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Piston subsystem is subjected to very complex but dynamic forces. Such forces include
combustion gas force, inertial dynamics forces, lubricating action/damping forces,
contact friction forces to name a few. Further, piston ring mounted in piston in addition
to these forces experiences out ward springing action inside engine mounting due to
inherent elasticity. To evaluate the strength of reciprocating piston, the simultaneous
effect of all these forces should be considered, while simulating through finite element
method. With effect of all these forces, the currently considered piston of Gray Cast Iron,
aluminum alloy and Metal-Metric-Composite (Si-C) are given four different crown shapes
for optimization of material and crown geometry for better strength. The rings mounted
are considered to be coated with Nickasil. The combined numerical simulation for contact
and finite element simulation of structural strength and their correlation suggest many
important outcomes. Von-Misses stress is maximum in case of type-B Al-alloy crown,
while it is minimum in case of type-C SiC metal matrix piston.

Keywords: piston subsystem, design optimization, skirt, strength, crown, von-Misses

INTRODUCTION

Automotive being the largest consumer durable is currently irreplaceable by any other machine
for mobility. Only renovation and up gradation is shut for improving performance and comfort
(Holmberg et al., 2012). Engine being the vital component of automotive because of its inherent
errant design principle achieve only <25% of it is input fuel energy as the output driving brake
power (Akalin and Newaz, 2001a; Mishra et al.,, 2009; Morris et al., 2013; Mishra, 2015). Rest
of this fuel energy is wasted either because of friction or emission or pumping loss (Smedley,
2004). Because of many connecting and contacting action within engine, parasitic loss due to
friction is significant (Dursunkaya et al., 1994; Prata et al., 2000). Along with the friction forces
due to ring-liner, skirt-liner, ring-ring groove land contact, the combustion gas force, inertia force,
secondary dynamic forces of piston and pin, connecting rod force acts on the reciprocating piston
subsystem of a running engine (Akalin and Newaz, 2001a; Mishra et al., 2008; Chong et al., 2012;
Shahmohamadi et al., 2013). For the life assessment and durability study of the piston it is necessary
to count the effects of such forces on piston made up of Gray Cast Iron, Al-alloy, and Si-C (Metal
matrix composite) that upto with variable crown geometry.

The forces due to wet contact friction in the case of skirt-liner and ring-liner contact is cyclic
and with rapid action (Park and Lee, 2014; Usman and Park, 2016). The contact conjunction of
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relatively moving piston subsystem includes ring-liner, skirt-liner
and ring-ring groove (top and bottom) contact. Such relatively
moving piston surfaces are subjected to faster sliding action and
simultaneous axial fluttering (Karamangil et al., 2004; Usman
et al.,, 2015). In all cases, the flow of lubricant oil is ensured
through appropriate lubrication mechanism to retain acceptable
engine life (Abou-Ziyan, 2004). Ring-liner conjunction because
of influence of variable gas pressure in ring back executes sealing
and relaxing action with increase and decrease value of chamber
pressure (Bolander et al., 2005). These results in decrease or
increase in conjunction gap there by initiating the presence of
lubrication regime transition (Ma et al., 1995, 1997). Without gas
pressure in the mid stroke, the film thickness sometimes goes as
high as 5 um leading to hydrodynamic regime (Froelund et al.,
2001). But at higher pressure zone of engine cycle (300-400°
cycle), where the gas pressure is dominant, and the film thickness
reduced to as low as the roughness height of the surface, but
still there is no asperity interaction that leads to mixed nature of
transient regime of lubrication (Rahmani et al., 2012). In such
case the effect of roughness height is felt in flow of lubricant
(Tripp and Greenwood, 1970; Qasim et al., 2012; Mishra, 2013).

At the vicinity of top dead center (355-365°) the momentary
cessation of piston because of reversal, lead to negligible sliding
share of such contact. If there was not any metal-to-metal contact
wear, it would be due to hydrodynamic action out of film squeeze
effect (Mishra et al., 2008). Film retained is much lower than the
asperity height and guaranteed boundary friction (Akalin and
Newaz, 2001b; Bolander et al., 2005). To avoid such possibility
of rapid wear, micro conjunctions are created intentionally by
engraving the ring or liner surface by creating small pools of
lubricant (Ryk et al., 2002). Benajes et al. (2016) studied the effect
of bowl geometry on combustion losses at different load.

Further, piston body due to its eccentric positioning and
simultaneous primary and secondary motion tilt toward and
away from the liner at top and bottom end, respectively.
Approach toward liner reduce the film thickness and
promotes the skirt and down crown position to operate in
mixed lubrication regime (Mishra et al., 2015). The eccentric
positioning of piston and the lateral tilt angle leads to thrust
and anti-thrust situation and friction loss further at the top and
bottom of skirt. Cyclic variation of friction and repetitive nature
of active and reactive forces in piston subsystem decides the life
of piston. Considering all these forces, to analyze the strength
of piston of variable crown geometry is the objective of this
research work.

