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REDUCTION OF PISTON RING WITH LASER SURFACE TEXTURING
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ABSTRACT-Hydrodynamic lubrication is simulated under the contact conditions that the direction of contact velocity
reverses with a sudden high applied load in the contact of piston top ring and cylinder liner. Hydrodynamic lubrication film
formation and pressure between piston ring and cylinder liner at the top dead center (TDC) location are investigated in detail
because most friction loss and wear damage happen at this location due to the thin-film thickness resulting from the slow-down
and reversal contact velocities as well as high applied load. The surface roughness on the cylinder liner by the honing process
that is similar scale to the lubrication film thickness at TDC location is considered. Around the TDC location, laser surface
textured (LST) surface that is larger scale than the surface roughness is designed for the favorable film formation. These two
surface roughness parameters are simulated to study the effects of favorable film formation and less frictional loss of piston top
ring at TDC location where most of damage and friction loss occur. Frictional power loss and minimum film thickness of the
cylinder surfaces of the honed roughness are compared with those of patterned designs.
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(TDC), Asperity contact

NOMENCLATURE R, : surface roughness, m
R. : radius of the crank shaft rotation, m

Aa : asperity contact area, m? U : sliding velocity, ms™!
c : piston ring profile height, m w : width of the LST pattern, m
d : depth of LST pattern, m W, : asperity contact load, N
Fragp : friction of asperity contact, N Xe : coordinate in the ring profile, m
Foya : shear resistance of the hydrodynamic Xa : coordinate in the LST pattern, m

lubrication film, N X,(6) : piston’s displacement, m
Fling tension  * piston ring tension, N Xp(6) : piston’s velocity, ms™!
Fa(y) : statistical function of the lubricant film ratio z : asperity height, m
h(x,y,t)  :lubrication film thickness, m u : lubricant viscosity, Pa-s
ho(x,y,?) :minimum film thickness, m p  lubricant density, kg'm™
hox,y,f)  :lubrication film thickness by the piston ring 0 : volume fraction of the fluid

profile, m b : radius of curvature of an asperity, m
hdx,y,f)  :lubrication film thickness by the LST geometry, m n : asperity density per unit surface area, m~
hy(x,y,f)  :lubrication film thickness by surface roughness,m & : average asperity height, m
L : length of the LST pattern, m 70 : limiting Eyring shear stress, Pa
L, : pitch of the LST pattern, m ¢ : pressure-induced shear strength of asperities
Ly : width of the piston ring, m
Dhyd : hydrodynamic pressure, Pa 1. INTRODUCTION
Pasp + asperity contact pressure, ,Pa Piston ring plays a vital role in applications such as the
Pe - vapor pr§ssure of the lubricant, Pa sealing of combustion gas, heat transfer to cylinder liner,
Deomb : combustion pressure, Pa

control of oil transportation on the cylinder liner, and
lubricated movement of the piston. It gets exposed to severe
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contact conditions during the piston’s stroke movement,
especially in the region of top dead center (TDC) during the
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power stroke. It undergoes a reversal in the direction of
movement with zero contact velocity as well as high load due
to the combustion pressure at the TDC. During the reversal
movement of the piston ring, the lubricant film becomes very
thin (down to surface roughness level) and experiences large
frictional loss and wear. If the lubricant supply is not enough
to maintain the lubricant film against the applied load on the
piston ring, it comes in direct contact with the surface of the
cylinder, resulting in large surface damages and frictional
power loss.

To avoid this type of frictional contact of the piston ring,
continuous lubricant supply is necessary around the TDC
location even though the oil ring scrapes down the lubricant
on the cylinder liner to lessen the oil consumption. Plateau-
valley honing surface roughness is one of the handling
methods for the continuous lubricant supply by trapping the
oil with a little oil consumption. Refined honing surface
roughness according to honing angles and deep groove/valley
distribution (Knopf ef al., 1998; Chen and Tian, 2008) is
suggested as a more advanced method for controlling
lubricant supply on the interface between a piston ring and
cylinder liner.

