culated based on the law of conservation of mass using a quasi-steady flow model

Zm,-n—zmou, = E (5)
where:
r;,  mass flow rate in
m mass flow rate out

out
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lows:

dm

dt

rate of mass change

The mass flow rate through an orifice between volumes 1 and 2 is calculated as fol-

2 = /_27_ P
= KA R(Y—l)(JT_,

where:

16
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m mass flow rate

A flow area

P pressure

T temperature

Y=13 ratio of specific heats of the gas
K. orifice discharge coefficient

P
The pressure P, at which the ratio of (—5) yields the maximum mass flow rate

P,

corresponds to a critical pressure. The critical pressure can be found as follows:
P 2 \r-!
P (-2) 0

P
For air at normal conditions y = 1.4 and correspondingly (’TC) = 0.528. For com-
1

bustion gases passing through the ring pack Yy = /.3 and correspondingly (1—,5) = 0.546.
1

The actual mass flow rate through the orifice is less then the theoretical flow rate

due to friction losses because of the viscosity of the gas and convergence of the gas

streamlines as they pass through the orifice. The orifice discharge coefficient K. is defined

as a ratio of the actual mass flow rate to the theoretical mass flow rate. An orifice discharge

coefficient K. of 0.65 is used for the inter-ring gas pressure calculations (reference [16]).
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Assuming a constant crevice volume, constant gas properties, and constant gas
temperature in each piston crevice volume and using Eq. (4) and Eq. (5), the pressure

changes in each crevice volume can be calculated as follows

8

|4 . .
E : R_T = 2min - z"'nout (8)

An extensive correlation between measured inter-ring gas pressures and the
inter-ring gas pressures predicted by the gas-dynamic model with a good agreement can

be found in reference [26].

RING MOTION

During an engine cycle, the ring is subject to different types of loads due to fric-
tion, a pressure difference above and below the ring, piston acceleration and decceleration,
and others. These forces cause the ring to move inside its groove. Piston ring motion
includes two primary components: axial motion and radial motion. The third component,

rotation of the ring, has a time scale of a high order of magnitude and is not considered.

Ring Axial Motion
Axial ring motion is calculated by solving an equation of Newton’s second law
mx = LF, %)

where:

m,  mass of the ring

x axial acceleration of the ring

18
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F;

applied force acting in the axial direction

There are four primary forces acting on the ring: pressure force, inertia force, fric-

tion force, and lubricant damping forces. The schematic of the forces acting on the ring is

shown in Figure 6.

The pressure force can be expressed as follows:

Fp=Ar-pr—-Ap-pg (10)
Fp pressure force
At area on which the pressure above the ring acts
PrT pressure above the ring
Ap area on which the pressure below the ring acts
PB pressure below the ring
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Depending on the position of the ring inside the groove, there can be different
pressure distributions acting above and below the ring. The ring can be at the top of the
groove, at the bottom of the groove, or be floating in the groove. Depending on the ring
position in the groove, the ring opens or closes areas for gas flow above or below the ring.
These areas affect mass flow rates across the ring pack. Figure 7 shows the three possible
positions in the groove and the pressure forces the ring experiences in these three cases.

The inertia force acting on the ring depends on the ring mass and ring acceleration.
When the ring is in contact with the top or bottom of the groove, the ring acceleration is
equal to the piston acceleration (Eq. (3)). When the ring is floating in the groove, the ring
acceleration depends on the forces acting on the ring. The inertia force can be expressed as

follows:
F,= —m'_'ar (ll)

where:
m, mass of the ring
a, acceleration of the ring

The friction force between the ring face profile and the cylinder liner, as shown in

Figure 8, is approximated by:

Fp= p(rDt)f (12)
where:
4 pressure acting on the ring

D bore diameter

t axial ring thickness
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f friction coefficient
According to reference [16], the friction coefficient is calculated based on an

empirical fit as follows:

uV
= 4.8 13
f ,/ > (13)

where:

1 lubricant viscosity in (reyn)
v, ring velocity in (%’)

P pressure acting on the ring in (psi)

Typically, the friction forces are much smaller than inertia or pressure forces.
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The lubricant damping forces acting on the ring include the ring squeeze damping

force S and the ring adhesive damping force Q. The ring squeeze damping force is given

by:
(R,~R,)’
S= fsllﬁA . _L__3_’__ (14)
h
where:
fs reduction parameter for squeeze film force (0< f, < 1)
Tl lubricant viscosity
h relative velocity of ring with respect to groove
A wettedArea A = m(R,’-R,’)
h side clearance between ring and groove

The ring adhesive damping force is given by

Q= fapath (15)
where:
fa reduction parameter for adhesive force (0< f,<1)
P,,, atmospheric pressure
2 2
A wetted area A = ®(R," - R,")

The groove geometrical constraints on the ring motion are enforced by using a

coefficient of restitution [68]. With a coefficient of restitution, the ring velocity right after

the impact with the groove wall is calculated as

23



Vy=-r-V, (16)

a

where:

Va ring velocity before the impact

Y ring velocity after the impact

r coefficient of restitution (0<r<1)

The other way to enforce groove geometrical constraints is to apply a contact force
at the moment of impact [68]. The main advantage of using a coefficient of restitution is
avoidance of numerical difficulties associated with stiff problems. Non-stiff problems

allow the use of simpler and more reliable numerical algorithms with better convergence

[75, 74, 1, 60].

Ring Radial Motion

During an engine cycle for most operating conditions, the ring stays in contact
with the cylinder liner due to ring tension and pressure load from behind the ring on one
side and liner contact reaction force and lubricant pressure force on the other. Under cer-
tain conditions, the lubricant pressure force may overcome the force due to ring tension
and pressure behind the ring, causing ring collapse.

For most operating conditions, at the end of the compression stroke and during
most of the power stroke, the top ring stays at the bottom of the groove. This happens
because the pressure forces exceed the inertia forces. This is shown in Figure 9. At low
engine load and high engine speed, the inertia forces may dominate the pressure forces
and the top ring stays at the top of the groove during combustion. If the pressure above the

ring is high enough and the pressure behind the ring is low enough, the ring may lose con-
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Figure 10 Ring radial displacement and gas flow area due to ring collapse
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tact with the cylinder bore and open a large area for gas flow. For ring collapse to occur,

the following conditions of inertia forces, pressure above the ring, pressure behind the

ring, and ring tension must be fulfilled:

(Pl +P3
2

)>PRT+P2

Ay -py+m - X>A; - p

Rearranging Eq. (17) and Eq. (18) yields the following.

where:

Pi

P2

P3

PRT

i

area above the ring

area behind the ring
area below the ring
mass of the ring
pressure above the ring
pressure behind the ring
pressure below the ring

pressure due to ring tension

axial ring acceleration

a7

(18)

(19)

It can be seen that ring acceleration ¥ depends on the engine speed ® and slider -

crank geometry, crank radius r and connecting rod length L. On the other hand, the area A,

and A; as well as the ring mass m, depend on the ring design and the bore diameter.
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The ring radial displacement (Figure 10) can be calculated as

4

- PR(, 0 )
d,= E] (1 cos0 + 2sm() (20)
where:

or radial displacement

)4 total pressure

R mean radius of the ring

E ring modulus of elasticity

I moment of inertia of the ring section
0 reference angle

An additional gas flow area between the ring face and the cylinder liner due to ring

radial displacement is given by

pRs
A= 22 —)= 9.4248% 1)

_ 2pR5(31l:
2

with a maximum feasible gas flow area of

Amaxz R- dec (22)
where:
A gas flow area due to ring collapse

Anae  Mmaximum gas flow area due to ring collapse

)4 total pressure
R mean radius of the ring
E ring modulus of elasticity
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I moment of inertia of the ring section

d,.  ring end gap clearance

STATE SPACE REPRESENTATION

For inter-ring gas pressure and ring motion calculations, the governing equations
of inter-ring gas pressure and mass flow rates (Eq. (8)) and ring motion (Eq. (9)) have to

be solved simultaneously. These equations can be represented in a state space form as

{x} = F({x}, {z}, 1) (23)

where:

{x} time derivative of state vector

{x} state vector

F state space function vector

{z} design variable vector

t time

Eq. (23) is solved through crank angle iterations employing the explicit forward

difference scheme [1 and 60]. For the forward difference scheme, a derivative is approxi-

mated as
%) L f 24)
ox); Ax
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PISTON RING LUBRICATION

During an engine cycle, the piston ring face is always in contact with oil film on
the cylinder liner. Depending on oil film thickness, there are three distinct regions of pis-
ton ring lubrication: boundary, mixed, and hydrodynamic. When there is enough oil film
to avoid surface-to-surface contact, the lubrication is in the hydrodynamic regime. When
the oil film is not thick enough to avoid the surface-to-surface contact, the lubrication is in
the boundary regime. The intermediate regime between hydrodynamic and boundary
lubrication is called mixed lubrication. The oil film development between the ring face and
the cylinder liner for hydrodynamic lubrication is modeled with the Reynolds equation.

The general form of the three-dimensional Reynolds equation is the following:

3 (h’op) 9 h3ap) . 3h .0k
P ax) +az 13z " —6Uax—6W& + 12V (25)
where:
) lubricant pressure
) lubricant dynamic viscosity
h lubricant thickness
U ring axial velocity
w ring tangential velocity
V= Z—': ring radial velocity

An axisymmentric case of piston ring lubrication (Figure 11) can be simplified to a

two-dimensional form of the Reynolds equation
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Figure 11 Piston ring lubrication

3 (h°3p
ox\ | ox

oh + 12V (26)
x

)=-6US

The Reynolds equation is valid for piston ring lubrication under the following con-
ditions: body forces are negligible; fluid inertia is negligible; the lubricant pressure is con-
stant through out the thickness of the film; the lubricant is Newtonian; flow is laminar;
there is no slip at the boundaries (reference [77]). Assuming that the lubricant viscosity is
constant through out the oil film thickness with a mean viscosity p, Eq. (26) can be written

as
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a(h ax) = -6uU- S+ 120V 27)

Assuming that the surfaces of the ring and the liner are rigid, the integration of

Eq. (27) yields

p = Al +33—'t'12+013+1) (28)
where:
A = —6uU (29)
B =121 (30)
1= [& 31
h
X
I, = [Zdx (32)
2 jh3
I =& (33)
h

C integration constant

D integration constant

The integration constants C and D are found from the boundary conditions. Gener-
ally, three types of boundary conditions are considered [10, 77]. The three types of bound-
ary conditions are shown in Table 1. Typically, the Half-Sommerfeld or Reynolds

boundary conditions give satisfactory results for piston ring lubrication. However, the
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most appropriate boundary conditions for piston ring lubrication have not been determined

yet (reference [77]).

Table 1 Lubrication boundary conditions

Position Sommerfeld Half-Sommerfeld Reynolds
x=0 p=Pl p=Pl p=Pl
x=br2 — p=0 —
x=b p=P2 — p = P2, dp/dx =0

Even though lubricant viscosity is assumed to be constant through out the oil film
thickness between the cylinder liner and the ring face, it changes along the cylinder liner
due to cylinder bore temperature variations. Many viscosity / temperature variation formu-

las have been proposed [10, 77]. Vogel’s formula is a three-constant equation

b
p=o-e*9 (34)

Slotte’s formula:

no= o - (35)
(b+1t)

Reynolds’ formula:

p=k-e™ (36)

Typical values for viscosity and coefficients o, b, and ¢ for the SAE graded oils are

shown in Table 2 [17].
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Table 2 Viscosity and Vogel constants of the SAE graded oils

SAE Viscosity (cP) Vogel constants
Grade 25°C 40°C 100° C o b c

5w 41.45 21.66 4.06 0.05567 900.0 110.8

10W 76.21 37.06 5.63 0.04082 1066.0 116.5

15W 89.66 41.56 6.07 0.06681 902.0 100.2

20W 229.47 98.73 10.50 0.02370 1361.0 123.3
20 113.52 51.83 6.98 0.04987 1028.0 108.0
30 229.47 98.73 10.50 0.02370 1361.0 123.3
40 321.65 133.12 13.50 0.07227 1396.0 121.7
50 574.46 222.52 17.99 0.01963 1518.0 122.6

Piston ring friction forces are calculated based on the regime of piston ring lubrica-
tion. For hydrodynamic lubrication, the friction force between the cylinder liner and the
ring face per unit area due to lubricant shear is calculated as follows:

where:
h lubricant thickness
1l lubricant viscosity

U ring axial velocity

Z—i lubricant pressure gradient with respect to the axial coordinate x.

After integrating Eq. (37) over ring thickness HR and around the bore circumfer-

ence, the total friction force is found as follows:
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Figure 12  Stribek diagram for journal bearing: coefficient of friction f versus
dimensionless duty parameter uN/o, where L is the lubricant dynamic viscosity, N is the
relative velocity, ¢ is the loading force per unit area

2nHy
F.= [ [R-f.dxd0 (38)

00

where:

F, friction force in axial direction

fr hydrodynamic friction force per unit area

R cylinder bore radius

Hg  axial ring thickness
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When the oil film is not thick enough to develop hydrodynamic lubrication, the
piston ring lubrication is in the mixed regime. For this case, the friction force is calculated

as follows:
Fx =c: Ftotal 39

where:

F, friction force in axial direction

c coefficient of friction

The friction coefficient ¢ is computed based on the parameters in the Stribek dia-
gram (Figure 12 from reference [45]).