THEORY OF THE MODEL

It is necessary to understand the subsystem dynamics, contact
condition, asperity interaction and finite element analysis to the
greater detail to model piston subsystem. Figure 1 shows the
free body diagram of the piston body and ring, respectively. It
shows there is combined effect of primary force like, gas pressure
force, inertia force and secondary force like, friction, force on
connecting rod, and force of piston mass acting eccentric to
vertical axis. There are two moments acting, one around wrist

pin and other about center of gravity of piston. If these are like or
unlike depends on the magnitude of variable forces.

Further, the forces developing on the ring include, the gas
pressure forces from three sides and of different magnitude. The
force (a) responsible for conforming the ring in groove land,
while (b) type gas force or ring tension help in sealing the ring
and liner gap for optimum blow by conditions. Type (d) force is
frictional force or support reaction force, developed due to rapid
shear of lubricant.

Further, simultaneous sealing and sliding also leaves the
chance of ring or liner wear in such faster moving reciprocating
contact. A good ring liner pair should have the higher degree of
conformance and at the same time better resistance against wear.
To achieve longer order component life, geometry modification
in terms of parabolic profile provision for piston body as well
as ring face is considered. Along with such macro modification,
micro surface evolution like ring texturing and liner is hatching
to intentionally create roughing surface helps to achieve better
performance. Also, coating of ring surface for strength is found
helpful to minimize wear.

Force Configuration of Piston and Ring
Piston being a rigid system subjected to complex, dynamic yet
variable forces during an engine cycle (Mishra, 2015). The free
body diagram of a dynamic piston is given in Figure 1.

Here the direction of reciprocation is along x-axis, unwrapped
cylinder circumference is taken along y-axis and the film
thickness is taken along z-axis. The force “F,” presents the
cyclic gas pressure force, which is more dominant in (300-
400)° crank location in the engine cycle (Mishra et al., 2015).
This force is not only responsible for piston primary motion,
but also helps in achieving compression ring sealing due to its
radial action on the back of the ring (Ma et al., 1995; Mishra,
2013). Further, Fgs and Fps acted as shown are the inertia force
caused due to primary reciprocating motion of the pin and the
piston assembly, respectively. These are product of respective
mass and the primary reciprocating acceleration and given in
Equations (1, 2).

Foe = —mpinay (1)
Fps = —mypjsa, (2)

Piston is subjected to secondary motion due to its eccentric
position with respect to bore axis. For which, m;, and my;
are mass of pin and mass of piston, respectively. The secondary
forces and secondary moments are given in Equations (3-
5), respectively.

H
Fop = —mpin |:§_t + I(gb - 5z)i| (3)
hy
Fip = —myjs |:5t + f(éh - Et)] (4)
Tpis -
Mpp — _M (5)

The & and &, in the above equations are secondary accelerations,
which are obtained by differentiating the eccentric positioning
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FIGURE 1 | (A) Free body diagram of piston subsystem (Mishra, 2015). (B) Free body diagram of coated piston ring in reciprocating piston (Mishra et al., 2015).

e; and ey, for two times with respect to time. The e; and e, are
the top and the bottom eccentricities given in Equations (6, 7),
respectively (Liu et al., 1998).

e = €p+Hﬁ (6)
ep = e, — (L—H)B (7)

Further to this analysis, the forces and moment due to
hydrodynamic action and are F, Fy, M, and Mj, respectively (Liu
etal., 1998). These forces are presented in figure in Equations (8-
11). As stated earlier, sliding is occurring in “x” direction, while

y” is the direction of circumference (side leakage) and “z” is the
direction along film thickness.

F= / / i cos .dxdy ®)
b= [ [ axty ©)
M= //ph (H — 2) cos g.dxdy (10)
My = /ercosgo.dxdy (11)

c

F” and “M” are due to lubricant damping action, while
“F¢” and “My” are due to combined fluid and asperity shear
induced friction, respectively. Further, the film pressure pj, is
the hydrodynamic/elastohydrodynamic pressure due to lubricant
entrainment to the piston-liner or ring-liner conjunction. The
hydrodynamic/EHL pressure is estimated in this analysis through
numerical solution of the two dimensional Reynolds equation

stated in Equation (12) (Liu et al., 1998; Mishra et al., 2009).
o e an] | o [ohr’ap| _ vaoin)
12n 9x dy | 12n dy | 2 ox

0x
. 3 (oihr)
dt

(12)

In Equation (12), the total film thickness is A7, which is obtained
due to finite integration from the negative to the positive
infinity of the product of probability density function f (1) and
the sum of nominal film thickness (h) and composite surface
roughness ().

[ee}

hr = / (h+v)f ) dy

—00

Further, the probability density function f (¥) is of composite
roughness (), which is the sum of roughness of piston
ring and liner or skirt-liner. The Figure3C presents the
complied rough surface of ring-liner or skirt liner conjunction.
Further Figure 3D shows the combustion pressure, first and
second inter ring pressure respectively. Assuming () with the
Gaussian distribution. hr is expressed in Equation (13). The
erf () is the Gaussian error function or complementary error
function (Usman and Park, 2016), considered to estimate total
film thickness.

b () )

Where,

o =+012+ 052
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FIGURE 2 | One dimensional rough surfaces compilation of
ring-liner/skirt-liner conjunction (Zoomed to sense peak and valley).