Many analytical investigations of piston ring lubrication
concerning film formation have been performed taking into
account the surface roughness. The surface roughness effect
is statistically included in the surface pattern orientations
based on Patir and Cheng’s average flow method (Patir and
Cheng, 1979). Most of these studies (Akalin and Newaz,
2001; Jocsak et al., 2006) on lubricant film analysis with
surface roughness effects of cylinder honing processes are
based on the average flow factors. Hu ez al. (2018) suggested
a homogenized Reynold’s equation to study the effect of
surface roughness on the lubrication and oil transportation
due to the honing process for surface patterns with
crosshatch angled plateau-valley shape. Some studies on the
lubrication film thickness have deterministically employed
the measured surface roughness values for calculating the
hydrodynamic lubrication film pressures differently from
those of the average flow methods. Deterministic method
with the measured data of the surface roughness offers the
advantage of a more-detailed investigation of the film
formation characteristics under the thin-film thickness on the
TDC area and can suggest better honing process regarding
surface roughness scale and honing angle, especially for the
TDC location where most of friction loss and surface
damage occur (Mezghani et al., 2013; Li et al., 2008).

Besides honing surface roughness optimization for the
trapped oil supply mechanism, more active oil supply on the
cylinder liner around the TDC location was devised via laser
surface texturing (LST) with various geometries such as
circles, ellipses, and rectangles (Etsion and Sher, 2009; Zhan
and Yan, 2012; Vladescu et al., 2015). LST pattern takes
more preferable advantages that the propagation velocity of

the local oil film reinforcement increases due to the transient
lubrication phenomena induced by the surface cavity
structure passed through the contact area than plateau-valley
honing pattern (Krupka et al., 2011). Such transient
lubrication due to the LST on the cylinder liner surface is
different from the honing surface roughness that has less
scale (R, = ~0.3 um and honing groove depth of several
micrometers) than the LST pattern depth (20.0 pm) and
actively makes the lubrication regime from the boundary to
hydrodynamic lubrication even in unidirectional sliding
contact. If the contact speed has a reversal movement, the
transient film thickness increases by the LST on the contact
surface, especially in the TDC location. Based on this type
of transient phenomena, lubrication film is more reformed,
even before and after the TDC where the contact velocity is
suddenly in reversal mode under extremely high applied load.
An experimental study (Carden e al., 2006) on piston ring
friction under real engine operation conditions revealed that
during the power stroke, the frictional force between the
piston ring and cylinder liner is very high, while only rig tests
without the real engine ignition revealed repeated similar
frictional modes as the stroke continues (Vladescu et al.,
2017). The experiments indicated that high load caused the
lubrication film to be very thin and its effect on the friction
and wear was as large as the reversal velocity mode.

LST can form on either moving (Etsion and Sher, 2009;
Gadeschi ef al., 2012; Usman and Park, 2017) or stationary
part (Checo et al., 2014) for increased load capacity via the
transient lubrication mechanism. Calculation domain for the
LST on the moving part, i.e., on the piston ring, is generally
fixed as the contact surface of the piston ring. It is relatively
easy to obtain stable converged computation because the
geometrical shape of the computational domain is fixed.
However, the shape of the geometrical contact of LST on the
stationary surface (on the cylinder liner) changes as the
contact surface of the piston ring moves. It provides more
actively transient film formation even under the zero contact
velocity at the moment of reversal mode of contact velocity;
therefore, the calculation domain for the LST on the
stationary surface is more complicated and requires much
smaller time step in the calculation.

Modeling of the moving LST of thin rectangular
transverse groove shape around some region of TDC
location, including honing surface roughness, is applied for
the frictional force analysis of the top ring with combustion
engine pressure variation during a cycle. Modeling of the
computational domain describes the contact of piston ring
sliding on the LST stationary surface (LST surface), which
always generates transient conditions of hydrodynamic
lubrication contact. The calculation results show that fuel
consumption is less compared to that of non-LST on the
cylinder liner with only honing surface roughness (smooth
surface).
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2. MODELING OF PISTON STROKE MOVEMENT
AND PISTON RING

Piston ring movement depends on the piston’s motion that
has a stroke displacement from the TDC to the BDC.
Detailed motion of the piston ring, such as axial and twist
movements in the ring groove, is not included in this work,
and it is considered to have the same velocity as that of
piston’s primary movement. Figure 1 shows the piston’s
primary movement from the TDC to BDC and its velocity
variation during a cycle. Combustion pressure, ppa, 1S
applied on the backside of the piston ring that makes contact
with the cylinder liner surface. The piston’s displacement
x,(0) and velocity x,(6) are described in Equations (1) and
2).