Fq1 normal lateral load of the piston ring (lubricant capacity between the ring

and the cylinder liner)

The total friction force work W), is calculated by integrating the friction force over

the engine cycle as follows:

S
w =jF¢s (40)
0
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Chapter 3 SIMULATION ANALYSIS OF RING PACK BEHAVIOR IN
A DEACTIVATED CYLINDER

MOTIVATION

Improvements in engine efficiency can be pursued in many ways. One of them is
cylinder deactivation. The cylinder is deactivated under certain operating conditions by
cutting off the fuel supply and shutting the valves off. This chapter presents the results of a
simulation analysis of the ring pack behavior, inter-ring gas pressure, ring-pack breathing,
and oil film thickness associated with cylinder deactivation. All of these parameters are
interconnected and have a strong influence on oil consumption.

This chapter is subdivided into two parts. The first part discusses fast transient
behavior of the deactivated cylinder due to heat transfer after the valves were shut off. In
this part, the influence of temperature drop, ring pack-blow-by, and ring pack performance
were studied. The second part presents results of slow transient processes in the deacti-
vated cylinder due to ring pack breathing with constant temperature conditions. The main
objective of this analysis was the investigation of the influence of blow-by on ring pack
behavior and oil consumption.

In this analysis the RING program [16, 17, and 10] and the General Engine SIMu-
lation program (GESIM) [30, 8, 23, 55, and 72] were used. The RING program is one of

the programs in the Cylinder kit Analysis System for Engines (CASE). The GESIM pro-
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gram is a part of the Ford ENGine SIMulation system (ENGSIM). GESIM is a computa-
tional tool for modeling in-cylinder processes in an internal combustion engine. It
simulates in-cylinder flow, heat transfer, and thermodynamics during the engine cycle for
firing, as well as motoring conditions. The program accounts for heat transfer losses from
the combustion chamber during breathing, compression, expansion, and from both burned

and unburned gases during combustion.

FAST TRANSIENT BEHAVIOR ANALYSIS OF CYLINDER
DEACTIVATION

In this analysis the performance of the deactivated cylinder was investigated. Dur-
ing deactivation the exhaust valve does not open at the end of the expansion stroke, and the
burned gas is kept trapped inside the cylinder. This causes a high pressure increase for the
next cycle and an ensuing pressure decay for the following cycles (Figure 13). The pres-
sure increase is due to the following: under firing conditions, the peak in-cylinder pressure
occurs after the piston passes the top dead center (TDC) when most of the charge has been
burned. When the valves are shut off, all the burned gases are trapped inside the cylinder
and compressed as the piston approaches TDC again. The cause of the pressure decay was
hypothesized to be either heat transfer or ring pack breathing; these events were studied
using RING and GESIM simulations which are discussed below.

Heat transfer was determined as the main factor causing the temperature drop. The
influence of ring pack breathing on the pressure change during the first several cycles was
small and can be neglected. Based on this conclusion, the following simulation strategy

was chosen. GESIM was used to model a combustion chamber pressure trace for every
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Figure 13 Experimental busti hamber p traces of the deactivated cylind

obtained from Ford Motor Company

cycle considering the heat transfer losses from the combustion chamber to the walls. With

this bustion chamb the RING program was used to perform gas dynamic

P

and lubrication analysis to predict inter-ring pressures, ring pack breathing (blow-by), ring

behavior, and oil film thickness.

For the analysis of the cylinder deactivation p several sil ions were
performed with the same initial conditions but different engine speeds: 1500, 2000, 2500,
3000, and 3500 rpm. Figure 14, Figure 15, Figure 16 and Figure 17 show the pressure
traces for 1500 rpm and 3500 rpm with different scale resolutions. The following discus-

sion refers to the simulation points of 1500 and 3500 rpm.
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Figure 17 Pressure traces of the cylinder deactivation transient process at 3500 rpm



The duration of the fast transient of the deactivation peak cylinder pressure was
determined to be seven cycles. The combustion chamber pressure achieves a steady state
amplitude after the seventh cycle. As seen in Figure 14 and Figure 16, the pressure traces
for the sixth and seventh cycles are only slightly different. During the first seven cycles,
constant boundary conditions (such as cylinder liner temperature) are assumed. As the cyl-
inder liner temperature and gas pressure change during the motoring process, future work
should include analysis of how these temperature changes influence boundary conditions.
For this study, the oil conditions, such as temperature during the simulations, were
assumed to be constant.

In general, the results show changes from 1500 rpm to 3500 rpm during the first
three cycles for the ring-pack pressures. After the seventh cycle these pressures reach a
steady state amplitude. The second land pressure shows significant differences between
the two speeds (Figure 15 and Figure 17). At 3500 rpm, the pressure on the second land
cannot build up in the same way as the 1500 rpm case due to a different ring motion of the
second ring. The inertial force on the ring at 3500 rpm overcomes the pressure force on the
top of the second ring and initiates ring motion towards the top of the groove, allowing the
second land pressure to decrease (Figure 17). Due to high pressure inside the combustion
chamber and on top of the first ring, this ring is held at the bottom of the groove. This will
change with higher acceleration forces at higher engine speeds. The positive effect of this
lower pressure on the second land at 3500 rpm results in a decreased back flow into the

combustion chamber and smaller oil consumption.
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Ring Motion

Ring motion is influenced by variations in inter-ring pressure and mass flow. Dur-
ing the cycle, the ring moves from the top to the bottom of the groove due to inertia and a
pressure difference above and below the ring. This motion opens a passage behind the ring
for gas flow. The gas flow affects the inter-ring pressure and consequently the ring motion.
Figure 18 and Figure 19 show the motion of the compression rings for seven cycles at
1500 rpm and 3500 rpm respectively. In general, it is preferable to have the rings move
uniformly without oscillations (fluctuations) in the ring groove. As shown later, move-
ments in the ring position were found to correlate with high mass flow rates through the
ring pack. However, some ring fluctuations do occur. For both engine speeds the top ring
shows fewer fluctuations than the second ring. These fluctuations are shown as spikes in
Figure 19. The fluctuations reduce ring pack sealing, and they cause abrupt changes of the
inter-ring gas pressure and mass flow spikes at 3500 rpm and will be discussed later.

The ring motion shows transient behavior during the first three cycles. After the
third cycle, as the peak pressure stabilizes, the ring follows a similar pattern for succeed-

ing cycles.

Mass Flow and Back Flow

During a cycle the gas passes from the combustion chamber through the ring pack
into the crank case and from the ring pack into the combustion chamber. The direction of
back flow is from the ring pack into the combustion chamber. The direction of the forward
flow and net flow is from the combustion chamber into the crankcase. The net flow is a dif-

ference between the back flow and the forward flow over a cycle.

43



--9®--CYCLE1 —8—CYCLE2 —4&—CYCLE3
—¢—CYCLE4 —@—CYCLES —@&—CYCLES

0.0002 A
— 9 —CYCLE?
0.0000 T v
1500 2000 2500 3000 3500
ENGINE SPEED (rpm)

Figure 20 Averaged cycle based mass flow from the cylinder during the cylinder
deactivation transient

0.025

BRING GAP

B BEHIND RING
0.020
@DUE TO RING FLOATING

BTOTAL

MASS FLOW (g/cycle)

1500 2000 2500 3000 3500
ENGINE SPEED (rpm)

Figure 21 Cycle based back flow into the cylinder through the ring gap, behind the ring,
and total



1 RING GAP
- -+ --1RING TOP
= = 1RING BOT

1.5

Q
-

0 o
o o

(o08/6) 31VvH MO1d SSYW

-0.5 -

-1.0

720.0 900.0 1080.0 1260.0

540.0

180.0

1440.

360.0

0.0

CRANK ANGLE (deg)

Figure 22 Mass flow rate through the ring groove at 1500 rpm

-
L
e,

1.5

38
22¢
o aocaoc
- c.l - ’5 . -
I B Y (3 N T
; _ wrie
1
- Setsems
...t...“.hs
T
YAt ]
.n..“..“.u. ..... semstetrTT
wessorra 2232
o ] 4 . -
(098/6) 31vH MOTd SSYN

360.0 540.0 7200 900.0 1080.0 1260.0

180.0

1440.

0.0

CRANK ANGLE (deg)

Figure 23 Mass flow rate through the ring groove at 3500 rpm

45



Mass flow between the volumes in the ring pack piston assembly is mainly caused
by pressure differences. Another factor directly affecting the mass flow is the ring motion.
As mentioned before, the ring motion and mass flow are correlated.

There are three paths for the mass flow across the ring pack: through the ring gap,
through the groove behind the ring, and between the cylinder liner and the ring face (ring
collapse). The latter was not observed during the simulations and is believed to be due to a
relatively low engine speed and relatively low in-cylinder pressure.

During the first seven cycles after the spark is turned off, the net mass flow into the
ring pack continuously decreases. By the fourth cycle the mass flow approaches steady
state and for the rest of the cycles does not differ much. Figure 20 shows the mass flow
from the combustion chamber for each of seven cycles at different engine speeds. It is
worth noticing that the mass flow of the first cycle at 1500 rpm is almost 150 percent
larger than the mass flow of the seventh cycle. However, at 3500 rpm the mass flow of the
first cycle is only 80 percent larger than the mass flow at steady state.

The total back flow is a summation of two components: back flow through the
groove behind the ring and back flow through the ring gap. The total cycle-based back
flow and its components for seven cycle, is shown in Figure 21. Over seven cycles, the
total back flow slightly decreases as the engine speed increases. However, the back flow
through the groove increases but is compensated by a substantial decrease of the back flow
through the ring gap. Again, it is worth noticing that the back flow through the groove due
to the ring fluctuation increases with the engine speed.

The largest mass flow rate occurs at the crank angle corresponding to TDC. There

are several explanations for it. The pressure in the cylinder is the highest when the piston



is at TDC. The pressure pushes gas through the ring gap into the ring pack. In addition, the
piston decelerates as it approaches TDC; inertia moves the ring out of the bottom of the
groove, opening a passage for the gas to go from the combustion chamber into the ring
pack. As the piston moves down, the in-cylinder pressure pushes the ring back to the bot-
tom of the groove; and the flow from the volume in the groove behind the ring goes back
to the combustion chamber. The plots in Figure 22 and Figure 23 show the mass flow rate
through the ring groove for 1500 and 3500 rpm for the first one and a half cycles. This
interval corresponds to the most rapid transients. In these plots, the notation ring top cor-
responds to the flow rate from the volume in the groove behind the ring past the top of the
ring, and the notation ring bot corresponds to the flow past the bottom of the ring.

The plots for both engine speeds have similar features. The top ring lifts from its
seat at the bottom of its groove at the same crank angle for both speeds but remains for a
longer crank angle interval at the top of the groove at 3500 rpm. This, and the earlier men-
tioned differences in the motion of the second ring at 3500 rpm, allows a smaller net flow
through the ring pack at 3500 rpm for the first seven cycles. As seen in Figure 20, the
engine speed has a strong influence on the mass flow for the first seven cycles after deacti-

vation.

Oil Film Thickness

Oil film thickness is influenced by the ring pack geometry, the piston velocity, and
the inter-ring pressures as well as the in-cylinder pressure. The oil film thickness plots for
seven cycles and for the first one and a half cycles at 1500 and 3500 rpm are shown in

Figure 24, Figure 25, Figure 26, and Figure 27 respectively.
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For the top ring the maximum oil film thickness occurs before and after the bottom
dead center (BDC), near mid stroke, when the piston velocity is high, but inter-ring and in-
cylinder pressures are relatively low. At BDC the film becomes thinner because the piston
has low velocity. The minimum film thickness corresponds to TDC. At this point, the pis-
ton has low velocity, and the inter-ring pressure, as well as in-cylinder pressure, is high.

For the second ring, the minimum film thickness occurs at the whole downstroke
because the second ring has a taper face profile and does not develop hydrodynamic lubri-
cation. On the upstroke, the film thickness begins from the minimum at BDC, has the
maximum in the middle of the stroke, and again approaches the minimum thickness at
TDC.

The oil film thickness experiences only slight variations after the fuel is shut off
and the valves are deactivated. The oil film thicknesses for 1500 rpm and 3500 rpm are
similar except for two differences: the oil film thickness corresponding to the position of
the piston at BDC is slightly different, and the minimum oil film on the first ring is about

15 percent larger for 3500 rpm.

GAS DYNAMICS ANALYSIS OF DEACTIVATED CYLINDER WITH
CLOSED VALVES

The main objective of this analysis was to investigate the influence of ring pack
breathing on the combustion chamber pressure. Another concern was what pressure
should be kept inside the combustion chamber to attenuate oil consumption and prevent

oil flow into the combustion chamber.
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changes in the deactivated cylinder

When the valves are shut off, the piston cylinder assembly works as a compressor
without an exhaust valve. The loss or gain of the air mass from the combustion chamber
across the ring pack depends on the amount of air that is trapped inside the cylinder when

the valves are shut off. The compression gas cycle was modeled as an isentropic process

(P VY = const, where Y = 1.4 for air) which gives a good correlation with the experimental
data measured at Ford Motor Company.