In Equation (13), (h) is the film thickness in between the
rough cylinder liner and mounted ring. Such zoomed interface
is presented in Figure 2. The unsymmetrical composition of
film thickness includes axial parabolic variation (h,), radial bore
distortion variation (k). On top of it, 11 and ¥, are microscopic
surface roughness. With combined elastic deformation, thermal
expansion and elevated temperature, the ring end gap reduces
and conformed better (Usman and Park, 2016).

Mathematically, the film thickness between two roughness
surface is given as Equation (14).

hT (-x)yxt) =hx+hy+w1+l/f2 (14)

The film thickness for skirt-liner conjunction is quantified and
presented in Equation (15)

h:C+8tcos<p+(8b—st)zcos<p+8k ) (15)
frcose L
(a)
(b)

Where, “C” is the nominal clearance/Minimum gap between
skirt-liner profile and Sk(y) is the skirt profile. The component
(a) of the Equation (15) is due top eccentric positioning and
component (b) is due to bottom eccentric positioning. The sum
of nominal film, tilting gap and the skirt profile (Liu et al., 1998)
leads to the skirt-liner conjunction film thickness. Further, the
ring-liner film is quantified as per Equation (16). The hy is the
minimum gap between flexible rings after conformed to bore
surface (Ma et al, 1995, 1997). The shape function is taken

as single point minima type parabolic profile (Mishra et al.,
2009). The A;; is the ring global deformation due to inward and
out ward springing action resulting due to combined action of
various forces given in Figure 1B. Similarly, §; is the local elastic
deformation, which is not considered in this case because of it is
small order [1078 m or 10 nm] (Mishra et al., 2009).

h=ho+Sij+ Aij+8ij (16)
Thus, such case sensitive film thickness is reduced to
h=ho+Sij+ Ajj (16a)

In case of piston subsystem components, the contact
pressure/friction is due to viscous action initiated due to
hydrodynamic/elastohydrodynamic. At the vicinity of dead
center, pressure/friction due to asperity contact is added.
At any instant of time of engine operation, the balance of
applied force acting on the ring-bore/skirt-liner conjunction
and the corresponding reaction forces is obtained through
Equation (17).

Fh+Wa:Fe+Fg (17)
Where, Fj, is the force due to hydrodynamic/mixed lubricating
action in ring-liner or skirt-liner conjunction (Ma et al., 1995,
1997; Mishra, 2015). It obtained by areal/double integration of
film pressure as presented in Equation (18). Further to this
explanation, the asperity contact force W, initiated due to
boundary friction, most likely occur in the vicinity of the dead
centers [TDC/BDC] due to momentary cessation of lubricant
entraining motion (Hu et al., 2011; Chong et al., 2012).

F, = / f prdxdy

W, = { 5 (Vo) EA (G -7 122 g

(18)

0; A>Q

In the Equation (19) B’ is the asperity radius, N’ is the number
of asperity per unit real contact area, E' is the composite
elastic modulus.

Where A = hy/o,Q = 4.0,C, = 4.4068 x 107° and Z = 6.804

The total friction loss (F; = F, + Fp). Hence total friction can
be represented in Equation (20) is the sum of the viscous friction
and boundary friction. The viscous friction is the areal integral of
fluid shear, while the boundary friction is the function of limiting
Eyring shear stress, asperity tip radius, asperity density per unit
real area of contact and the roughness function F,.

A
hr 0 U > g
R e
Ao

boundary friction

viscous friction

(20)
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With limiting shear stress (zp) value of 2.0 MPa and with
coefficient of boundary strength (¢ = 0.17) of harder surface
asperity in encounter with softer one. Further, F, is the function
related to the probability distribution of asperity height. It is the
governing parameter for boundary friction estimation (Eyring,
1936). The F, with surface roughness of Gaussian distributed
asperities (Abou-Ziyan, 2004) is expressed in Equation (21).

F, = —0.00181° + 0.02811* — 0.17281> + 0.52582

— 0.8043A + 0.5003 (21)

Here, F, is one
friction estimation.

important parameter for boundary

Ring-Bore Conformability

As discussed earlier, film between ring-liner/skirt-liner is
important parameter that controls contact forces of piston
subsystem (Shahmohamadi et al, 2013). Further, the static
gap between ring-bore is highly dependable on bore out-of-
roundness. Hence, it is essential to know the bore radial
difference, which is the difference between the measured liner
inner radius and the nominal bore radius (AR (6.) = R,;, — Rq)
along the 180 nodes considered in the circumferential direction.
The measurement is taken through a co-ordinate measuring

machine for 1,000 circumferential points and FFT interpolated
to 180 nodes of 180 x 16 grids. The circumferentially variable
minimum film is the net of bore radial difference and the
conformability factor &, (6.) and is presented in Equation (22)
as per (Ma et al.,, 1995, 1997).

ho () = AR(8) — &, (60) if AR(6:) > &, (6,) (22)
h() (Qc) =0 lf AR (Qc) =< sn (Qc)
Where,
3[F, + E, (6.)| Ry*(D — a)?
6,0 = et Fe RO~ ) 23)
Eba3 (n2 — 1)
And,
3[F, + F, (6.)| Ry*(D — a)?
6,0 = et Fe OO]RD —a) (24)
Eba3 (n2 — 1)
Further,