Along with the combustion pressure at the top land of a
piston, inter-ring pressure in the second land needs to be
calculated according to the gas flow mechanism (Turnbull ez
al., 2020; Morris et al., 2016) during a cycle to impose
boundary conditions on the computation of hydrodynamic
lubrication pressure between the piston ring and cylinder liner.
The second land pressures vary according to the combustion
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Figure 1. Piston’s primary movement in the cylinder liner
and piston ring’s applied load by combustion pressure at
3000 rpm under full load.
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Figure 2. Piston ring profile and boundary conditions for
the hydrodynamic lubrication computation with top and
second land pressures.

pressures, ring gap size, and shape during a cycle; the
hydrodynamic lubrication pressures are computed depending
on boundary pressures, one side of top land pressure of
combustion pressure, and the other side of second land
pressure. For simplicity, the piston ring profile is considered
to be a parabolic curve and the film is considered under fully
flooded conditions; however, the ring profile may have
various forms depending on the fuel economy and durability
performance of an engine (Figure 2).

3. SURFACE ROUGHNESS AND LST ON
CYLINDER LINER

LST forms on the cylinder liner surface where the piston ring
slides. Figure 3 shows the cylinder surface roughness and
LST pattern shape studied in this work. The LST forms at
only some regions of the stroke around the TDC (crank angle,
CR 10 ~ 45°) because most of the severe lubrication occurs
around the TDC. Surface roughness (R, = ~ 0.3 um) is
simulated, and a honing pattern (ridge depth = ~ 1.5 pum)
with a 45° angle is made. The LST pattern on the honing
surface has a length, width, and parabolic depth of 3.0 mm,
60.0 um, and 20.0 wm, respectively. The LST pattern appears
repeatedly at distances of L, = 2.0 and L = 5.0 mm in the
sliding and circumferential directions, respectively.

The computational domain for the hydrodynamic
lubrication is selected as 5.0-mm width and piston ring width
(l» = 1.2 mm) along with the stroke movement. Two-
dimensional pressure and film thickness are computed for
the periodic boundary condition at both sides of the selected
LST band, which is repeated in the circumferential direction
on the cylinder surface (Figure 3). The film thickness on the
surface of the LST pattern is relatively larger than any other
region of honing plateau-valley and the surface roughness
itself.

The film thickness of the LST pattern is denoted as A(x,

, t) of parabolic depth, deterministic surface roughness /4(x,
¥, 1), and piston ring profile 4.(x, y, 7).
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Figure 3. LST pattern at a depth of 20.0 um on cylinder
liner around TDC from crank angle of 10 ~ 45° from TDC
and honed surface roughness R, = 0.3 pum, honing groove
depth = 1.5 pum, honing ridge angle = 45°.

Therefore, the hydrodynamic lubrication film thickness at a
certain time during the piston’s stroke movement is given by
h(x, y, )= hx, y, O+ hy(x, y, O+ hax, y, t). As the piston ring
moves from the TDC to BDC, the film thickness varies
abruptly depending on the existence of the LST in the contact
region along with the applied load and velocity. Even if the
sliding velocity and applied load are constant, the LST
changes the contact geometry as the piston ring slides. It
yields transient lubrication phenomena, and hydrodynamic
lubrication is more favorably developed with LST. In this
work, for the computation of hydrodynamic lubrication film
thickness and pressure, the varying contact geometry with
LST are considered and the time step for the transient
lubrication behaviors is set to be small enough to obtain a
stable converged solution. Considering the varying contact
geometry of the LST pattern as the piston ring slides, the
transient hydrodynamic pressure is very sensitively affected
by the LST pattern; as such, the film load capacity reflects
the applied load, contact velocity, and LST pattern on the
contact geometry. Different from the LST pattern on the
moving part, such as the piston ring, the film thickness
variation vibrates on a very small scale (Vladescu et al., 2015;
Checo et al., 2014). If the piston ring with the LST pattern
slides on cylinder liner, then small vibration in the film
thickness variation does not exist, and it is affected mainly
by the applied load and sliding velocity (Etsion and Sher,
2009; Turnbull et al., 2020).
The parabolic piston ring profile is given by

c (x0)? 3)
)

2

hc(xc' y) =

where xc = X, X inl(xp, L) — Xco, X0 = mod(xp, [,r) and —L/2 <
xe < L/2, and the film thickness of the LST is given by a
parabolic shape depth as follows:
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Figure 4. Cylinder liner surface with LST and variation in
the contact geometry as the piston ring’s stroke from the
TDC to BDC (LST depth = 20.0 um, R, = 0.3 um honing
groove depth = 1.5).
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hq(xq,y) =

where —W/2 <x4< W/2 and d is the LST pattern depth.