In this analysis, only the RING program was used. The standard RING program
had to be modified to simulate the behavior of the cylinder with deactivated valves. The
flow chart of the program is shown in Figure 28. Initially, the program generates an array
of the in-cylinder pressure for every degree of crank angle based on a reference angle. A

reference angle is the crank angle corresponding to the pressure inside the cylinder equal
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to the reference pressure. In this analysis the reference pressure was taken to be the ambi-
ent pressure. The reference angle can be considered as the angle at which the exhaust
valves and the intake valves are fully closed. The main purpose of a reference angle is to
model different amounts of air mass trapped inside the cylinder. A high reference angle
corresponds to a large amount of mass inside the cylinder and vice versa. Evaluation of
ring performance for different peak pressures (or different amounts of air mass) inside the
cylinder was modeled by changing the reference angle. Based on the initial pressure array,
the RING program was used to study the gas dynamics over one cycle and predict the
mass flow across the ring pack from the combustion chamber and back. This flow corre-
sponds to the mass loss or the mass gain inside the combustion chamber. Accounting for
the mass change, the new combustion chamber pressure array was calculated for the next
iteration. In this study the iterations were repeated 500 times which corresponds to 40 sec-
onds of engine operation at 1500 rpm.

For each cycle the program calculated the forward flow and the back flow. During
each cycle the flow moves from the combustion chamber into the ring pack and from the
ring pack back into the combustion chamber. Although over a cycle the net flow is positive
(from the combustion chamber into the ring pack), there can be a back flow (from the ring
pack into the combustion chamber) which affects oil consumption.

For the gas dynamic analysis of the deactivated cylinder, the set of seven simula-
tions was repeated for different engine speeds and reference angles (shut-off angles). The

test points of the simulations are shown in Table 3.

52



Table 3 Simulation test points

500 rpm 0, 90, and 180 degrees
1500 rpm 0, 30, 60, 90, 120, 150, and 180 degrees
4000 rpm 0, 90, and 180 degrees

In-Cylinder Pressure and Mass Flow Rates

The combustion chamber loses or gains air mass over the cycle depending on the
reference angle chosen. For the zero reference angle, the in-cylinder pressure at TDC is
equal to the ambient pressure. At BDC there is a vacuum inside the combustion chamber.
During the cycles, both the peak pressures at TDC and BDC increase due to the mass flow
from the crank case to the combustion chamber. However, the total peak pressure increase
over 500 cycles is less than seven percent. The lower engine speed gives a higher peak
pressure increase due to a longer time span of 500 cycles at 500 rpm compared to
1500 rpm. The plots for 1500 rpm, zero reference angle are shown in Figure 29.

The 90 degree reference angle corresponds to the ambient pressure inside the cyl-
inder at a 90 degree crank angle. The cylinder pressure is above or below the ambient pres-
sure depending on whether the piston is at TDC or BDC. This corresponds to the mass
flow from the combustion chamber on the upstroke and the mass flow to the combustion
chamber on the downstroke. Overall, the pressure inside the combustion chamber
decreases, but the total peak pressure decrease at TDC over 500 cycles is less than 1.5 per-
cent.

For the 180 degree reference angle, the in-cylinder pressure at BDC is equal to the
ambient pressure. The combustion chamber is highly pressurized at TDC. During the

cycles the pressure inside the combustion chamber decreases. The total pressure decrease
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at TDC over 500 cycles is less than 1.5 percent. The plots for 1500 rpm and 180 degree
reference angle are shown in Figure 30.

In general, all the processes of gaining or losing the air mass inside the cylinder
have to converge to the steady state process in which the net mass flow is zero. Figure 31
shows a plot of reference angle (mass inside the cylinder) vs. mass flow. At 1500 rpm, the
reference angle of 53 degrees corresponds to this steady state process.

The duration of the slow transient depends on the initial amount of air mass inside
the cylinder. The slow transient process at 1500 rpm converges to zero net flow at the 53
degree reference angle (Figure 31). Any slow transient process can be seen as a point

moving along the curve from its initial reference angle towards the zero net flow reference
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angle. The initial 180 degree reference angle corresponds to the longest transient process

which may be as long as several thousand cycles.

QUALITATIVE ANALYSIS OF OIL CONSUMPTION

The causes of oil consumption can be systematized into three main factors: oil
consumption by oil mist, oil consumption by thrown-off liquid oil droplets, and oil con-
sumption by oil vaporization from the cylinder liner. How these different mechanisms and

the initial reference angle affect oil consumption is described in the next section.
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Oil Consumption by Oil Mist

Back flow is believed to have an influence on oil consumption. The magnitude of
back flow depends on the ring pack design and the in-cylinder pressure. In general, a high
reference angle corresponds to high pressure inside the combustion chamber. Figure 31
shows the net flow and the back flow vs. reference angle for 1500 rpm, 500 cycles.

Assuming that all the gas inside the crankcase is highly saturated with oil mist (oil
vapor), a negative net mass flow from the crank case to the combustion chamber will be
proportional to the flow into the combustion chamber. All gas that enters the ring pack
from the combustion chamber becomes partly oil saturated, so that back flow will carry oil
mist into the combustion chamber. In Figure 31 the depicted mass flow can be divided into

three regions:
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Figure 31 Mass transferred due to net flow from the combustion chamber and back flow
into the combustion chamber for 500 cycles at 1500 rpm
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1. 0 to 50 degree reference angle: Although the back flow is relatively small, the
net flow is negative. This results in highly oil saturated gas flow from the ring pack into the

combustion chamber.

2. 60 to 100 degree reference angle: This region yields a low mass back flow and

no negative net flow.

3. 100 to 180 degree reference angle: The high positive net flow is compensated
by a high back flow which results in oil saturated gas flow across the ring pack into the

combustion chamber.

Oil Consumption by Thrown-off Liquid Oil Droplets

At TDC, oil droplets on top of the piston can be thrown off into the combustion
chamber due to high deceleration. A significantly high mass flow from the combustion
chamber into the ring pack restrains oil from moving into the combustion chamber. Again,

in Figure 31, the depicted mass flow can be divided into three regions:

1. 0 to 50 degree reference angle: The negative mass net flow from the crank

case into the combustion chamber is likely to increase the throwing off of oil droplets.

2. 60 to 100 degree reference angle: A positive mass net flow and a moderate

mass back flow will reduce the process of throwing off oil droplets.

3. 100 to 180 degree reference angle: A significant positive mass net flow into
the crank case and a high mass back flow into the combustion chamber will balance each

other on a level of a moderate process.
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Oil Consumption by Vaporized Qil From The Cylinder Liner

In a regular engine during the power stroke, the cylinder liner is exposed to the
high temperature combustion chamber gases and a large heat flux. Subsequently, this can
cause evaporation of the oil film left on the cylinder liner. Surface roughness and scraper
face ring performance will influence the oil film thickness that remains on the liner as the
piston moves down. In the deactivated cylinder, the combustion gases remain trapped

inside the cylinder which can cause significant oil evaporation.
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Chapter 4 SIMULATION ANALYSIS OF INTER-RING GAS
PRESSURE AND RING DYNAMICS AND THEIR INFLUENCE ON
BLOW-BY

MOTIVATION

In the modem world, car design is driven by two technical goals: efficiency
improvement and emissions reduction. Ring pack design, as a part of the overall engine
design, has a major influence on both the engine efficiency and emissions. This chapter
presents the results of numerical simulations of ring pack performance for a wide range of
engine operating conditions. In this analysis the ring pack simulation was used in combi-
nation with an engine thermodynamic model, the Ford Motor Company General Engine
Simulation (GESIM). GESIM provided the transient boundary conditions needed for the

evaluation of ring pack behavior over a wide operating range.

MODELING APPROACH

In this study, the Ring Program [16, 17, and 10] was used in combination with
GESIM (30, 8, 23, 55, and 72]. The Ring Program is a part of the Cylinder kit Analysis
System for Engines (CASE). The Ring Program is a model used to predict groove and
inter-ring gas pressures in a piston ring pack for reciprocating gasoline and diesel engines.

It also computes the oil film thickness between the rings and a distorted bore and oil vol-
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ume transport past the rings for fully flooded or oil starved conditions. The oil film thick-
ness between the piston skirt and cylinder bore is also calculated using the CASE system.
Finally, friction forces, developed between the rings and bore and between the skirt and
bore, are calculated. The program requires the description of the engine design parame-
ters, engine geometry, and combustion chamber pressure over a full engine cycle.

The GESIM program is a part of the Ford ENGine SIMulation system (ENGSIM).
GESIM is a computational tool for modeling in-cylinder processes in an internal combus-
tion engine. It simulates in-cylinder flow, heat transfer, and thermodynamics during the
engine cycle for firing, as well as motoring conditions. The program accounts for heat
transfer losses from the combustion chamber during intake, compression, expansion, and
from both burned and unburned gases during combustion.

For this analysis, GESIM was used to generate in-cylinder pressure for each oper-
ating condition point from 1000 to SO00 rpm with 500 rpm increments and from O inches
(0 mm) to 22 inches (558.8 mm) of manifold vacuum with 2 inch (50.8 mm) increments.
The engine description and the generated data with the appropriate unit and convention
changes were input into the Ring Program to predict inter-ring gas pressure, ring motion
and blow by. The output of the Ring Program was then post-processed to generate a global

blow-by map.

GLOBAL ENGINE BLOW-BY MAP

Combustion chamber pressure, inter-ring gas pressure, and ring motion are
strongly correlated. Ring motion is primarily driven by three kinds of forces: pressure

forces, inertia forces, and friction forces. Inertia forces depend on primary piston dynam-
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ics and ring mass. Piston dynamics / kinematics depend on the crank mechanism geometry
and are a function of engine speed. Pressure forces depend on the pressure difference
above and below the ring and the area on which the pressure is acting. The pressure differ-
ence depends on the “driving” combustion chamber pressure and the ring pack capability
to seal or leak gas. One of the factors affecting ring pack sealing capability is ring motion.
Friction forces depend on the ring pack design and the pressure behind the ring. The ring
pack can be considered as a complicated system of interrelated components. Due to the
interrelations of the components and complexity of the whole system, it is very important
to understand how these interdependencies affect the ring pack performance over a wide
range of operating conditions.

Over the range of operating conditions, the relative magnitudes of pressure and
inertia forces change. At high engine speed and low load, inertia forces dominate pressure
forces in the ring dynamics. However, at low engine speed and high load, pressure forces
are expected to dominate the inertia forces. An interesting question may arise: what hap-
pens between these extreme points and how does the transition between pressure forces
dominating and inertia forces dominating occur? Another interesting question may be
asked: how do the engine design parameters affect this force balance and transition?

A reciprocating internal combustion engine is not a steady state device. All of the
processes repeat in a cycle (for a four stroke engine, one cycle is 720 degrees of crank
angle). Thus, ring pack parameters must be considered as time and space dependent. This
means that for each set of operating conditions, the engine parameter output such as in-
cylinder pressure or temperature forms a two-dimensional map. Similarly, the operating

conditions themselves are a two-dimensional map (engine load and engine speed). That is
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why there is a need for a scalar parameter that can represent the ring pack performance for

each set of operating conditions. One of these parameters is blow-by.

5.4L V8 Measured Blow-by

Figure 32 shows the experimentally measured blow-by map of a production 5.4L
V8 engine for a wide range of operating conditions (engine speed [rpm] and engine load
[reciprocal to manifold vacuum]). At most of the operating conditions (high load, low
rpm; low load, low rpm; and high load high rpm) the blow-by forms an inclined surface.
The blow-by decreases as operating conditions move from high load (zero vacuum) to low
load (22 inches of vacuum); and even smaller reduction in blow-by is seen as one moves
from low speed to high speed. However, at low load high rpm, a dramatic increase in
blow-by is seen (consider an imaginary line between 10 inches 5000 rpm and 22 inches
3500 rpm). In this region, the experimental results show that the ring pack does not seal
and blow-by increases dramatically. This is shown in the next section and the reasons for
this are discussed. This region correlating to extreme operating conditions is rarely seen in
a vehicle. The blow-by map shown in Figure 32 is typical for most engines. Attention to
the low load and high engine speed is primarily to correlate the model to a wider range of

operating conditions than typically encountered in a vehicle.