Fy (0) = [Py — Poy (0)] b

[ —— FREEOUTSIDE - - -BORE ~———FITTEDINSIDE l

48.02 -
48.01 o
48.00 +
47.99
47.98 o
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(b)
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FIGURE 3 | (a) Measurement of bore and ring out-of-roundness using CMM (Mishra, 2008). (b) polar plot of bore and ring radius measurement for 180 circumferential
nodes. (c) Rough surfaces compilation of ring-liner/skirt-liner conjunction and (d) Cyclic variation of combustion chamber/inter ring/ring elastic pressure.
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And,

%in (0) + xc (0)

Pos (0) = Py + (P — Py) b

(25)
Here, Py (0:) is the gas pressure from the front of the
ring, Py, is the gas pressure from the back of the ring
(Mishra et al., 2009). The front gas pressure is the function
of leading, trailing end gas pressure, the profile position,
cavitation position and the ring face width. The leading edge
pressure (P;) is the combustion chamber pressure during
piston upstroke motion (compression/exhaust) and crank case
pressure during down ward stroke (power/suction). Similarly,
for piston up ward stroke the trailing edge pressure (Pf) is

the crank case pressure and during downward stroke, it is
combustion pressure. In Equation (24), the elastic force is the
function of ring elastic pressure and face width (F, = Pg,b)
(Hill and Newman, 1984).

The composite roughness of bore-ring, skirt-liner along
with bore-out-of-roundness controls the lubricating effect of
the oil. Figure 3a presents the measuring of the free ring
profile and fitted ring profile. The measurement is carried
out using a coordinate measuring machine (CMM), which
uses a roller type stylus to sense the 3-D location of discrete
points of the ring outer and inner edge, while free and fitted
inside the bore. The bore diameter is also measured using
spherical stylus. The conformed ring-liner gap is calculated

TABLE 1 | Viscosity dependency parameters in piston-liner contacts (At selected crank location).

Crank Piston sliding Combustion Film Film Modified
location velocity chamber hydrodynamic temperature viscosity
(6c) (Us)m/s pressure (Mpa) pressure (Mpa) (°C) (Pas)

0 0 —0.90 0.002 0.7 0.0038
90 30 -0.517 3.7 38 0.0036
180 0.417 0.111 0.048 1.3 0.0038
270 30 2.0 41 38 0.0038
360 0.625 9.2 0.074 2 0.038
450 30 1.6 3.7 38 0.0048
540 0.41 3.31 0.048 1.3 0.0024
630 30 0.37 3.8 38 0.0022
720 0 —0.91 0.024 0.7 0.002
344 10 4 1.2 21 0.008
350 5 6 0.6 42 0.016
357 2.5 8 0.3 64 0.017
362 0.625 10 81 75 0.017
370 5.6 12 97 98 0.015

A B
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& (O T )
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O
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-
-

FIGURE 4 | Ring-liner force configuration during reciprocation. (A) Piston down ward motion (Suction/Power). (B) Piston upward motion (Compression/Exhaust).
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TABLE 2 | Force description for piston up/down ward motion.

Force attributes Expression Details
P ,/"“\ Fe1 +Fg It is the sum of the elastic pressure
1 force of first ring and combustion
A pressure force on its back.
L —//'
P i Fep + Fy1 It is the sum of elastic pressure force
’ f of second ring and first inter ring gas
B pressure.
,_\\\_//,
A ‘\ Fe3 + Fg2 It is the sum of elastic pressure force
§ of third ring and second inter ring gas
/ C pressure.
\
N
VR Wh1 + Waq It the sum of the hydrodynamic action
F "\‘ force and the asperity contact
D ) pressure force of the first ring.
l\‘\\ /
N’
//ﬂ\\ Who + Wao It the sum of the hydrodynamic action
/ ) force and the asperity contact
( E pressure force of the second ring.
\ /
\ e
\\\__,/
A/’”—'\\__ Wh3a + W3 It the sum of the hydrodynamic action
§ \ force and the asperity contact
\ F ) pressure force of the third ring.
\ /
\\_,___/ 4
/./F“\_\ Fr =Fer + Fer It is the sum of friction due to
+ For + Fek compression ring, scraper ring, oil

ring, and the skin-liner contact.

by taking the difference of bore radius and fitted ring
outer radius.

Lubricant Rheology

The  EHL/hydrodynamic  film  pressure is  greatly
influenced by bulk rheological properties of lubricating
oil. =~ Such  properties  includes  viscosity,  density,
pressure, and temperature and their inter relationship
(Vogel, 1921). In case of contact conjunctions like
skirt-liner, ring-liner, it is required to estimate the
dynamic viscosity at each crank angle for whole
engine cycle (Houpert, 1985). For this, the viscosity-
temperature-pressure  inter-relationship ~ and  density-
pressure-temperature  relationship must be  discussed
in detail.

Viscosity Response to Temperature and Pressure
Variation
The influence of temperature and pressure variation on viscosity

is given in Equation (26).
P - Putm )Z i| }
L am )
1.98 x 108

©—138\"%
n = noexp { (Inny + 9.67) o =13 1+

(26)
where: ® =0 + 273 and ®¢ = 0y + 273, and:
Where Z and Sy are characteristics specific to
particular lubricants
®p — 138
Z = il and Sy = M (27)
5.1 x 107 [In g + 9.67] In 19 + 9.67

Where, «gandpy are piezo viscous and thermo viscous
coefficients (Dowson and Higginson, 1959; Cross, 1965; Larsson
et al., 2000).

