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COMPUTATIONAL STUDY ON THE FRICTIONAL POWER LOSS 

REDUCTION OF PISTON RING WITH LASER SURFACE TEXTURING �

ON THE CYLINDER LINER�
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Aa� : asperity contact area, m
2�

c� : piston ring profile height, m�

d� : depth of LST pattern, m�

Ffasp� : friction of asperity contact, N	

Ffhyd� : shear resistance of the hydrodynamic�

lubrication film, N	

Fring tension� : piston ring tension, N	

F2(χ)� : statistical function of the lubricant film ratio�

h(x, y, t)� : lubrication film thickness, m�

h0(x, y, t)� : minimum film thickness, m�

hc(x, y, t)� : lubrication film thickness by the piston ring�

profile, m�

hd(x, y, t)� : lubrication film thickness by the LST geometry, m�

hs(x, y, t)� : lubrication film thickness by surface roughness, m�

L� : length of the LST pattern, m�

Lp� : pitch of the LST pattern, m�

lpr� : width of the piston ring, m�

phyd� : hydrodynamic pressure, Pa�

pasp� : asperity contact pressure, Pa�

pc� : vapor pressure of the lubricant, Pa�

pcomb� : combustion pressure, Pa�

Ra� : surface roughness, m�

Rc� : radius of the crank shaft rotation, m�

U� : sliding velocity, ms
-1�

W� : width of the LST pattern, m�

Wa� : asperity contact load, N	

xc� : coordinate in the ring profile, m�

xd� : coordinate in the LST pattern, m�

xp(θ)� : piston’s displacement, m�

ẋp(θ)� : piston’s velocity, ms
-1�

z� : asperity height, m�

μ� : lubricant viscosity, Pa·s�

ρ� : lubricant density, kg·m
-3�

θ� : volume fraction of the fluid�

β� : radius of curvature of an asperity, m�

η� : asperity density per unit surface area, m
-2�

σ� : average asperity height, m�

τ0� : limiting Eyring shear stress, Pa�

ϛ� : pressure-induced shear strength of asperities�

�
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Piston ring plays a vital role in applications such as the 

sealing of combustion gas, heat transfer to cylinder liner, 

control of oil transportation on the cylinder liner, and 

lubricated movement of the piston. It gets exposed to severe 

contact conditions during the piston’s stroke movement, 

especially in the region of top dead center (TDC) during the ����������	
���
�����������	
����
��������	
������
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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, phyd, is 

applied on the backside of the piston ring that makes contact 

with the cylinder liner surface. The piston’s displacement 

xp(θ) and velocity ẋp(θ) 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 et 

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.�

�

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).�
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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 (Ra = ~ 0.3 �m) is 

simulated, and a honing pattern (ridge depth = ~ 1.5 �m) 

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 �m, and 20.0 �m, respectively. The LST pattern appears 

repeatedly at distances of Lp = 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 

(lpr �  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 hd(x, 

y, t) of parabolic depth, deterministic surface roughness hs(x, 

y, t), and piston ring profile hc(x, y, t).�
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Figure 3. LST pattern at a depth of 20.0 μm on cylinder 

liner around TDC from crank angle of 10 ~ 45° from TDC 

and honed surface roughness Ra = 0.3 μm, honing groove 

depth = 1.5 μm, 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, t)= hc(x, y, t)+ hs(x, y, t)+ hd(x, 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 (Vlădescu 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�
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where xc = xp × int(xp, lpr) – xc0, xc0 = mod(xp, lpr) and –L/2 ≤ 

xc ≤ L/2, and the film thickness of the LST is given by a 

parabolic shape depth as follows:�

�

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 μm, Ra = 0.3 μm honing 

groove depth = 1.5).�

�

�

ℎ����, �� �
� �

�

�

�
�

�

�
�� � �'��

�

where –W/2 ≤ xd ≤ 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 et al., 2019). Many other 

experimental or numerical studies (Vlădescu 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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Crank angle 373°� Crank angle 374°� Crank angle 378°�

�

Crank angle 380°� Crank angle 381°� Crank angle 386°�

Figure 6. Variations in the hydrodynamic dimensionless pressure p
*
 = (p – patm)/(μUcr=1°lpr) during a cycle on LST cylinder 

surface (μ = 5.5 mPas, Ucr=1° = 0.3174m/s, lpr = 1.2 mm) at 3000 rpm under full load.�

� �

Crank angle 373°� Crank angle 374°� Crank angle 378°�

�

Crank angle 380°� Crank angle 381°� Crank angle 386°�

Figure 7. Variations in the hydrodynamic dimensionless lubrication film h
*
 = h/hmax during a cycle on LST cylinder surface

(hmax = LST depth + honing ridge depth + Ra) at 3000 rpm under full load.�
�
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Crank angle 373°� Crank angle 374°� Crank angle 378°�
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Crank angle 380°� Crank angle 381°� Crank angle 386°�

Figure 8. Variations in the hydrodynamic dimensionless pressure p
*
 = (p – patm)/(μUcr=1°lpr) during a cycle on smooth cylinder 

surface (μ = 5.5 mPas, Ucr=1° = 0.3174m/s, lpr = 1.2 mm) at 3000 rpm under full load.�
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Crank angle 373°� Crank angle 374°� Crank angle 378°�

�

Crank angle 380°� Crank angle 381°� Crank angle 386°�

Figure 9. Variations in the hydrodynamic dimensionless lubrication film h
*
 = h/hmax during a cycle on honing smooth cylinder 

surface (hmax = LST depth + honing ridge depth + Ra) at 3000 rpm under full load.�
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(a) Frictional force during a cycle�

�

(b) Frictional force during selected crank angle range�

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.�

�

(a) Frictional power loss during a cycle�

�

(b) Frictional power loss during selected crank angle range�

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.�

�

�
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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 