The film shape changes as the piston ring slides on the
cylinder liner surface due to the LST pattern, even without
any variations in the contact load and speed. The LST pattern
on the stationary part inherently results in the transient
hydrodynamic lubrication phenomena (Figure 4).

The hydrodynamic pressure for the lubrication between
the piston ring and cylinder liner can be explained using the
Reynolds equation. Because film thickness includes
deterministic surface roughness, LST structure, and piston
ring profile, the computation of the hydrodynamic
lubrication phenomena needs to be based on the physical
conditions corresponding to the occurrence of cavitation in
the hydrodynamic film thickness computation. The mass
conservation law is fully applied and is reflected in the
governing Equation (5). The film model is considered as
fully flooded condition (Liu er al., 2019). Many other
experimental or numerical studies (Vladescu et al., 2017; Liu
et al.,2019) have shown the differences in the computational
results between flooded and starved boundary conditions.
However, friction and wear tendency of the lubrication
performance with respect to the minimum film thickness
value is similar under each flooded or starved condition.

In this work, similar procedures as those employed in
previous studies (Ma et al., 1996) have been used for the
computational process of the load capacity performances of
the hydrodynamic lubrication. The cavitation effects of the
mass conservation law with Poiseuille and Couette flows are
considered because the contact geometry includes textured
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surfaces, which is somehow larger scale than the honed
surface roughness. The computational domain for the
hydrodynamic lubrication behavior moves as the piston ring
makes the stroke movement, and it is selected for the
repeatable sector with repeated boundary conditions at both
sides in the circumferential direction of the cylinder liner and
piston ring’s width along the stroke direction.

(P | (ary)” _ @imgC | 3(6h) 5

Ax + Ay - Ax T at ( )
(@mP _ 1 [ph® (0p

where, Ax  Axlizp (Ox)] ’ (6)

@) _ 1 o (o0 ;

Ay - Ay [12u (By)] ’ ( )

. U
(Amm,)© = P;{Qi—uhi—u(l —Gi-1j) + Gi—yjhio1; +

hi, _hl— , .
9i-1,j9ij (JT”)} ) ®)
®_, -1 O _ -1
a(6h) hij—h; 0;;-6;;
P = 9i,jPhyaij + (1 — gij)Pc. (10)

Two variables—hydrodynamic pressure pj,s and auxiliary
volume fraction of fluid § — need to be manipulated in the
computation, and they should satisfy the two conditions for
the converged solution (Ma et al., 1996; Chong ef al., 2011):

0=1and g = 1,if ppya > P, (1)

Phya =Pcand g =0, if 6 <1. (12)

4. ASPERITY CONTACT MODEL AND
COMPUTATION PROCESS

The clearance between the piston ring and cylinder liner
becomes very small for large applied loads or relatively
small contact velocities. This type of lubrication behavior
happens around the TDC location. Under this contact
condition, direct contact pressure is generated between the
piston ring and cylinder liner. Asperity on the rough surface
roughness makes real contact pressure and the hydrodynamic
lubrication pressure is generated when the film thickness is
large enough to separate two contact surfaces. The contact
pressure reflects the density and tip curvature of asperity of
the surface roughness and can be described using the

following equations. The LST pattern forms deep in the
surface roughness level, and most of the contact pressure
occurs due to the honed surface roughness pattern. The
asperity contact pressure p.g can be given by the following
equation (Liu ef al., 2019):

_ 16v2 25 Y0 o (h(2)
Pasp = 255 m(oBm?E L F (*2) (13)

g

where F(y) = \/%fow(s — x)*%exp (— g)ds.