Density Response to Temperature and Pressure
Variation

Though the hydrodynamic/EHL pressure generated is not strong
enough to alter density (pg = 1,800 kg/m?) we wish to test the
same at highest possible pressure and temperature in ring-liner
and skirt-liner conjunction.

0= po (1 —0.65 x 10_3A9) {1 +

6 x 10710 (p — Papm) }

1+ 1.7 x 1072 (p — Patm)
(28)

Further to this analysis, in this faster moving reciprocating
contact, the viscosity other than temperature and pressure is
also highly dependent on the oil shearing rate (Dowson and
Higginson, 1959; Larsson et al., 2000). It is required to calculate
the shear rate as per given figure. In such faster moving
reciprocating contact, the second Newtonian viscosity is more
important than first one during high shear rate in warm up
period, other than close vicinity of dead centers (Usman and Park,
2016). In such case, the shear dependent viscosity is given as in
Equation (28).

(1 — p2)

1+ By»)F 29

n=puz+

Where Bandk are oil-dependent fitting parameters and

[ul

The viscosity ratio considering primary and secondary shear
is presented in equation (29a)

_ M1 — 2

=1 )
= 2 +A07)

(29a)

r

Table 1 shows the viscosity dependency parameters in piston-
liner contacts. The % variation of same in different crank angle
is presented.
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TABLE 3 | Details of Input parameters (Mishra, 2015).

Description Values Description Values
Type of fuel Petrol Density for liner material 7,200 Kgm*3
No. of stroke per cycle 4 Thermal conductivity of liner material 55 Wm— 1K1
Valves 4 Specific heat capacity of liner material 460 JKg*1 KT
Capacity 450 cc Ring core material Steel SAE 9254
Stroke 90mm Young’s modulus of elasticity for liner material 203 GPa
Bore 90 mm Ring Poisson’s ratio 0.3
Connecting rod length 138.0mm Ring coating material Chromium nitride
Compression ratio 19 Young modulus of elasticity for CrN 400 GPa
Torque 300 (1,800-2,500 rpm) Poisson’s ratio for CrN 0.2
Power (kw) 90 (3,800 rpm) Thermal conductivity of CrN 12,134 Wm= 1K1
Boost 2.3 at 2,000 rpm Lubricant density 849 @ 15°C and 833.8 @
40°C kgm™3
Crank pin radius 39.75mm Kinematic viscosity 59.99 @ 40°C
9.59 @ 100°C m?s~!
Bore nominal diameter 96 mm Thermal conductivity 0.225 Wm~'K~1 @ 120°C
Ring face width 1.0mm Specific heat capacity 2,360 @ 120°C JKgK’1
Ring depth 3.0mm Thermal expansion coefficient 6.5 x 1074 K1
Ring free end gap 10mm Rk for the liner 0.49 pm
Liner material Gray cast iron Ry for the ring 0.235 um
Young modulus of elasticity for 92.3 GPa Roughness parameter 0.04
liner
Liner Poisson’s ratio 0.221 Measure of asperity gradient 0.001
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FIGURE 5 | (A) Variation of profile geometry. (B) Cyclic variation of tilt angle for various profiles. (C) Cyclic variation of top eccentricity. (D) Cyclic variation of bottom
eccentricity.
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Boundary Conditions

The piston subsystem problem solution requires consideration
of moving boundaries. Here, for pressure and temperature,
the system extreme position operates in large difference
of temperature and pressure. In one side of the piston

subsystem,
maximum temperature and pressure, which goes

there is combustion chamber with cyclic

upto

450°C and 12 Mpa, respectively. On the other side, crank
case zone pressure and temperature is taken as lower end
boundary. The boundary conditions of the current analysis are
stated as:

Because of frequent change in direction of sliding, the inlet
direction changes due to frequent reversal of leading edge and
trailing edge in a frequent interval (Mishra et al., 2009).

The flow of lubricant is considered along x-direction
and the inlet of the oil flow is taken as fully flooded
(Morris et al., 2013).

The pressure boundary conditions depend on pressure at top
and bottom face of the ring, which depends on ring residing
position (Mishra et al., 2009; Morris et al., 2013).

The ring resides on top groove land, while piston is set
to downward motion (suction/power stroke) as shown in
Figure 4A. It resides on the bottom groove land when the
piston in motion to upward direction (compression/exhaust),

Figure 4B. Table 2 represents detail of forces noted in
Figures 3a,b.

e The upper side pressure is variable combustion pressure, while

the lower end pressure is crank case/atmospheric pressure.

e Because of more dominant effect of other force in the

entire piston assembly, contribution of cavitating action is

currently ignored.
e The contact  exit  boundary  conditions are
assumed to be those of  Swift-Stieber, thus:

P (xc,y) = pc and (aph/ax)xzxc 0. These boundary

conditions determine the position of lubricant film rupture
(Rahmani et al., 2012).

e Piston is considered to be pinned in the gudgeon pin bore

using gudgeon pin.

e There are four different crown geometry considered for FEM

analysis. The geometries of the same are created using a CAD
tool. The cups are created by removing the material and the
doom is created by shaving the crown.

e Piston top ring is considered to be coated with Nickacil

(Harshavardhan and Mallikarjuna, 2015).

e Other contact friction, such as that due to groove

land-ring contact, gudgeon piston bore contact is
considered negligible compared to ring-liner, skirt-liner
contact friction.
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Table 2 presents the force description for piston up/down ward
motion. All the forces acting on the piston subsystem is noted
through some notations.