Blow-by Simulation Results

The simulation of blow-by for the same 5.4L V8 engine in the same range of oper-
ating conditions was created using the computational procedure described above.The
results are shown in Figure 33 which shows a very similar trend to the measured blow-by

map. The simulation results show a gradual decrease in blow-by for high to low load and
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Figure 32 Measured blow-by map from the cylinder for the 5.4L V8 engine

low rpm and high load and high rpm. However, at high rpm and low load, the blow-by dra-
matically increases. Figure 45 and Figure 46 show the combustion and inter-ring gas pres-
sure for 2 inches of vacuum 2000 rpm and 18 inches of vacuum 4500 rpm, respectively.
The first plot corresponds to a point of a gradual decrease of blow-by. In this plot the sec-
ond land pressure achieves only about 10 percent of the peak combustion pressure. It is
worth noticing that the second land pressure gradient changes at 350 crank degrees. This
gradient change is due to second ring motion. Figure 46 corresponds to the point at the
blow-by spike. The second land pressure achieves about 90 percent of the peak combus-
tion pressure. Tian et al. [75] described a similar phenomena for a 2.0L I4 engine. At this
operating point, the ring pack loses its ability to seal the combustion chamber. This causes

the spikes in the blow-by map.
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Figure 33 Predicted blow-by map from the cylinder for the 5.4L V8 engine
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Figure 34 Predicted back flow map into the cylinder for the 5.4L V8 engine
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Figure 35 Predicted blow-by map from the cylinder for the 4.6L V8 engine
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Figure 36 Predicted back flow map into the cylinder for the 4.6L V8 engine
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Figure 37 Predicted blow-by map from the cylinder for the 2.3L 14 engine
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Figure 38 Predicted back flow map into the cylinder for the 2.3L I4 engine
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Figure 39 Predicted blow-by map from the cylinder normalized over intake airflow for the
5.4L V8 engine
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Figure 40 Predicted back flow map into the cylinder normalized over intake airflow for
the 5.4L V8 engine
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Figure 41 Predicted blow-by map from the cylinder normalized over intake airflow for the
4.6L V8 engine
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Figure 42 Predicted back flow map into the cylinder normalized over intake airflow for
the 4.6L V8 engine
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Figure 43 Predicted blow-by map from the cylinder normalized over intake airflow for the
2.3L 14 engine
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Figure 44 Predicted back flow map into the cylinder normalized over intake airflow for
the 2.3L 4 engine
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Figure 45 Combustion and inter-ring pressure at 04” manifold vacuum 2000 rpm for the
5.4L V8 engine

The spikes in the blow-by map are correlated to the spikes in the back flow map.
Figure 34 shows the back flow map for the 5.4L V8 engine. The blow-by corresponds to
the total net flow from the combustion chamber through the ring pack into the crank case
during the complete engine cycle. In some parts of the cycle the gas flows into the ring
pack (forth flow) and in other parts of the cycle the gas can flow from the ring pack into
the combustion chamber (back flow). Usually, the back flow occurs at the exhaust and
intake strokes when the pressure inside the combustion chamber is low; but the pressure in
the ring pack chambers, especially at the second land, is high. Excessive back flow can
cause an increase in hydrocarbon emissions and oil consumption.

In order to eliminate the ramp with manifold vacuum in Figure 33, Figure 34,

Figure 35, Figure 36, Figure 37, and Figure 38, the blow-by maps were normalized with
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Figure 46 Combustion and inter-ring pressure at 22” manifold vacuum 4500 rpm for the
5.4L V8 engine

the intake manifold airflow into the cylinder over a cycle. The non-dimensional blow-by
and back flow maps for the three engines are shown in Figure 39, Figure 40, Figure 41,
Figure 42, Figure 43, and Figure 44. The normalized blow-by maps (Figure 39, Figure 41,
and Figure 43) show dependence on engine speed at low rpm. However, at high engine
speed, above 3000 rpm, the blow-by does not change with speed. At low engine load and
high rpm, the normalized blow-by maps show spikes. The normalized back flow maps in
Figure 40, Figure 42, and Figure 44 show an increase with manifold vacuum and a
decrease with engine speed.

The spikes in the blow-by in Figure 33 and Figure 34 correspond to ring collapse.
As mentioned before, ring dynamics are governed by the balance between pressure and

inertia forces. For most operating conditions, at the end of the compression stroke and for
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most of the power stroke, the top ring stays at the bottom of the groove. This happens

because the pressure forces exceed the inertia forces. This is shown in Figure 9 on

page 25. At low engine load and high engine speed, the inertia forces may dominate the

pressure forces and the top ring stays at the top of the groove during combustion. If the

pressure above the ring is high enough and the pressure behind the ring is low enough, the

ring can lose contact with the cylinder bore and opens a large area for gas flow. For ring

collapse to occur, the following conditions of inertia forces, pressure above the ring, pres-

sure behind the ring, and ring tension must be fulfilled.

P+ P3
> > Prr * P2

A3-p3+mr'.'x'>A|'p]

Rearranging Eq. (41) and Eq. (42) yields the following.

where X is ring acceleration.

2
cos (mt)

,L, .2
L—c - sin"(wt)

2 . .
cos (wt) - smz(mt) _ smz((ot)

(L_' - sin (mt)) ,—' - sinz(wt)
(o LC

¥= L.w? cos(wr) + +
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It can be seen that X depends on the engine speed w and slider - crank geometry,

crank radius Lr and connecting rod length Lc. On the other hand, the area A; and A; as
well as the ring mass m, depend on the ring design and the bore diameter.

The same GESIM and RING modeling approach was applied to two more engines:
a production 4.6L V8 and a production 2.3L I4. The 4.6L engine has an almost identical
ring pack design to the 5.4L but a smaller stroke. The 2.3L engine has a similar ring pack
design but a different bore / stroke ratio with a bigger bore and smaller stroke. Based on its
displacement, the 2.3L I4 engine can be considered as a half of the 4.6L V8 engine with
the same displacement per cylinder. Also, it is worth noting that the 2.3L engine has very
low oil consumption. The predicted blow-by maps for the 4.6L V8 and 2.3L 14 are shown
in Figure 35 and Figure 36 respectively. The blow-by maps for the 4.6L V8 and 2.3L 14
show a similar trend to the one for the 5.4L V8. The blow-by gradually decreases in the
region of high to low rpm and high load and low rpm and low load. At high rpm low load,
the maps show the spikes of blow-by. However, these spikes cover a smaller map area than
for the 5.4L engine. Comparing the 5.4L, 4.6L, and 2.3L engines and keeping in mind the
decreasing bore / stroke ratio for these engine, it can be seen that the balance between
pressure and inertia forces is shifted.
The back flow maps for the 5.4L, 4.6L, and 2.3L engines shown in Figure 36,
Figure 37, and Figure 38 form a surface similar to the original back flow map. The back
flow maps show a correlation between spikes in total blow-by and back flow, very similar

to the 5.4L engine.
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TOP COMPRESSION RING ANALYSIS

It is very important to determine if the spikes in the blow-by map due to top ring
collapse are a phenomena of the top ring or if the second ring has a significant influence
on it. To examine this idea, the original ring pack was modified and left only with the top
compression ring. Then, the same computational procedure was applied to the modified
ring pack. Figure 47 and Figure 48 show the blow-by and back flow map for the modified
one-ring 5.4L V8 engine. The blow-by map is very similar to the original blow-by map.
Blow-by gradually decreases in the region of high rpm and high load, low rpm and high
load and low rpm and low load and shows spikes at high rpm and low load. The blow-by
magnitude in the region of a gradual decrease is higher than in the original map, but the
difference is less than 10 percent. The blow-by magnitude increase is due to the absence of
the second and oil control rings. At high rpm and low load, the map shows spikes which
correspond to the spikes in the original map.

The back flow map (Figure 48) does not show spikes at high rpm and low load.
This is due to the absence of the second and oil control ring. For the full ring set piston
pack, a certain amount of gas gets trapped in the second and third land volumes during the
power stroke and can cause excessive reverse back flow into the combustion chamber dur-
ing the exhaust and intake strokes. For the one ring piston pack, the pressure below the top
ring is assumed to be sump pressure and does not depend on the amount of blow-by.

The one ring blow-by simulation results for the 2.3L engine show the same trend
as the full ring set engine. The blow-by map is similar to the original map (Figure 37), but

the magnitude of blow-by is bigger by about 10 percent. Again, this is due to the absence
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Figure 47 Predicted blow-by map from the cylinder for the 5.4L V8 engine, one ring
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Figure 48 Predicted back flow map into the cylinder for the 5.4L V8 engine, one ring
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Figure 49 Predicted blow-by map from the cylinder for the 2.3L 14 engine, one ring

of the second and oil control rings. Comparing the blow-by map of the full ring set and
one ring piston configurations for both the engines, it can be concluded that the ring col-
lapse phenomena and ensuing blow-by spikes are primarily due to first ring dynamics and
first ring configuration.

Since the ring collapse phenomena is primarily a local phenomena of the top ring,
the top ring behavior was thoroughly examined. Figure 50 and Figure 51 show the com-
bustion chamber pressure for the 5.4L V8 engine for a range of operating conditions, from
3000 to 5000 rpm and from 16 to 22 and 8 to 14 inches of manifold vacuum. The peak

busti d as ifold vacuum or engine speed increase. The influ-

p

ence of manifold vacuum on the peak in-cylinder pressure is bigger than the influence of
engine speed. Figure 52 and Figure 53 show the ring motion for 3000 to 5000 rpm 16 to

22 and 8 to 14 inches of ifold vacuum respectively for the 5.4L V8 engine with one
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manifold vacuum, 3000 - 5000 rpm
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vacuum, 3000 - 5000 rpm
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Figure 59 Top ring motion for the 4.6L I4 engine, one ring, 08 - 14 inches of manifold
vacuum, 3000 - 5000 rpm
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ring. Figure 54 and Figure 55 show the mass flow rates for 3000 to S000 rpm 16 to 22 and
8 to 14 inches of manifold vacuum for the same engine configuration. Mass flow across
the ring includes three components: above the ring into the groove, below the ring from
the groove to the second land, and through the ring including flow through the ring end
gap and due to ring collapse. Figure 56, Figure 57, Figure 58, Figure 59, Figure 60, and
Figure 61 show combustion chamber pressure, ring motion, and mass flow rate, respec-
tively, for the 2.3L I4 engine with one ring.

Ring motion has an important effect on inter-ring gas pressure, blow-by, and back
flow. At moderate engine speeds and moderate loads, the top ring behaves in the following
manner. At the beginning of the cycle (Top Dead Center [TDC] at the beginning of the
intake stroke), it stays at the top of its groove due to the dominance of inertia forces over
pressure forces. At this moment, the pressure inside the cylinder is low and the piston
accelerates downward. Near the middle of the intake stroke, the ring moves to the bottom
of the groove due to an increase of in-cylinder pressure and a change in the direction of the
inertia forces due to piston deceleration. The ring stays at the bottom of the groove until
the middle of the exhaust stroke. During this time (crank angle) interval, the in-cylinder
pressure rises significantly during combustion and pressure forces exceed the inertia
forces. In the middle of the exhaust stroke, the inertia force starts acting upward and the
pressure inside the cylinder drops. This causes the ring to move to the top of the groove
and stay there until the end of the cycle.

Changing operating conditions can change the balance between pressure and iner-
tia forces and can lift the ring up during combustion (consider an imaginary line between

points of 12 inches 5000 rpm and 18 inches 3000 rpm in the ring motion plots for the 5.4L
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V8 engine with one ring [Figure 52 and Figure 53]). This is a border line of dominance
between the pressure and inertia forces. Below this line, the pressure forces dominate iner-
tia forces. Above this line, the inertia forces start dominating the pressure forces. In the
extreme case, 22 inches 5000 rpm, the ring stays at the top of groove during most of the
compression and exhaust strokes.

Mass flow rate depends on the area and the pressure difference (unless the flow is
choked). When the in-cylinder pressure rises and the ring is at the bottom of the groove,
the gas flows from the cylinder to the volume behind the ring and the pressure in this vol-
ume increases. During the exhaust stroke the pressure in the cylinder drops and gas flows
from the volume behind the ring into the cylinder causing the pressure to decrease in this
volume. If during the power and exhaust strokes the ring moves to the top of the groove, it
opens a passage for gas to flow from the volume behind the groove to the second land. If at
this moment the pressure behind the ring is relatively high, the gas flows into the volume
on the second land causing blow-by.

The other paths for gas flow are through the ring end gap and due to ring collapse.
The ring end gap flow is an inevitable process due to the presence of the ring end gap and
a pressure difference above and below the ring. Another case is the flow between the ring
face and cylinder liner due to ring collapse [9]. For ring collapse, the ring stays at the top
of the groove during the power stroke. Since the pressure behind the ring is low, the high
pressure force due to the high pressure above the ring can overcome the ring tension and
the pressure force behind the ring. This causes the ring to collapse and open a wide area

for gas flow.



The 2.3L engine with one ring shows very similar ring motion to the 5.4L V8 one
ring engine. The major difference is that the ring motion pattern is shifted toward lower
engine loads or higher manifold vacuum (consider the line 16 inches 5000 rpm and 20
inches 3500 rpm in the top ring motion plot for the 2.3L one ring engine in Figure 58 and
the line between points of 12 inches S000 rpm and 18 inches 3000 rpm in the ring motion
plots for the 5.4L V8 engine with one ring in Figure 52 and Figure 53). This means that
for the 2.3L one ring engine the balance between pressure and inertia forces is shifted

toward the pressure forces, compare to the 5.4L engine with one ring.

INFLUENCE OF DESIGN PARAMETERS ON BLOW-BY AND RING
COLLAPSE

As mentioned in the previous section, ring collapse occurs for certain combina-
tions of pressure and inertia forces and is affected by ring tension. In order to investigate
the influence of the balance between pressure and inertia forces, the mass of the top ring
was halved for the 5.4L one ring engine and doubled for the 2.3L one ring engine. In order
to investigate the influence of the top ring tension, the ring tension was doubled for the
5.4L one ring engine. The blow-by maps for these cases are shown in Figure 62,
Figure 66, and Figure 64 respectively.

Changes of the ring mass shift the balance between pressure and inertia forces. The
reduction of the ring mass for the 5.4L V8 one ring engine moves the force balance to the
region of high rpm and low load making ring collapse less likely (compare Figure 47 and

Figure 62). The increase of ring mass for the 2.3L one ring engine shifts the force balance
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toward lower engine speed and higher load and increases occurrences of ring collapse and
ensuing blow-by spikes (compare Figure 49 and Figure 66).

Ring tension has a different effect on ring dynamics and ring collapse than does
varying ring mass. It does not change axial ring motion but can prevent the ring from col-
lapsing (Eq. (41) and Eq. (42)). The blow-by map for the 5.4L V8 one ring shows that
with increased ring tension (Figure 64) no large blow-by occurs. However, high ring ten-
sion can increase ring friction and ensuing ring wear.