Both asperity contact pressure p.y and hydrodynamic
fluid pressure ps,s support the two applied forces. One is the
pressure on the backside of the top ring, which is considered
as the first land pressure. The other is the ring tension force
Fling tension (12.6 N). The force balance is checked with the
Equation (14). All the asperity contact pressures are based on
the deterministic values of the surface roughness data for the
calculation domain as follows:

fphyd dA+f pasp dA
= ffpcomb dA dA + Fring tension (14)

Frictional force due to the contact between the piston ring
and cylinder liner comprises the shear resistances of
hydrodynamic lubrication film, Fj,q and the friction of
asperity contact, Fg.

_ h dp U
Frnya = J (550 = 17) dA (15)
Ffasp = Todq + W, (16)

where 4, = nX(afn)*AFx(x), A is the apparent contact area,
and F>(y) is a function given by Greenwood and Tripp (1970).
79 is the limiting Eyring shear stress (2 MPa), and ¢ is the
pressure-induced shear strength of asperities (0.11 in this
computation) (Liu ef al., 2019; Kong and Jang, 2020).

The hydrodynamic lubrication analysis is considered in
the computational process. If the contact film thickness is
below a certain lower limit (e.g., /o = 4.0), then asperity
contact pressure is calculated based on the film thickness.
The applied load balances by the backside pressure on the
piston ring and ring tension are checked with the reaction
forces from both the hydrodynamic lubrication pressure and
the asperity contact pressure. If these do not match, then the
contact film thickness is adjusted until the load balance is
satisfied. Once the converged load balance is obtained at a
certain crank angle, the frictional force from the fluid film
and asperity contact pressures are calculated. This
computation is processed during the engine cycle, including
intake, compression, power, and exhaust strokes, and the
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time step needs to be small (in terms of crank angle 1°) so
that the computational stability is achieved.

5. COMPUTATIONAL RESULTS

Computational results are obtained for the comparison of the
hydrodynamic pressure, minimum film thickness, frictional
force, and power loss for the contact of the piston ring
between the smooth (honing surface) and LST surfaces (LST
pattern on honing surface). Variations in the load capacity of
the hydrodynamic lubrication on the LST surface during a
cycle stroke movement of the piston ring are shown.
Computational domain is meshed into 801 by 101 for the
physical domain of /,- = 1.2 mm in the x direction of piston
ring movement and L = 5.0 mm for the repeated
circumferential y direction of the LST pattern; these represent
the width and repeated pattern length, respectively, of the
piston ring.

The same applied load on the piston ring and contact
velocity between the piston ring and cylinder liner are set for
the smooth and LST surfaces for comparison (Figure 1). The
variations in the minimum film thickness are almost the
same except for the stroke region at crank angle of 10 ~ 45°
(315 ~ 350°, 370 ~ 405°, and 675 ~ 710°; Figure 5) where
the LST pattern is observed on the cylinder liner (Figure 5).
Although the contact behavior at the exact TDC location is
very severe, the LST pattern is a little distant from the TDC
to provide appropriate oil supply into the TDC location
because it might increase the consumption of lubricant that
flows directly into the combustion chamber. Computational
results show that the minimum film thickness increases
mainly in the region of the LST-patterned locations. Owing
to the LST shape in the control volume as the piston ring
passes, changing of control volume generates transient
hydrodynamic lubrication pressure; this enhances the load
capacity of the lubrication film. Therefore, the minimum
film thickness increases; this reduces the possibility of mixed
lubrication with oil supply at the TDC location between the
piston ring and cylinder liner. Figure 5 shows the increased
variations in the minimum film thickness in the LST-
patterned region on the cylinder liner. If the LST pattern is
placed on the moving surface of a piston ring, there is no
variation in the film thickness. In this case, the enhancement
of film thickness is less than that in the LST pattern on the
stationary surface (Gadeschi er al., 2012). Most of the
frictional loss on the piston ring occurs at the TDC location
with thin-film lubrication, causing the mixed lubrication.
From the computational results, it can be stated that this type
of LST on the cylinder liner can reduce the possibility of
mixed lubrication by enhancing the lubrication film.

Hydrodynamic pressures are compared in the cases of
smooth and LST surfaces at selected crank angles (Figures 6
~ 8). Film thickness changes over the contact area are shown
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Figure 5. Variations in the film thicknesses between smooth
and LST cylinder surfaces at 3000 rpm under full load.

shown in Figure 7 for the LST-patterned surface and Figure
9 for smooth surface, respectively. Hydrodynamic pressure
with the LST pattern has a relatively higher distribution over
the contact area of the piston ring at CR 373°, 374°, and 386°
by the LST pattern of the cylinder liner that the piston ring
passes on. Such increased pressures increase the film
thickness and decrease the direct contact of asperities
without the LST (Figures 5 and 7).