Over All Force and Moment Balance for
Fem Analysis

This analysis leads to computation of F, Fr, M, and Mf. The
equation of equilibrium for the force and moments are given in
Equations (29-31) as per (Liu et al., 1998).

Fg + Fy + Fgs + Fps + Feycosp = 0 (30)

F+ Fgp + Fpp — Fepsing =0 (31)

M + Myp + Fppla — b) — FypsCo + FeCpy + My =0 (32)
After elimination of F,, from Equations (30-32)

— Fgp — Fpp = Fs + F + Fytgé) (33)

Where,

F, = (Fg + Fgs + Fps)tg¢

M; = F,Cp — FyC;
_ 0.5
¢ = tg"'[B(Z — BY)]
B = rsinf

The force configuration stated in Figure 1 thus computed and
used as force input in the FEM formulation. Table 2 shows the
description of the force for piston in up/down ward motion.

Finite Element Formulation of Piston and

Liner

The finite element model developed in this paper is to model
the piston made up of Gray CI, Al-alloy and SI-C with four
variable crowns and compression ring with nickacil coating.
Usually a commercially available FE software package (ANSYS)
is used as simulation tool. All the components are modeled
considering each as three dimensional beam elements. The
simulation method consists of both pre-processing and post-
processing steps. The preprocessing steps include creation of
geometry in CAD software and importing it to the ANSYS.
Later on the material properties are defined and meshing of
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FIGURE 10 | (A) Solid model of type-A piston. (B) Solid model of type-B piston. (C) Solid model of type-C piston. (D) Solid model of type-D piston.

the individual components is done using automated software Further, all contacting and primary as well as secondary forces
provision. The piston is pinned at the gudgeon end, while are evaluated and used as forces/load inputs to the piston of
the ring is assumed to be supported at the bottom land  different crown geometry. Because of multiple forces acting in
during upward motion and on the top land during the multiple plane of piston, there happens a lateral tilting. The

downward motion. Figure 5B presents the cyclic variation piston tilt in an engine
cycle. The maximum tilt of 0.022 degree occurs at 540° crank

RESULT ANALYSIS location. Figures 5C,D shows the variation of E; and Ej at
different rpm (1,000, 2,000, 3,000).

To inter link performance and strength, it is highly required The E:/E;, increases with increasing rpm. Figures 6A,B shows

to correlate the piston ring, liner, skirt geometry with all the cyclic variation of friction force and friction power loss
possible applied forces. The input parameter used is of for the piston skirt in comparison to piston subsystem. Both
wide range and is presented in Table3. In this analysis, these parameters are significant in 180-540° crank location.
there are two geometry modification considered for piston  The highest value of skirt-liner friction is 18% of total friction
ie, piston skirt axial profile and piston variable crown  force. Again the friction power is significant in power stroke
design. Figure5A presents all four different skirt profile of and is near to 43% of total piston assembly friction wasted
parabolic shape, which is useful in having single point minima. ~ during power stroke. Further, 25% of total friction is skirt
Four profiles with four different profile height (0-20pum)  friction. Figures 6C,D shows the cyclic variation of E; and
are considered for piston skirt. The solution to this model —E, for variable skirt profile. Profile with higher offset has
is divided into two sub routine. First a minimum gap is  greater E;/E,. E, is more compared to E, reason being the
considered based on experimentally available variable gap as  skirt length (bottom) is more than that in top. The Figure 6E
shown in Figure 3b from conformability analysis. Later, the  presents the cyclic variation piston tilt for different profile of
hydrodynamic/EHL pressure is computed. Though suitable load ~ piston.

convergence criteria, film relaxation is carried out to exact Friction force due to contact controls component life.
the film. A close monitoring to its cause and quantity can help
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FIGURE 11 | (A) Mesh model of type-A piston. (B) Mesh model of type-B piston. (C) Mesh model of type-C piston. (D) Mesh model of type-D piston.

TABLE 4 | Meshing detail for different design.

Crown design type No. of element No. of nodes No. of faces Min. edge size (mm) Growth rate Element type
Crown type-A 33,908 61,579 5 0.306990 1.2 Tetrahedral
Crown type-B 32,757 59,868 5 0.306990 1.2 Tetrahedral
Crown type-C 32,609 59,369 5 0.306990 1.2 Tetrahedral
Crown type-D 32,549 59,221 5 0.306990 1.2 Tetrahedral

TABLE 5 | Mesh convergence response to key parameters (for Al alloy).