The ring mass and ring tension of the top ring have a similar effect on the blow-by
map for the full ring set piston as on the one ring cases. The blow-by maps for the full ring
set cases are shown in Figure 63, Figure 65, and Figure 67. The ring mass increase moves
the force balance toward lower rpm and higher load and causes large blow-by (Figure 67).
Ring mass reduction shifts the force balance to the region of high rpm and low load and

reduces blow-by (Figure 63). The high top ring tension prevents ring collapse (Figure 65).

Engine Bore Stroke Ratio and Its Affect on Ring Pack Performance

Another way to shift the balance between pressure and inertia forces is to consider
the engine design parameters. The pressure forces depend on the areas on which the pres-
sure is acting. These areas are functions of the bore diameter. The inertia forces depend on
piston acceleration. The piston acceleration is a function of the connecting rod length,
crank radius, and engine speed (Eq. (44)). Comparing blow-by maps for the 4.6L V8 to
these for the 2.3L 14 engine (Figure 35 and Figure 37), it can be seen that the force balance
is shifted further to the high rpm and low load region. It is worth mentioning that both of

the engines have very similar ring pack designs and the same displacement per cylinder.
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The 5.4L V8 and 4.6L V8 engines have the same bore diameters and almost identical ring
pack designs but different strokes. The blow-by maps for these engines (Figure 33 and
Figure 35) show the shift in the force balance toward high load and low engine speed for
the 5.4L engine in comparison to the 4.6L V8 engine. Based on this, it can be concluded

that the bore / stroke ratio affects the ring pack performance.
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Chapter S THREE-DIMENSIONAL RING TWIST MODELING

INTRODUCTION

Ring dynamics and ring twist have a major influence on ring pack performance.
The main purpose of the ring pack is to seal the combustion chamber from its surround-
ings or, in other words, to prevent the combustion gases from penetrating into the crank
case. In addition to its main purpose, the ring pack has to satisfy the constraints set by
durability, emissions and efficiency requirements. All of these factors are self-excluding.
A good ring pack design represents the compromise among all of these factors.

In recent years a number of attempts has been made to model ring pack perfor-
mance including ring motion and ring twist [24, 37, 39, 46, 67, 64, 75, 74, 78]. The limita-
tion of these attempts is in the two-dimensional approach to a truly three-dimensional
phenomenon. In the case of an untwisted ring, this approach is valid and correlates well
with experimental data. In the case of a twisted ring this approach has to be applied with
special care because of the three-dimensional nature of ring twist. The limitations of a
three-dimensional ring twist model are in its complexity, size, and time required to per-
form the analysis. This chapter presents the first operational three-dimensional ring twist

model.
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MODELING APPROACH

During an engine cycle, the ring is subjected to different kinds of loads which
change in time (Figure 68). These loads include a pressure load due to a pressure differ-
ence above and below the ring, an inertia load due to piston acceleration and deccelera-
tion, a friction load due to ring contact with the cylinder liner, and an oil film damping
load due to the oil film presence on the top and bottom of the ring groove. All of the loads
acting on the ring can be projected as a combination of a radial force, an axial force, and a
twisting moment acting at the ring cross-section center of gravity. Depending on the pres-
sure difference above, below, and behind the ring and the position of the ring in its groove,
gas flows between cavities above, below, and behind the ring. The gas flow changes the
inter-ring gas pressures and the pressure load acting on the ring [16, 24, 27, 25, 37, 75].
Depending on the loads acting on the ring, the ring changes its position relative to its
groove. This changes the gas flow. The whole process forms a dynamic system with multi-
ple feed back loops [25].

In order to maintain the relative simplicity of the two-dimensional model and have
the three-dimensional capability of the model, the following modeling strategy was cho-
sen. First, the quasi-static three-dimensional ring analysis is performed. In this analysis,
the ring is deformed due to a static radial load because of ring tension and a set of axial
force and twisting moment pairs acting at the ring cross section center of gravity and geo-
metrical constraints due to ring / ring groove geometry. For each pair of the twisting
moment and the axial force, the ring position in the groove is determined. Based on the

ring position for every load case, the clearances between the ring and its groove are calcu-
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Figure 70 The actual ring view (a) vs. the three-dimensional ring beam model (b)
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lated. These clearances determine the areas for gas flow above and below the ring. These
gas flow areas, for a wide range of the axial forces and twisting moments, are then for-
warded to the RING program [16, 17, 10, 9, 27, 25] and used to determine the gas flow
areas at each crank angle increment during multi-cycle iterations. The flow-chart of the
procedure is shown in Figure 69.

In the TWIST program, the ring is modeled with a three-dimensional Finite Ele-
ment Analysis (FEA) beam model (Figure 70 and Figure 71). In order to reduce the analy-
sis time, the model includes one half of the ring. Each cross section of the ring is modeled
with five node points: four at each corner of the ring cross section and a central node
located at the cross section center of gravity. The central nodes are connected with circum-
ferential beam elements. The circumferential beam elements represent the ring itself and
have the cross section properties of the ring. The corner nodes are connected to the central
node with four beam elements. These beam elements have extremely high stiffness, and
their purpose is to apply the displacement constraints to the end node points of the cross
section due to the ring and groove geometries. With the corner node points it is possible to
specify any arbitrary geometry of the ring cross section.

At each cross section central node, a combination of loads is applied. The loads
include radial force due to ring tension, twisting moment due to ring tension, and two set
loads: axial force and twisting moment. The radial force and twisting moment due to ring
tension depend on the magnitude of the ring tension and the point where the ring tension is
applied. The ring tension is assumed to be uniform around the circumference. The ring
tension is applied along a circumferential line depending on the ring face profile. It is

assumed that the circumferential elevation of this line does not change from one cross sec-
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tion to another. At the initial stage all but one of the nodes are free in all of the six degrees
of freedom.

The displacement constraints due to ring and groove geometry are enforced by
applying high stiffness springs at the cross section end nodes which violate the constraints.
During the analysis, it is very important to ensure that the constraint springs work only on
compression.

The ring twist analysis is logically subdivided into two stages. At the first stage of
the analysis, the ring is “inserted” into the groove without violating the geometry con-
straints. During the next stage, the ring position is calculated for each pair of the axial
force and the twisting moment applied at every cross section central node. Based on these
calculations, the ring side clearances are determined and two matrices of gas flow areas,
above and below the ring, are generated for a wide range of the twisting moments and the
axial forces. The gas flow area matrices are forwarded to the RING program [16, 17, 10, 9,
27, 25] to determine the gas mass flow rates above and below the ring at every crank angle
increment.

During the analysis at each crank angle increment in the RING program, all the
loads acting on the ring due to pressure, inertia, friction, and oil damping forces are calcu-
lated (Figure 68). As mentioned before, all of these loads can be represented as a combi-
nation of radial force, axial force, and twisting moment acting at the ring center of gravity.
Based on the pairs of the twisting moments and axial forces acting on the ring, the areas
for gas flow above and below the ring are determiﬁed from the area matrices from the
TWIST analysis. The gas flow areas are calculated by interpolating four neighboring

entries in the area matrices
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The crank angle iterations are repeated until the convergence is achieved. Then, the
twisting moment and axial force pairs for each crank angle increment can be used in the
TWIST program to calculate the actual ring position in the groove at each crank angle

increment over the whole engine cycle.

THREE-DIMENSIONAL FEA BEAM MODEL

The ring twist model uses a general three-dimensional structural analysis algo-
rithm. The key model assumptions can be summarized as follows. The structure is per-
fectly elastic. Beam elements are represented by straight lines and have uniform section
properties between their two node points. Axial forces act along the centroidal axis of
beam elements. The shear center of a beam element cross section coincides with the cen-
troid of the section. Only small deflections are considered.

The structure to be analyzed is assumed to lay in the three-dimensional space. The
global coordinate system is used to describe the locations of nodes points, node point dis-
placements, external loads to the system, and reaction of supports (Figure 72). A local

coordinate system (Figure 73) is assigned to each element. The local coordinate system is
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necessary to define the element loadings, orientation of the element cross section, and the
end reaction forces. The K-plane contains nodes /, J, and K. The N-plane is normal to the
K-plane. The K- and N-planes are the planes formed by the cross section principal axes.

The coordinate transformation between the local and global system is the following:

{u}= A{U} (46)

where {u} is the local coordinate vector, {U} is the global coordinate vector, and
[A] is the directional cosines matrix.

In the model, the direct stiffness method is used to determine the node point dis-
placements, element end forces, and stresses. In this method, the element stiffness proper-
ties are combined into a local stiffness matrix [k]. The local stiffness matrices are
assembled into a global stiffness matrix [K]. Nodal forces and moments are transformed
into a global load vector {P}. Nodal displacements {U} are found by solving the matrix

equation
[K{U} = {P} 1))

The beam element is assumed to a straight bar of uniform cross section capable of
resisting axial forces, bending moments about the two principal axes in the plane of its
cross section, and torsional moments about its centroid axis. The forces and moments act-
ing on the beam element are the following: axial forces §; and S; shearing forces S5, S;;
Sg, and Sy; bending moments Ss, S, S;;, and S;,; and torsional moments S4 and S;,. The
locations and positive directions of these forces and moments are shown in Figure 74.

The element stiffnesses form a 12x12 matrix. According to the bending and torsion

theory, the axial and torsional displacements can be considered independently. In addition,



Neutral axis

Figure 74 Forces and moments in the local coordinate system

the displacements due to shear forces and bending moments in the xy and xz planes can be
analyzed independently as well because the cross section principal axes lay in the local xy

and xz planes.

Axial Forces (S; and S,)

The governing differential equation for the axial displacements is the following:

S, = -EA- (j—;) (48)

After direct integration and applying the boundary conditions shown in Figure 75,

it yields:
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The individual entries into the total stiffness matrix due to symmetry are

EA
o = 54 0)

ki1 =kyq=-ks1 =k 4 1)

Torsional Moments (S4 and S ;)

The governing differential equation for the twist of the beam is the following:
S, = -GJ- ("—9) (52)

where G J is the torsional stiffness of the beam cross section. After direct integra-

tion and applying the boundary conditions shown in Figure 76, it yields
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GJ
The individual entries into the element stiffness matrix due to symmetry are
_GJ
ky 4 = T (54)
ka4 = k10,10 = k4 10 = k10,4 (55)

Shearing Forces (S, and Sg)

The lateral deflection v of the beam element with applied shearing forces and asso-
ciated moments is given by

V= v+ (56)

where v, is the lateral deflection due to bending and v, is the additional deflection

due to shearing strains, such that
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dv, S, 57)
o = Ga,
where Ay, is the beam effective shear area.
The bending deflection is governed by the following differential equation:
2
dv,

dx

After direct integration, applying the boundary conditions shown in Figure 77, and

using the equations of equilibrium, it yields

3

3 2 2
S,x Sex7 8,0 xL LS
i At R (L W (59)

6 2 12

Elzv =

where:
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oy = 2
GAyL
S,L
Se = =
L’s

uy = (1 +¢y)12512
Z

The individual entries into the element stiffness matrix are

S,  12EI,

k = = = —_—
22 % (1+¢y)L3

Sg 12E1,
kg » = S T 3
2 (1 +¢y)L
' _ S_lg _ S,L-S¢ _ 6EI,
122 -7 " = 3
2 2 (1 +¢y)L
ks.a = kz.z

kl2,8 = ‘ks,z

Bending Moments (S; and S;,)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

The deflections due to bending moments S4 and S, are governed by the same dif-
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Figure 78 Bending moments

tions as shown in Figure 78. After direct integration, applying the boundary conditions,

and using the equations of equilibrium, it yields

s s
ElLy = 2(’-L'x)+ F(Lx - %) (69)
5, = 9% _ (10)
27 (4+0,)L
121,
0y = 3 (1)
GA,L
_ Ss(1+9¢,)L

Ug = m (72)

The individual entries into the element stiffness matrix are
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Ss _ (4+0)EI,

ko6 = 5. = (1+0,)L
Sy _ Si_ __ GEL
8.6~ u - —ll - _—_2

6 6 (1+¢,)L
. S _SiL-S¢ _ (2-9)El
1267 ug ug (1+0,)L
ki2 12 = ko6

Shearing Forces (S3 and Sg)

(73)

(74)

(75)

(76)

The case of the shearing forces S; and Sg is similar to the case of the shearing

forces S, and Sg but with the opposite sign convention.

Bending Moments (S5 and S;;)

The case of the bending moments S5 and S, is similar to the case of the bending

moments Sg and S;, but with the opposite sign convention.