Therefore, under the high loads of power stroke after the
TDC, increased film thickness due to the transient
hydrodynamic pressure generates less frictional force



COMPUTATIONAL STUDY ON THE FRICTIONAL POWER LOSS REDUCTION OF PISTON RING 861

I-1,d aumssaig

iy o a2

Crank angle 381°

Crank angle 380° Crank angle 386°

Figure 6. Variations in the hydrodynamic dimensionless pressure p* = (p — pam)/(uUa=1°l,+) during a cycle on LST cylinder
surface (¢ = 5.5 mPas, U—1> = 0.3174ms, l,» = 1.2 mm) at 3000 rpm under full load.
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Figure 7. Variations in the hydrodynamic dimensionless lubrication film 4" = A/hy. during a cycle on LST cylinder surface
(hmax = LST depth + honing ridge depth + R,) at 3000 rpm under full load.
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Figure 8. Variations in the hydrodynamic dimensionless pressure p* = (p — pam)/(uUer—1°l,) during a cycle on smooth cylinder
surface (¢ = 5.5 mPas, U—1> = 0.3174ms, l,» = 1.2 mm) at 3000 rpm under full load.
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Figure 9. Variations in the hydrodynamic dimensionless lubrication film /" = A/, during a cycle on honing smooth cylinder
surface (Ayax = LST depth + honing ridge depth + R,) at 3000 rpm under full load.
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Figure 10 (a) Variations in the friction force during a cycle
and (b) Selected crank angle range during power stroke
between smooth and LST-patterned cylinder surface at
3000 rpm under full load.

(Figure 10), especially in the LST region of CR 370 ~ 405°.
This is also due to less direct surface contact at high loads.
This type of mechanism reduces the frictional force and
frictional power loss (Figure 11). The total reduction in the
friction force and power loss is approximately 8.19 % and
2.0 %, respectively, for the LST patterns on the cylinder liner
in this computation. The LST on the cylinder liner is usually
used for both frictional loss reduction and wear resistance.
This work focuses on frictional performance by forming a
transient lubrication film with the LST pattern on the
stationary surface of the cylinder liner.
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Figure 11. (a) Variations in the frictional power losses
during a cycle between smooth and LST-patterned cylinder
surface at 3000 rpm under full load; (b) Frictional power
loss during selected crank angle range.

6. CONCLUSION

In this work, transient hydrodynamic lubrication behaviors
on the LST-patterned cylinder liner were analyzed to
investigate how friction losses can be reduced. The LST was
made on a location a little distant from the TDC, where the
contact behavior of the piston top ring is the most severe to
have large applied load and contact velocity reversals. LST
pattern is made in some part of the full stroke, because it
costs too much to make LST pattern all through the stroke.
The computational results in this work show that the
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minimum film thickness of the LST-patterned surface (LST
surface) is thicker than that of the honing surface (smooth
surface). Frictional loss can be reduced with the LST around
the TDC location during the power stroke period of a high
load and a slow reversal speed with the thicker film
thickness. The power loss attributed to the production of
friction force and contact velocity around the TDC area
seems to be lower than the expected value. This phenomenon
is the reason that contact velocity is very low because of the
reversal contact velocity of the piston ring at the TDC
location. Therefore, it reflects most of the friction force in
each case between the surfaces of the LST patterned with
the honing surface and the honing surface only. The thicker
film with the LST-patterned surface around the TDC
location can be expected to provide less wear damages by
separating the contact surfaces between the piston ring and
the cylinder liner.

The differences in the transient film thickness between the
LST patterned with the honing surface and the surface
processed with honing only can be found by applying the
moving boundary conditions that depict the movement of the
piston ring on the stationary patterned cylinder surface. With
the computational method, transient hydrodynamic
lubrication behaviors by the LST pattern on the stationary
surface enhance the film thickness, thereby the load capacity
of hydrodynamic pressures. In the computation, a contact
reversal behavior around the TDC location under the most
undergoing loading conditions is also considered. The thick
film on the LST-patterned surface reduces the possibility of
the direct contact between the piston ring and cylinder liner
surfaces, which leads to less friction force and power loss.
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