Sr No/Parameters Element size Nodes No. of elements Von Mises stress Total deformation
(mm) (Mpa) (mm)

1 0.5 793,159 474,508 5,014.3 2.816

2 0.6 506,557 295,329 5,214.8 5.56075

3 0.7 387,199 224,741 5,136.2 8.2592

4 0.8 305,747 177,171 4,100.7 8.5799

5 0.9 236,219 136,878 4,057.2 3.037

6 1.0 197,607 114,228 3,784.7 4.5824

7 1.1 160,331 91,866 3,931.4 10.568

8 1.2 135,124 76,600 3,954.9 3.2624

9 1.3 116,895 65,837 3,930 5.2356

Frontiers in Mechanical Engineering | www.frontiersin.org 13 April 2019 | Volume 5 | Article 17


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Mishra and Kumar

Piston Strength and Lubrication Correlation

TABLE 6 | Mesh convergence response to key parameters (for Gray cast iron).

Sr No/Parameters Element size Nodes No. of elements Von Mises stress Total deformation
(mm) (Mpa) (mm)
1 0.5 793,159 474,508 3,947.3 1.3662
2 0.6 506,557 295,329 4,058.2 2.6848
3 0.7 387,199 224,741 3,990.2 4.0638
4 0.8 305,747 177,171 3,150 4.209
5 0.9 236,219 136,878 3,108.3 1.4574
6 1.0 197,607 114,228 2,959 2.2354
7 11 160,331 91,866 3,026.5 5.154
8 1.2 135,124 76,600 3,090 1.5731
9 1.3 116,895 65,837 3,001.1 2.555
TABLE 7 | Mesh convergence response to key parameters (for SiC).
Sr No/Parameters Element size Nodes No. of elements Von Mises stress Total deformation
(mm) (Mpa) (mm)
1 0.5 793,159 474,508 334.89 0.0660151
2 0.6 506,557 295,329 324.75 0.083338
3 0.7 387,199 224,741 265.23 0.10853
4 0.8 305,747 177,171 235.27 0.12044
5 0.9 236,219 136,878 190.59 0.092776
6 1.0 197,607 114,228 196.68 0.10324
7 1.1 160,331 91,866 183.66 0.13555
8 1.2 135,124 76,600 205.12 0.12681
9 1.3 116,895 65,837 15717 0.081724
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FIGURE 12 | Total deformation for different materials.

modifying component for enhanced life against frictional losses.
Figures 7A-D presents the cyclic variation of friction force of
ringl (compression ring), ring2 (scraper ring), ring3 (oil control
ring) and the total piston subsystem friction. Among rings, the
ringl friction force is 65N maximum in power stroke. It is
because of heavy back pressure during that period which leads
to more damping action pressure. Ring2 has 83% less friction
force than ringl while ring3 has 75% less than that of ringl.
The ringl has 65% of the total piston subsystem friction. Further
to such analysis, the cyclic variation of friction increases with
increase in rpm. Such friction force difference is distinguished

toward dead centers. It may be due to addition of asperity
contact friction. Piston subsystem friction is required to estimate
powerloss due to friction and is the product of friction force and
the sliding velocity.

Energy loss due to friction can be calculated as Ej s =
teycle™ Pavg> Where Pgyg is the average power loss in an engine cycle
and teye is the total number of cycle. Power loss (P = Fr-u)
is the product of instantaneous velocity and the friction force
(Mishra et al., 2009).

Figures 8 A-D presents the cyclic variation of powerloss at the
three different rpm (3000, 5000, 8000) for the ringl, ring2, ring3
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and total friction, respectively. Maximum friction power in ringl
is 0.34, 0.68, 1.25 kW for 3,000, 5,000, 8,000 rpm, respectively.
Similarly, for ring2 it is 0.04, 0.12, 0.34 kW. Similarly, for the third
ring it is 0.2, 0.32, and 0.5 kW. The total friction power is 1.8, 1.1
and 0.56 kW, respectively. To summarize friction power, ringl
has highest friction powerloss among rings, which is 60% of total
friction loss. While, friction powerloss is second highest in ring2,
which is about 16% of total subsystem friction. Finally ring3 loses
14% of total friction.

During reciprocating motion of the piston, the rings changing
the seating position from top to bottom groove land. Such
cyclic loading in high temperature environment leads to thermo-
mechanical stress and fatigue failure. In order to prevent

such failure, thermal barrier coating like Nickasil of several
micrometer are PVD coated. It is necessary to know strength of
such coating in such highly non-linearly dynamic environment.
Further, it is almost next to impossible to experimentally know
such strength. Hence, it is recommended to carry out finite
element simulation of coated ring using FEM tool like ANSYS.
Figure 9A shows the force configuration of coated top ring. The
element type thus defined is taken from structural mass and
SOLID-TET 4 NODE 285 as shown in Figure 9C. The next step
in this method is to convert the whole ring into number of
elements and these elements are connected through nodes. The
elements thus chosen are tetrahedral solid elements. Next step is
to loading and setting boundary conditions. Finally, solution and
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FIGURE 16 | Maximum Shear stress for different piston materials.

FIGURE 17 | FEM output results for coated ring (A) Meshing of ring. (B) Free body diagram of ring. (C) Interface strain fringe during down stroke motion. (D) Interface
stree fringe during upstroke motion. (E) Out-of-plane twisting of ring. (F) Ring volumetric strain due to up/down strokes..

post-processing to view the results. Because of couple produced
due to non-concurrent and out-of-plane forces, there is axial
twist upto 3° as shown in Figure 9B. The main post-processing
result shows the highlighted von-Misses fringe in coating and
substrate interface. The Figure 9D shows the highlighted von
Misses stress fringe in coating and substrate interface.