Beam Element Stiffness Matrix:

(5} = ["“ "‘2]{0}

k21 k22

where:

T
{s} = [51 S 83 54 S5 S6 57 53 S9 S10 S1y 512]
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{U} = [U1U2U3U4U5U6U7U8U9U10UllUIZ]T

EA 0 0 0 0 0
L
0 12EI, 0 0 0 6EI,
L’(1+9¢,) L’(1+¢,)
0 0 12EI, 0 -6EI, 0
. L’(1+0)  L*(1+6¢)
T lo o 0 GJ 0 0
L
0 0 —6EI, 0 (4+0)EI, 0
L2(1 +9,) L(1+¢,)
0  6EI, 0 0 0 (4+¢)EI,
| L1+, Hi+e)
[ EA ]
5 0 0 0 0 0
~12EI 6EI
FEFUP o 0 Ty,
L°(1+9,) L'(1+9,)
~12EI —6EI
0 3 > 2_y" 0
. L’(1+¢,) L*(1+¢,)
ol = GJ
0 0 o - 0 0
. . 2 6EI, (2-0,)El,
L*(1+6,) L +9,)
—6EI, . o CG-9)EL
L (1+¢,) L1+, |
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[ EA
-0 0 0 0 0
~12EI —6EI
: Z 0 0 > 4
L’(1+¢,) L*(1+¢,)
~12EI EI
0 2 o 2
B L’(1+6,) L*(1+¢,)
el = GJ
0 0 o -5 0 0
. . _6EI (2-0,)EI .
L*(1+0,) L(1+¢,)
6EI (2-0.)EI
BERACEYS y)
- ]
= 0 0 0 0 0
12E1 _6EI
L3 Y4 0 0 5 4
(1+¢) L*(1+9,)
12E1 6EI
0 L3 . 2 2 0
(1+¢,) L (1+9¢,)
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0 0 o T 0 0
. . 6EI, (4+0,)El,
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—6EI, . o GreEl
| L’(1+9) L(1+9,) |
MODEL APPLICATION

(82)

(83)

The model described in the previous section was applied to a production gasoline

engine. In order to compare the results, the twist analysis was performed for both the top
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and second compression rings. The twist data obtained was used for comparison of the
original RING program calculations and the calculations using the new feature.

A typical ring pack for a gasoline engine includes an untwisted top compression
ring with a barrel face profile and a negatively twisted second compression ring with a
taper face profile (Figure 79). The principal differences between the two rings that affects
the twist capabilities can be characterized by two factors: the point of the ring face-cylin-
der liner contact and the orientation of the ring cross section principal axes. The contact
point affects the initial (static) ring twist due to ring tension and ring conformability to the
cylinder bore. In the case of the top compression ring with a barrel face profile without
offset, the ring tension causes a static radial force on the ring cross section and no initial

static twisting moment. In the case of the second compression ring with a taper face pro-
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file, the contact force due to ring tension is applied with an offset. In addition to a static
radial force, this causes an initial static twisting moment.

The orientation of the cross section principal axes depends on symmetry of the
cross section [9, 71, 84]. The principal axes of the top ring lay in the plane of the ring due
to the symmetry of the ring cross section. Because of the asymmetry of the second ring
cross section, its principal axes are pivoted by angle a and do not lay in the plane of the
ring. The major consequence of the pivoted principal axes is in the nature of the ring twist.
In the case of the principal axes laying in the plane of the ring, the ring twists in the plane
of the ring. If the principal axes do not lay in the plane of the ring, the ring does not twist
in the plane of the ring [84]. For this case of the ring cross section geometry, a three-dimen-

sional ring twist model has to be considered.

GAS FLOW AREA MATRICES

The gas flow area matrices represent the twist characteristics of the ring. The dif-
ference between the gas flow area matrices for the top and second compression rings is
determined by the differences in the nature of the twist for each ring. The gas flow areas
above and below the ring for the top and second compression rings are shown in Figure 80
and Figure 81 respectively.

The ring position in the groove depends on the ring material properties, geometry
of the ring cross section, initial static radial force, initial static twisting moment due to ring
tension, and an applied load case (twisting moment and axial force). In the case of the
axial force acting upward and a zero twisting moment, the top untwisted compression ring

stays at the top of the groove opening the passage for gas flow below it and closing the
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Figure 80 Gas flow areas above and below the ring vs. axial force and twisting moment
for the top compression ring
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Figure 81 Gas flow areas above and below the ring vs. axial force and twisting moment
for the second compression ring
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EXTERNAL EDGES OF THE RING

0580 T T T T
- — 4 4 A —+ — - - —F = = —— —t — - = -+ -+ - - —+
i 078 . : : . -
g om0 s m m »
E-o.m : . - L
a8 978} .. P P B U .
F-F - A -+ - F-F F —F-F- F " F - F-F F " F " F-F-"F"HF"7
-0.80 1 1 1 1
° s 10 15 20
FREE END OPPOSITE TO GAP
INTERNAL EDGES OF THE RING
080 T T T T
ot m A —t — 4 4 —F — 4=~ b —mH— - —F+— ==~ —+ — - —+
i 08 - P D - . \ ........ -
5 a0 L L " »
é-o.n T T : T
Q 98} - e e e . ............................. ‘ .......... -
030 1 1 A 1
° s 10 15 20
FREE END NODE NUMBER OPPOSITE TO GAP
RING POSITION IN THE GROOVE
1

DISTANCE (mm)

DISTANCE (mm) DISTANCE (mm)

Figure 82 Top compression ring position in the groove for an axial force 66.8485 N and
twisting moment 0.1495 Nm

area for gas flow above it. If the axial force acts downward and the twisting moment is
zero, the top compression ring stays at the bottom of the groove opening the area above it
and closing the area below it. In the case of small or zero axial force and high twisting
moment, the ring twists and stays in contact with the top of the groove and the bottom of
the groove with one of its edges, depending on the direction of the twisting moment. In the
case of the second ring, two additional factors need to be considered. First, the second
compression ring has an initial static twist. Second, the ring does not twist uniformly due

to an asymmetric ring cross section. Figure 82 and Figure 83 show examples of the ring
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Figure 83 Second compression ring position in the groove for an axial force 10.4689 N
and twisting moment 0.2276 Nm

position in the groove for the top and second compression rings. It should be mentioned
again that each result from these figures represents only one entry in the area matrices
shown in Figure 80 and Figure 81.

The comparison of the gas flow areas for the top and second compression rings
gives three major differences: the location of the tip, the type of the edges, and the vertex
angle. The vertex angle depends on the ring torsional resistance. Ring torsional resistance
is a function of the cross section torsional constant and the modulus of elasticity of the

ring material.
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The type of the edges depends on the difference in the nature of the twist for the
top and second rings. The top ring areas show sharp edges between the ring position at the
top and the bottom of the groove. However, for the second ring, these edges are rounded.
The second ring does not twist uniformly around the circumference because its cross sec-
tion principal axes do not lay in the plane of the ring.

The tip position describes the initial static ring twist. The different tip position (dif-
ferent static twist) for the top and second rings is due to a difference in initial static twist-
ing moments. As mentioned before, the initial twisting moment depends on ring tension
and the position of the contact point between the ring face and the cylinder liner. In the
case of the top compression ring with a barrel face profile without offset, the ring tension
does not give an initial twisting moment. However, in the case of the second ring with a
taper face, the ring face / cylinder liner contact point lays off the ring cross section center

line causing an initial twisting moment.

ENGINE CYCLE ANALYSIS

The engine cycles were modeled for a gasoline IC engine for 2000 rpm and 50.8
mm (2 inches) of mercury manifold vacuum. The combustion chamber pressure, inter-ring
gas pressures, and corresponding ring positions (area ratios) are shown in Figure 84,
Figure 85, Figure 86, and Figure 87. The top and second ring motions for the plots in
Figure 84 are calculated with the ring twist data from the flow area matrices. In Figure 85
the second ring motion is calculated with the ring twist data from the flow area matrices.
The calculations of the top ring motion do not include the ring twist data. In Figure 86 the

top ring motion is calculated with the ring twist data from the gas flow matrices. The cal-
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Figure 84 Inter-ring gas pressures and ring positions for 2000 rpm 2 inch manifold
vacuum. Calculations of the top and second ring positions include ring twist. Note: the
graphs for the top and second ring positions show the average scaled area ratios.

culations of the second compression ring motion do not include the ring twist data. In
Figure 87, the top and second ring motions are calculated without the ring twist data. For
the case without the ring twist calculation (the top ring in Figure 85, the second ring in
Figure 86, and the top and second rings in Figure 87), the plots show the actual ring posi-
tion in the groove vs. crank angle. For the case of the calculations including the ring twist
data (the top and second compression rings in Figure 84, the second ring in Figure 85, and
the top ring in Figure 86, the plots show averaged scaled area ratios
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Figure 85 Inter-ring gas pressure and ring position for 2000 rpm 2 inch manifold vacuum.
Calculations of the second ring position include ring twist. Calculation for the top ring
position do not include ring twist. Note: the graph for the second ring position shows the
average scaled area ratio.

where A is the area below the ring, A; is the area above the ring, and the dg, is the
side clearance between the ring and its groove (the difference between the groove height
and the ring thickness). For the case with no twist calculations, the average scaled area
ratio is identical to the position of the ring center of gravity.

Piston ring dynamics is primarily controlled by three factors: pressure forces, iner-
tia forces, and friction forces as well as moments associated with them [16, 25]. It is easier
to understand the ring dynamics first without considering the ring twist (Figure 87). At the

beginning of the cycle (zero degree crank angle, the piston at Top Dead Center [TDC]) all
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Figure 86 Inter-ring gas pressure and ring position for 2000 rpm 2 inch manifold vacuum.
Calculations of the top ring position include ring twist. Calculation for the second ring
position do not include ring twist. Note: the graph for the top ring position shows the

average scaled area ratio.

of the rings stay at the top of their grooves because the inertia forces act upward and the
pressure differences above and below each ring are small. As the piston passes the mid-
stroke, the inertia force changes direction, causing the rings to move to the bottom of their
grooves. The rings do not move simultaneously because of different pressures above and
below each ring, different areas exposed to the pressures, and different ring masses (differ-
ent inertia forces). During the compression and most of power stroke, the top ring still
stays at the bottom of the groove. Even though at this crank angle interval the inertia force

pushes the ring upward during the second half of the compression stroke and the first half
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Figure 87 Inter-ring gas pressure and ring position for 2000 rpm 2 inch manifold vacuum.
Calculations for the top and second ring positions do not include ring twist.

of the power stroke, the high pressure force due to high in-cylinder pressure keeps the ring
at the bottom of the groove. By the end of the power stroke, the combustion chamber pres-
sure drops while the second land pressure remains high due to blow-by from the combus-
tion chamber into the second land during the compression and power stroke. Even though
at this crank angle interval the inertia force acts downward, the pressure force due to pres-
sure difference above and below the ring pushes the ring to the top of the groove. The ring
stays there until the end of the cycle. The second ring stays at the bottom of the groove
until the second half of the compression stroke. At this point, the inertia force acting

upward overcomes the pressure force, moving the ring to the top of the groove. As the sec-
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Figure 88 Top compression ring position in the groove at 97 degrees of crank angle

ond land pressure builds up due to blow-by past the top ring, the pressure force overcomes
the inertia force and moves the ring to the bottom of the groove. The second ring stays at
the bottom of the groove until the end of the exhaust stroke when the inertia force acts
upward and the second land pressure has dropped. The third ring dynamics are very simi-
lar to those of the second ring with a few exceptions. The third ring stays longer at the top
of the groove at the end of the compression stroke and the first half of the power stroke
because at this moment its motion is mostly controlled by the inertia force due to a lower

pressure difference above and below the ring and higher ring mass compared to the second
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Figure 89 Second compression ring position in the groove at 346 degrees of crank angle

ring. Also, the third ring shows an oscillatory motion (ring fluttering) at 400 crank
degrees. This oscillatory motion is due to an unstable equilibrium between the pressure
and inertia forces.

Ring motion is closely inter-related with inter-ring gas pressures. The inter-ring
gas pressures affect ring motion, the ring motion affects blow-by, and the blow-by affects
the inter-ring gas pressures. A close examination of the inter-ring pressure traces in
Figure 87 shows that the pressures change their magnitude and, more important, their gra-

dients several times during the cycle. From the beginning of the intake stroke until the
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middle of the compression stroke, the combustion chamber pressure is low. The second
and third land pressures are also low and exhibit only small changes. As the in-cylinder
pressure rises, the second land pressure increases due to blow-by across the top ring. At
350 crank degrees, the second land pressure changes its gradient and forms a “plateau”.
This “plateau” corresponds to the second ring motion. As the second ring moves from the
top to the bottom of the groove, it opens an additional passage for gas flow behind the ring
which increases the blow-by from the second to the third land.

The other second land pressure gradient change occurs at 550 crank degrees. At
this moment, the combustion chamber pressure is lower than the pressure on the second
land. When the top ring moves from the bottom to the top of the groove, it opens an addi-
tional passage for gas flow and increases the gas flow from the second land back to the
combustion chamber, causing a pressure drop on the second land.

Another interesting relationship between the combustion and second land pres-
sures is the “cross-over point” at the end of the power stroke when the combustion pres-
sure equals to the second land pressure. The importance of the “cross-over point” is in
indication of an unstable equilibrium between the pressure force due to a difference
between the combustion chamber and second land pressures and the inertia force in this
region. This unstable equilibrium may result in the top ring fluttering causing excessive
blow-by and back flow.

An introduction of ring twist to ring dynamics makes the ring motion analysis
more complicated. In addition to staying at the top or the bottom of the groove, the ring
can twist with a contact of its internal edge (the edge inside the groove) at the top of the

groove and the external edge (the edge closer to the cylinder liner) at the bottom of the
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Crank Angle: 58.00

Figure 90 Top and second ring position in the grooves at 58 degrees of crank angle

Crank Angle: 97.00

Figure 91 Top and second ring position in the grooves at 97 degrees of crank angle
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Crank Angle: 346.00

Figure 92 Top and second ring position in the grooves at 346 degrees of crank angle

Crank Angle: 493.00

Figure 93 Top and second ring position in the grooves at 493 degrees of crank angle
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groove, or vise versa. In general, a twisted ring does not twist uniformly and does not stay
in contact with the top or bottom of the groove uniformly around the circumference, but
changes its position and twisting angle. Figure 84 shows the combustion and inter-ring gas
pressures, the third ring position and the top and second area ratios. Overall, the inter-ring
gas pressures for this case show a similar trend to the untwisted case. The second land
pressure experiences gradient changes at 350 and 500 crank degrees due to the second and
top ring motions respectively. The top and second ring scaled average area ratios resemble
the ring position plots for the untwisted case but look smoother especially for the second
ring. (In the case of the no twist calculation, the scaled average area ratios are identical to
the ring position.) The main difference between the twisted and untwisted cases for the top
ring is in the transition time from the top to the bottom of the groove and back at 90 crank
degrees (Figure 91) and 490 crank degrees (Figure 93). This difference is due to top ring
twisting in addition to axial ring translation.

The second (twisted) ring shows much more difference in its motion between the
twisted and untwisted case in comparison to the top (untwisted) ring. At the beginning of
the cycle at 60 crank degrees (Figure 90), as it moves from the top to the bottom of the
groove, the second ring experiences a significant twisting motion.

Another crank angle interval, when the second ring shows a different motion in
comparison to the untwisted case, is between 270 and 360 degrees (Figure 92). First, the
ring stays flat at the bottom of its groove. As the piston decceleration, the inertia force
pushes the ring to the top of the groove and the ring starts twisting. The external edge of
the ring, the edge close to the cylinder liner, stays at the bottom of the groove but the inter-

nal edge of the ring, the edge inside the groove, rises opening a passage for gas flow
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behind the ring. As the pressure inside the cylinder increases at the end of the compression
stroke and the beginning of the power stroke, the pressure force pushes the ring back to the
bottom of its groove. The ring untwists and stays flat against the bottom of groove. This
twisting and untwisting motion of the second ring causes smooth gradient changes of the
second land pressure. Figure 88 and Figure 89 show the top and second ring position in
the groove at 97 and 346 degrees of crank angle respectively. Figure 90, Figure 91,
Figure 92, and Figure 93 show the scaled relative position of the top and second rings in
their grooves at 58, 97, 346, and 493 crank angle degrees.

Figure 85 and Figure 86 show the predictions for the cases of ring position calcu-
lations for the top ring with no twist and for the second ring with twist and vise versa. As
expected, both of the plots show features of twisted and untwisted rings. It is worth point-
ing out the effect of ring twist on the second land pressure and pressure gradient changes
at 350 crank degrees due to second ring motion and 500 crank degrees due to top ring

motion.
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Chapter 6 RING PACK OPTIMIZATION

INTRODUCTION

Optimization of mechanical systems is becoming an important issue in engineer-
ing. A significant amount of work has been done in the area of optimization [40, 42, 43,
15, 59, 80]. However, there is no available information on how optimization techniques
have been applied toward ring pack design and analysis. The strategy of the ring pack opti-
mization is logically subdivided into two parts. In the first part, an optimization algorithm
searches for the optimal set of the design variables which satisfy the objective function cri-
teria and the set of constraints. The second stage includes calculations of the objective
function with a given set of design variables as well as sensitivities of the objective func-
tion and design constrains with respect to the design variables.

There is a large number of optimization algorithms available [40, 42, 43, 15, 59,
80, 60]. These algorithms can be classified as constrained and unconstrained depending on
the constraints on the design variables. Depending on the search strategy, the algorithms
can be classified as gradient based algorithms and non-gradient ones. In non-gradient
algorithms the direction of the search methods use only function evaluation. The genetic
algorithm is an example of a non-gradient optimization method. In gradient based algo-
rithms the search method is determined based on the gradient of the objective function and

the active constraints.
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A general optimization problem can be stated as follows:

minf(x)

xe R"

such that: (85)
h(x) =0 i=1.m,

gi(x) <0 i=m+1..m

where fix) is the objective function be optimized, hi(x) is an equality constraint,
and g«x) is an inequality constraint. For the case of the constraint optimization, the

Lagrangian function is defined as follows:

Lix, i,A) = f()+ Y whi(x)+ Y Aglx)
i=1 i=m,+1
such that
(86)
N A <0 8i(x) =0
T la=o0 8;(x)<0
n;<0

The necessary conditions for a stationary point (The Kuhn-Tucker equations) are

AL(x,mA) _ f %,ujhj(x)+ i ) 8i%)

ax,. ax,- ‘ ax,' . J axi
j=1 J=m,
a—_L(s;‘p" l) = h}(x) =0 J = la -y m,
J
aL(S’A‘u, k)l = gj(x)x =0 j = me’ e, m (87)
J
such that

N A <0 gi(x) =0
P {A,: 0  g(x)<0

M;<0
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The Sequential Quadratic Programing (SQP) algorithm has been used [40, 52] for
the ring pack optimization. SQP is a gradient based algorithm for non-linear optimization.
In this algorithm, a Quadratic Programming (QP) sub-problem is solved at each major
iteration. The QP sub-problem is formulated based on a quadratic approximation of the

Lagrangian function (Eq. (86)).
RING PACK OPTIMAZATION

Problem Statement

The formalized ring pack optimization problem can be stated as follows:

minG(x, z)
X

such that:

Az = F(z,x,1) z(T) = z(0) (or z(t) = z(t + nT)) (88)

h(x) =0 i=1..m,

g:(x) <0 i=m+1...m

where:
T

G(x,z) = Ip(x, Z, t)dt (89)
0

is the objective function, x is a vector of the design variables, and z is a state vari-
able with the state equation as a constraint. The physical meaning of the objective function
G(x, z) [as well as p(x, z, 1)] depends on the ring pack criteria to be optimized. If the total
blow-by is to be optimized, p(x,z,f) represents the mass flow rates across the ring pack.

The integral of the maas flow rates over the engine cycle gives the total blow-by. If second
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ring fluttering is to be optimized, G(x, z) represents the total traveling of the second ring,
and p(x,z,?) is the absolute value of the second ring velocity.

The state space equation with cyclic conditions is the following:

Ai = F(z, x, 1) z(T) = z(0) (or z(¢t) = z(t + nT)) (90)

The state space representation of the governing equations of the physical processes
in the ring pack are described in Chapter 2 on page 9. The functions g(x, z) and A(x, z) in
Eq. (88) represent a set of the inequality and equality constraints on the design variables

respectively.

SENSITIVITY ANALYSIS

The derivatives of the objective function and constraints with respect to the design

variables are the following:

T
dG _ (rop_dpds
<. 224
dg,- _ ag,-
dx Ox 92)
dh,- _ ah,-
dx  ox

All terms on the right hand side except one in Eq. (91) and Eq. (92) can easily cal-

culated since p(x, z, ) is an explicit function of x and z, and g(x) and A(x) are explicit func-

. d . . L
tions of x. However, the term ‘Ti needs special consideration since the state vector z does
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not explicitly depend on the design vector x. The sensitivities can be determined analyti-

cally using the direct method or the adjoint variable method [40, 42], or numerically.

Direct Method

In the direct differentiation method, Eq. (90) is differentiated to obtain an equation

for dz with the cyclic conditions

dx

dz dz dA. OF

dz . _ dz
rrii el P H S ©3

where J is the Jacobian matrix

of;

Jij = 3, (94)

The direct method consists of solving Eq. (93) and substituting %(r) into

Eq. (91). This process has to be repeated for each design variable.
Adjoint Variable Method

The adjoint variable method consists of multiplying Eq. (93) by the transposed

adjoint vector AT and integrating it

}AT[A——J ] jA [gf-‘%] ¢ 95)
0

Integrating by parts yields
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A’Q j[A A+ATA+A J]dzd = J’A [ d—Az:]dt (96)

dx

O

Applying conditions on A gives

ATA+UT+ATA = (%f)r A(T) = A(0) ©o7)
Ia_p‘di_x I [BF dA ] . 98)
0 0

Substituting Eq. (98) into Eq. (91) yields
op ,T(OF dA.
[——A (—;——z)]dt (99)

An adjoint equation (Eq. (97)) needs to be solved for the objective function and

every constraint function required.

Finite Difference Approximation
Sensitivity derivatives can be approximated numerically using the Finite Differ-
ence Method as follows:

dG _ G(z, x +&x) - G(z, x)

o Y ox -0 (100)
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MODELING STRATEGY

Optimization Algorithm

In this study, the ring pack analysis model, the RING program, has been used with
the MATLAB Optimization Toolbox [53]. The MATLAB Optimization Toolbox provides
a set of algorithms for constrained and unconstrained optimization. In this analysis, a con-
strained optimization algorithm was used. This algorithm employs a Sequential Quadratic
Programing (SQP) technique as a search method. At each iteration, the algorithm requires
evaluation of the objective function and the gradients of the objective function and con-
straints with respect to the design variables. In order to obtain this information, an inter-
face between the optimizer and the RING program has been established. The flow chart of
the interface is shown in Figure 94.

The RING program calculates the value of the objective function with the set of
the design variables provided as well as the design parameters and in-cylinder pressure
obtained from a data file. The gradients of the objective function with respect to the design
variables are calculated numerically using the finite difference method, perturbing the
design variables with sufficiently small increments. The finite difference approximation
provides an intelligent compromise in calculating the gradients. The problem associated
with the analytical method for gradient calculations is in the discontinuity of some of the
state variables (velocities of the rings). During an engine cycle, the piston ring travels from
the top of the groove to the bottom of the groove and back with an impact contact with the
groove. During the ring / groove impact, the ring changes its velocity. The time scale of

this process is an order of magnitude smaller than the time scale of the overall ring dynam-
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(THE RING PROGRAM)
Design Parameters X/x
In-cylinder Pressure

Figure 94 Flow chart of the ring pack optimization strategy

ics [68, 3]. In the RING model, ring / groove impact is modeled with a coefficient of resti-
tution. Using this technique avoids numerical difficulties associated with the stiff
problems due to different time scales. The analytical calculations of the objective function
gradients is challenging due to a discontinuity in the system Jacobian. The finite difference
approximation provides a reasonable alternative to the analytical methods. A special pre-
caution is taken in order to achieve a reasonable accuracy using the finite difference
method. For this purpose, the design variables and the objective function have been care-
fully scaled.

The objective function is calculated as follows:

G(x) =Y (w]-w) (101)

i=1
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where w; is the weight for the operating condition iteration i, y; is the total blow-by

calculated by the RING program for the operating condition iteration i, and p is the objec-

tive function scaling factor.

Model Application

The ring pack optimization routine has been applied to two engines: the 4.6L V8
and the 5.4L V8. These two engines have similar ring pack designs, similar pistons, and
the same bore diameter. The major difference between them is in the length of the engine
stroke. The similarities and differences in ring pack behaviors for these two engines are
described in Chapter 6 on page 132. The design parameters being optimized include the
top ring end gap clearance, the top ring thickness, the second ring end gap clearance, and
the second ring thickness (Figure 95). For each engine, four optimization runs have been
performed to find the optimal design parameters based on single and multiple engine oper-
ating conditions. The description of the runs is given in Table 4. Two optimization runs
use a single engine operating condition of 2500 rpm and 8 inches of the intake manifold
vacuum. The other two runs employ sixteen engine operating conditions based on the Ford
engine test cycle [7]. The diagram of the Ford engine test cycle is shown in Figure 96.
Duration and weights of the test point operating conditions used for the optimization are
shown in Table 5. During its operation, an engine is run more often at certain operating
conditions than others. The engine test cycle represents distribution of operating condi-
tions for typical driving conditions. The operating conditions at which the engine is run
more often contribute more to overall engine performance. These operating conditions

require more attention during engine design and analysis.
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Table 4 Optimization test run designation

Optimization Runs Operating Conditions Design Parameters
Single 1 single point test 1 from Table 6
Single 2 single point test 2 from Table 6
Cycle 1 cycle from Table 5 test 1 from Table 6
Cycle 2 cycle from Table 5 test 2 from Table 6

Based on minimum and maximum limits on the allowable ring pack design param-
eters, the optimization runs are divided into two groups, test runs 1 and test runs 2. The
differences between test runs land test runs 2 are in the minimum ring thicknesses and
end gap clearances for the top and second compression rings. For all optimization runs,

the maximum ring thicknesses are limited by 0.99 of the corresponding ring groove
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Engine Speed (RPM)

Time (sec) (Total: 120 sec)

Figure 96 Ford transient engine test cycle

heights in order to ensure the ring fitting into the groove; and the maximum ring end gap
clearances are limited to 2.0 mm.The summary of ring gap clearances, ring thicknesses,
and upper and lower bounds on the design variables is shown in Table 6. The test runs 1
represent a more interesting case from the mathematical point of view when the lower
bounds are close to zero. The test runs 2 are more interesting from the engineering point of
view because of difficulties of manufacturing piston rings with dimension from the test
run 1(ring thickness of 0.001 mm and ring end gap clearance of 0.001 mm). The ring
thickness of 0.5 mm and end gap clearance of 0.05 mm are more practical and possible to

manufacture.
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Table 5 Operating condition duration and weights for the Ford Geotze cycle for test 2

Duratior: (sec)