Taking all these forces, stress, deflection pattern into
consideration, we decided to proceed further to the strength
analysis of pistons with four different crown design. Each design
again considered to be made of three different materials, such
as Al-alloy, Gray cast iron and SiC metal matrix composite.
Figures 10A-D presents the solid model four different crown
design designated as type-A, type-B, type-C, and type-D,
respectively. In type-A piston, the crown is considered to
be conical with 0.5cm crown height. While, type-B crown
with a small pool to facilitate with more clearance volume

compared with flat crowned piston. Further, type-C piston crown
considered a small pool on middle and large flat surface on the
edge. Finally, type-D piston crown with two cup on same side
as shown in Figure 10D. All these pistons are modeled with
ring groove and groove pin bore before imported to ANSYS
(Harshavardhan and Mallikarjuna, 2015).

The next to FEM analysis is to convert the solid structure to
mesh model. Within ANSYS, there is a provision of automatic
mesh element selection protocol that allows appropriate number
of element, node, faces, minimum edge size and element
type selection. Figures 11A-D shows the mesh model of
four different crown designs [38-39]. In each case, the
tetrahedral type element auto selected. Table4 shows the
mesh detail of different design. Further to this analysis,
the load and boundary conditions is set as per earlier
output forces.
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TABLE 8 | Summary of results.

Maximum Minimum principal Maximum shear stress Von-misses stress Elastic deformation
principal stress stress (MPa) (MPa) (wm)
(MPa) (MPa)

CROWN-A
Gray cast iron 3,973 128 2,285 3,469 31
Al-alloy 4,742 116 2,882 5,003 62
Si-C metal matrix 1,885 101 2,285 2,036 16
CROWN-B
Gray cast iron 3,893 136 2,397 4,095 15
Al-alloy 4,959 126 2,951 5119 60
Si-C metal matrix 1,896 109 1,021 2,034 15
CROWN-C
Gray cast iron 3,355 134 2,237 3,893 31
Al-alloy 4,472 137 2,794 4,849 216
Si-C metal matrix 1,930 108 1,017 2,018 412
CROWN-D
Gray cast iron 4,002 129 2,490 4,335 32
Al-alloy 5,357 128 3,099 5,382 65
Si-C metal matrix 1,950 104 1,027 2,042 16

In Tables 5-7, the mesh convergence for key performance
parameter, such as von-Misses and total deformation is carried
out. With such convergence test, element size is chosen. The
Figure 12 shows the total elastic deformation of type-A piston.
The highest elastic deformation with stated load and boundary
condition happens in case of Si-C metal matrix composite.
Least deformation being in case of Gray Cast Iron. But some
other mechanical/thermal properties make Gray cast iron less
suitable in comparison to Al-alloy. Further, von-Misses criteria
is most important criteria to understand the failure mode
approach which is based on distortion energy/shear strain energy
(Dobrucal, 2016).

Figure 13 shows the von-Misses stress for Gray-CI, Al-alloy,
and SiC metal matrix. With stated load and boundary conditions,
Al-alloy has highest ever von-Misses stress among the chosen
materials. That is the reason it is most widely used material for
piston manufacturing.

Similarly, Figures 14-16 shows the comparison of maximum
principal stress, minimum principal stress, maximum shear stress
for different specified material. In addition to this, Figures 17A-F
shows meshing, force location, coating-substrate interface stress
fringe, out-of-plane twisting and volume strain in up stroke and
down stroke motion.

Table 8 presents the summary of results of the combined
structural strength and lubrication performance analysis. The
details of the strength parameters and their maximum and
minimum values are marked in the table. The maximum values
are shaded in red, while the minimum mark is shaded in red.

CONCLUSION

For the sustainable engine technology development,
it is necessary to correlate the lubrication parameters

with the strength of the piston. There is great level of
complexity in operational principle and in other hand
the life expectancy, which are carefully formulated to
address specific phenomena and its overall contribution to
main objective of strength analysis. Following conclusions
are drawn.

e Maximum principal stress is maximum in case of Al-alloy
piston of type-D crown design, while it is minimum in case
of type-A crown make out of SiC metal matrix composite.
Minimum principal stress is found to be maximum in type-
C crowned piston manufactured from Al-alloy, while the
minimum principal stress is marked in case of SiC metal
matrix composite of A-type crown design.

Maximum shear stress is another parameter which is vital to
evaluate strength based life. Type-D crown of Al-alloy has
maximum shear strength, while B-type crown of SiC metal
matrix composite has minimum shear strength.

Von-Misses stress is maximum in case of type-D Al-alloy
crown (5,382 MPa), while that of stress of type-B Al-alloy
crown is 5,119 MPa. The minimum is in case of type-C SiC
metal matrix.

Finally, type-B GCI and SiC metal matrix make
pistons are subjected to minimum elastic deformation
in stated load and boundary condition, while
type-C ~ SiC  metal matrix has shown maximum
elastic deformation.
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NOTATIONS
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