Points | Speed (RPM) Manifold Vacuum Weight
1 1000 o" 1.83 0.0832
2 1500 o 5.67 0.2577
3 2000 o" 5.42 0.2464
4 2500 o" 5.17 0.2350
5 3000 o" 5.17 0.2350
6 3500 o" 5.14 0.2350
7 4000 0" 2.58 0.1173
8 1000 22" 5.0 0.2273
9 1500 22" 10.0 0.4545
10 2000 22" 8.0 0.3636
11 2500 22" 12.0 0.5455
12 3000 22" 6.0 0.2727
13 3500 22" 6.0 0.2727
14 4000 22" 3.0 0.1364
15 2000 4" 220 1.0
16 2000 12" 220 1.0

Table 6 Initial values, upper bounds, and lower bounds of ring design parameters

Design Initial Lower Bound Upper Bound
Parameters Dimension Test 1 Test 2 Test 1 Test 2
Ring Gap 1 0.200 0.001 0.05 2.0

Ring Thickness 1 1.5 0.001 0.5 1.5147
Ring Gap 2 0.205 0.001 0.05 20
Ring Thickness 2 1.51 0.001 0.5 1.5246
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OPTIMIZATION RESULTS

Four optimization runs have been performed for each engine: the 4.6L V8 and the
5.4L V8. Each run started with the same initial design parameters. The summary of the
optimization results for both engines are given in Table 7 and Table 8. In these tables rcll,

rthl, cl2, and rth2 refer to the ring end gap clearance for the top ring, the ring thickness for

Table 7 Optimization results for the 4.6L V8 engine

Single 1 Single 2 Cycle 1 Cycle 2
Ring Gap 1 0.00100 0.05000 0.00100 0.20758
Ring Thickness 1 1.51470 1.50600 1.50759 0.64014
Ring Gap 2 0.00100 0.05000 0.00112 0.05000
Ring Thickness 2 1.52460 1.52460 1.48117 1.50944
Iterations 34 86 91 101
Initial G 4.32663 4.32663 1.00772 1.00772
Final G 0.07847 0.919384 0.02157 0.12556

Table 8 Optimization results for the 5.4L V8 engine

Single 1 Single 2 Cycle 1 Cycle 2
Ring Gap 1 0.06030 0.05000 0.00100 0.12080
Ring Thickness 1 0.00100 0.50080 1.51470 0.50000
Ring Gap 2 0.62740 0.05020 0.00100 0.05000
Ring Thickness 2 0.78060 0.95610 1.08228 1.48808
Iterations 200 77 60 62
Initial G 5.52156 5.52156 1.47093 1.47093
Final G 0.00000052 0.14726 0.02563 0.16523
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the top ring, the ring end gap clearance for the second ring, and the second ring thickness
respectively. The number of calls from the optimizer to the objective function evaluations
(The RING pfogram) is denoted by iterations. The initial and final values of the objective
function for each run are given in initial G and final G respectively.

In order to compare the performance of the ring packs with the optimized parame-
ters against the initial design over a wide range of operating conditions, the blow-by and
back flow maps were generated for each set of optimized ring design parameters as well as
for the initial design. The blow-by and back flow maps are shown in Figure 97 to
Figure 116.

The blow-by and back flow maps with the initial ring pack design parameters for
the 4.6 L V8 and 5.4L V8 engines are shown in Figure 97, Figure 98, Figure 99, and
Figure 100. The blow-by maps as well as the back flow maps for both the engines show
many similarities. The blow-by and back flow results form a plain surface with an inclina-
tion from high engine load (low manifold vacuum) to low engine load (high manifold vac-
uum), and from low engine speeds to high engine speed. The slope in the dimension of
engine load is steeper than in the dimension of engine speed. At low engine load (high
manifold vacuum) and high engine speed, the maps show spikes in blow-by and back flow.
These spikes are due to top ring collapse. The mechanisms of ring collapse are described
in Chapter 6 on page 132.

The blow-by and back flow maps for both engines with the ring pack parameters
from the optimization runs of single I are shown in Figure 101, Figure 102, Figure 103,
and Figure 104. In this case, the ring pack design parameters were optimized based on a

single operating condition with a minimum ring thickness and minimum ring end gap
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Figure 97 Predicted blow-by map from the cylinder for the 4.6L V8 engine with the initial
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Figure 98 Predicted back flow map into the cylinder for the 4.6L V8 engine with the
initial ring pack parameters
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Figure 100 Predicted back flow map into the cylinder for the 5.4L V8 engine with the
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clearance of 0.001 mm. The blow-by and back flow maps show a significant improvement
for both the engines. For the case of the 5.4L V8 engine, the blow-by map (Figure 103)
show a step increase in blow-by at high engine load (low manifold vacuum) and all speed.
The step increase of blow-by is due to second ring fluttering because of relatively small
thickness of the second ring and ignoring these particular operating conditions during
optimization.

Blow-by and back flow maps for both the engines with more realistic ring pack
design parameters optimized for a single operating condition are shown in Figure 105,
Figure 106, Figure 107, and Figure 108. In this case, designated as single 2, the minimum
allowed ring end gap clearances and ring thickness are of 0.05 mm and 0.5 mm respec-
tively. Overall, the blow-by and back flow maps show improvements over the initial maps.
However, they are not as drastic as the previous case (case single 1). In addition, the blow-
by and back flow maps for both the engines show the spikes at low engine load (high man-
ifold vacuum). These spikes are due to top ring collapse as mentioned above. Since the
design parameters are optimized based on the single operating condition at which the ring
collapse does not occur, these spikes are not considered during optimization. It is interest-
ing to note that for the 5.4L V8 engine, the blow-by spikes due to ring collapse are shifted
toward lower engine speed in comparison to the original blow-by map for this engine. The
shift is due to a different combination of the top and second ring thickness and, therefore,
different ring masses for this set of the ring pack design parameters. The blow-by for the
5.4L V8 engine show a step increase in blow-by at high engine load (low manifold vac-

uum) similar to the previous case of single 1.
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Figure 107 Predicted blow-by map from the cylinder for the 5.4L V8 engine with the ring
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Figure 108 Predicted back flow map into the cylinder for the 5.4L V8 engine with the ring
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The blow-by and back flow maps for both engines with the ring pack parameters
from the optimization runs of cycle 1 are shown in Figure 109, Figure 110, Figure 111,
and Figure 112. In this case, ring pack design parameters were optimized based on multi-
ple operating conditions (Table 5) and the minimum allowed ring gap clearances and ring
thickness of 0.001 mm each. The blow-by and back flow results show a significant
improvement in comparison to the original maps and form smooth surfaces for the whole
range of operating conditions. The only difficulties associated with these map are in
extremely small ring end gap clearances for both the rings from a practical point of view.

Blow-by and back flow maps for both the engines with more realistic ring pack
design parameters optimized for multiple operating conditions (Table 5) are shown in
Figure 113, Figure 114, Figure 115, and Figure 116. This case is designated as cycle 2.
Even though the blow-by and back flow are not as good as for the previous case, they show
significant improvements over the results with the initial ring pack parameters (Figure 97,
Figure 98, Figure 99, and Figure 100). The blow-by and back flow results for both the
engines form smooth surfaces in the maps. The blow-by map for the 4.6L V8 engine show
two spikes of a relatively small magnitude at 4000 rpm and O inches and 2 inches of mani-
fold vacuum. These spikes are due to second ring fluttering at these operating conditions.
The operating condition point of 4000 rpm 0 inches of manifold vacuum is used for opti-
mization with a small weight. The operating condition of 4000 rpm 2 inches of manifold
vacuum is not used at the engine test cycle and is not considered during optimization.

As seen in its results, the ring pack optimization routine can be a valuable tool for
engine design and analysis. A special precaution should be taken to selecting the operating

conditions on which the blow-by is optimized, the weights of optimization conditions, and
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the limits of the allowed design parameters. The fewer operating conditions are used for
optimization, the less expensive and time consuming computations of the optimization
are. The different set of the weights of the operating conditions can significantly change
the influence of one operating condition over another. Selecting the limits of the allowed
design parameters may be challenging as well. On one hand, the limits should provide a
wide range of possible design parameters. On the other hand, the limits should be feasible

for manufacturing and reasonable in terms of computational cost.
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Chapter 7 RECOMMENDATIONS AND CONCLUSION

In this dissertation, two major research areas have been considered: further devel-
opment of the ring pack analysis model, the RING program, and application of the model
to engine design and analysis in order to better understand physical processes in an inter-
nal combustion engine. The model development includes creating the three-dimension
ring twist model, the TWIST program; establishing an interface between the in-cylinder
combustion model, GESIM; and adding the ring pack optimization routine.

It was found that ring twist significantly influences ring pack performance. The
nature of ring twist requires a three-dimensional analysis of the ring motion. The ring pack
analysis program, the RING program, with three-dimensional ring twist analysis capabili-
ties has been completed. Simulations were performed for an engine at the same operating
conditions for several combinations of twist and no twist analysis. The twist analysis was
shown to be very important for prediction of ring dynamics. The results show the influence
of the ring twist on the ring position, inter-ring gas pressures and inter-ring pressure gradi-
ents. Special attention has to be paid to the motion of the twisted second ring at the middle
of the intake and the end of the compression stroke and to the top ring at the beginning of
the compression stroke and the end of the exhaust stroke.

Another part of the model development includes the ring pack optimization rou-
tine. In addition to engine modeling and design analysis, the ring pack optimization rou-

tine allows performance of design syntheses in a systematic manner. The ring pack
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optimization routine has been applied to two production engines. Four optimization runs
with different limits on engine design parameters and different operating condition have
been performed for each engine. The results have been confirmed for a wide range of
operating conditions and compared with the initial ring pack design. It was shown that the
ring pack optimization routine is a valuable tool for engine design and analysis.

In order to analyze engine performance at different operation condition and
accommodate special features of a particular engine design, an interface between the ring
pack model and the in-cylinder combustion model has been established. This interface
allowed application of the ring pack model to the design and analysis including modeling
of the Variable Displacement Engine (VDE) and analyzing the blow-by and back flow for
three Ford production engines for a wide range of operating conditions.

The accommodation of the special features of the VDE engine required modifica-
tion of the ring pack model. In the VDE engine analysis it was determined that the tran-
sient processes after the valves are shut off can be divided into two parts: a fast transient
due to heat transfer and temperature drop and a slow transient due to ring pack breathing.
The duration of the fast transient was determined to be seven cycles and the duration of the
slow transient can be several thousand cycles depending on the amount of air mass trapped
inside the cylinder.

Based on the analysis of net flow, back flow, and oil film thickness, the cycle based
oil consumption can be estimated to be higher at 1500 rpm while the oil consumption on a
time basis is higher at 3500 rpm. In addition, it was found that in order to reduce blow-by,

back flow, and engine oil consumption, it is preferable to keep moderate pressure inside
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the combustion chamber. This pressure corresponds to the reference angle interval
between 60 and 100 degrees.

For the blow-by analysis, the procedure to generate global blow-by and back flow
maps for a wide range of operating conditions was established using the engine combus-
tion model, GESIM, and the ring pack model, RING. The blow-by and back flow can be
used as scalar parameters to characterize piston ring behavior for a given set of operating
conditions. The blow-by and back flow maps for a wide range of operating conditions
were generated for three production engines. The simulation results were correlated with
experimental measurements and showed good agreement. In addition, it was found that
the flow into the cylinder during the cycle, back flow, is interrelated with the net flow from
the cylinder, blow-by. In this study, it was found that blow-by and back flow over a large
range of operating condition are primarily influenced by the top ring design and top ring
motion. In this region, the second ring has a secondary affect.

The ring pack performance is influenced by the ring pack parameters as well as the
engine configuration. The influence of ring design parameters, such as ring mass and ring
tension, on top ring behavior and the balance between pressure and inertia forces was ana-
lyzed. An increase of ring mass changes the balance between pressure and inertia forces
and increase the occurrences of ring collapse and ensuing blow-by spikes. Increased ring
tension can prevent ring collapse and reduces blow-by spikes. The side effects of
increased ring tension are increased ring friction and ring wear.

It was found that the engine bore / stroke ratio affects ring pack performance. The

cylinder bore diameter and the length of the crank affect pressure and inertia forces. Spe-
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cial attention has to be paid to the bore / stroke ratio in the early stages of engine design in
order to optimize ring pack performance.

In future development, new features can be added to the ring pack analysis pro-
gram. It would be interesting to consider the influence of three-dimensional ring motion
including ring twist on oil film thickness developed between the ring face and the cylinder
liner. Another interesting phenomenon may include modeling of oil flow in the ring
groove behind the ring. These possible developments are related to formulation of oil con-
sumption mechanisms such as oil evaporation from the cylinder liner, oil particle throw-
off from the top of the piston, and influence of blow-by on oil consumption and engine
emissions. A new development may also include formulating a more descriptive model of
the oil control ring, especially the three-piece oil control ring common in automotive
applications.

As recommendations, special attention needs to be paid to three major issues.
First, engine designers need to consider at an early stage in engine development the influ-
ence of the engine bore / stroke ratio not only on the overall engine performance but also
on the ring pack behavior. Second, the sensitivities of the ring pack parameters need to be
taken into account for a wide range of operating conditions. Performing ring pack simula-
tions for a wide range of operating conditions can be introduced as a standard practice. For
this purpose, it may be necessary to introduce some other scalar parameters characterizing
ring pack behavior for the whole engine cycle similar to blow-by and back flow. Third, for
the purpose of determining the ring pack design parameters, it would be helpful to use the

ring pack optimization based on the multiple operating conditions.
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