�������
�

���

������
�

������
�

	�����
�


�����
�

������
�

� �
� �	� ��� 
��

������

��	

�
�
�
�
�
�
�
�
	
	
�


�
�

�����������������

�������
�

���

������
�

������
�

	�����
�


�����
�

������
�

��� ��� �	� ��� ���

������

��	

�
�
�
�
�
�
�
�
	
	
�


�
�


����������������



��@� ����	
��
���

�

�����	����
�������������������9�!)�
���������	��
���%9�!�

�	��
��&� ��� �������� ��
�� ��
����� ������������	��
���%�������

�	��
��&��E�������

�
�����
�� �����	�������������9�!�
��	���

����!"#�
��
������	��������������������������������
������


�
�� 
��� 
� �
��� ������

� ������ ����� ���� �������� ��
��

�����������!��� ������ 
���� 
���� 	���� ��� ���� ����	������ ���

��������� ������ 
��� ����
��� ��
������ 
��	��� ���� !"#� 
��
�

��������� ��
�������
�������'��������

	���!���������������

���������
������
������
�����
��������������
��� ��
	����������

������

� ����
��� ��
������ ��� ���� ������� ����� 
�� ���� !"#�


��
������!��������$�������
�����������������������������������

�
����
��� ������������	��
�����������9�!��
�������������

������������	��
���
���������������	��
�����
���!�����������

��
�� ����� ���� 9�!)�
�������� �	��
��� 
��	��� ���� !"#�


��
������
�� ���'������������������
������
���
�
���� ��

���
�
�������������
����	��
���� �����������������������
���

������
������
������

!������������������������
���������
������������ �����������

9�!� �
�������� ����� ���� ������� �	��
��� 
��� ���� �	��
���

������������������������
���
�� �� ��	��� ��
��
����� ����

������� �	��
����������������
�����������������������������

���������������������
����
����
����������
�������	��
����F����

���� ����	�
����

� ������$� ��
������� ��������
����


	 ���
����� ��
������ �� ����9�!��
��������� ������
����
���

�	��
������
����������
�����������$������ ������
�
���
�
�����

��� ��������
���� �����	����� ��� ���� ����	�
����$� 
� ����
���

������

� ��
�����
��	�������!"#�
��
�����	��������������

	����������
�
�������������������

���������������!���������

��
���������9�!)�
���������	��
������	������������� �
�������

���������������
��� �����������������������
�����
������
�����

�	��
���$�������
�
������
�������������������
���������
�����

�

�������	
�	�	�
��������	
�������

�	�����������������

���������	��	�����	�����������������������	������������������� �

!	������"#�$%&'�&(&)&�%*%+,-.%�/��0$&�.&----%'&+%'+�"�

�

�������
���

2�

��$�A�� 
���3��
�$�?��-�� %455/&��(������ ����)��
������

 �����������������
���������'���
	 ���
�����������H�(
���

�G2�

����

����	
��������������������$��$�4//L4/���

#
����$�(�$�8�

$�"�$�(�����$�-��
���8
���

$�"��%455�&��(������


���� 
�� ��������� 
�����H� #���
������ ��� ��
�	���� 
���

�����������
�
�� �!�"�����#���455�)5/)5@4���

#���$�6��
���!�
�$�!��%455�&��!������
	�����������
������
�����

��������
�������
�����
�������
��������������
�
����������

���������
������ ���������������

�����
�������
������
���

���� ��
������ 
����� ��� ������

� ��� 	������ ���������  �!�

"�����#���455�)5/)/�/@��

#����$�6��-�$�2	�
�$�*��E�$��
�$�-�$�#
�

��$����(�$�#��	���	�$�

E�� 
��� 8	��
�
�
� ?�� #�� %45/@&�� -������ ��'�	���H�

���	

��������
�������
���������
���'�	����
����������������

$%��$���$�/</L/@4��

#����$�F��F��E�$�!��������	$�-��
���=
	��
�$�3��"��%45//&��

#
���
����� ���	���� ��
��
����� ���� ������)����+
�����

��� �
����

����J	������������������$%�����$��$�@�<L@01��

D�����$����
�������$�D��%4550&�������������	�
�����������������



���� �	��
��� ��'�	����������� ����������������� $%�����$��$�

�@4L�@1��

?
������$� ?�� 8�$� 8
���
	�$� ,�� 
��� ,��

$� ?�� %45/4&��

3	�����

� 
�

����� ��� 

���)��'�	���� ������)������ ��� ����

��������
���� 
	 ���
����� �������� ��� ���������� ���$� �$�

5@/154��

?��������$����2��
���!����$����6��%/015&��!�������
����������

�����


�� �

�� ��	��� �	��
���� "��&�� $%'���(���%� �)�

*�&��%�&���!%��%���'��	
$��$��4�L�<<��

6	$�C�$�-���$�M��
���M��$�C��%45/�&��2����������������
���

������	����
	 ���
���������
��������������������)�
��������

��������
����������
�����
���������������)�
��������'�	����

����������$%��$����$�@@<L@�<��

����
�$���$�9�$�C�$�!�
�$�!��
���F���$�=��F��%455�&��-���
����


��� ����������� ������� ��'�	��� ���� ���	���� ��������� ���

������

���� 	��������������� �!����%'�$�<<�L<@1��

,����$� -�$� D��
�����$� #�� 
��� -�����$� ?�� (�� %/00�&��

#

�	

����� ��� 	����
��� ��������
���� 
	 ���
����� 
���

�	��
�������
���
������������)����+��
�����)
�����������
����

 �!�"�����#���0�/@54��

,���$� ���
����
��$���� %4545&��!�����
�	���
�

������������

�
	�����	��
�����	������
	�������
����������������� 
����

�������������
���
��������$%�������(��+���,����&�%��������$�

�$��/<)�44��

,�	��
$���$�6
��
$�-�$�N������
�$�-�$�6�	��
$�(��
����
��$�

��� %45//&�� D������ ��� �	��
��� ��'�	����� ���

�

�����������
���


��
	 ���
��������
���	�������
�������

����������������������������$%�����$���$�//@@L//�5��

9�$�C�$�#���$�6��
���!�
�$�!��%455�&��2�������������������
�

���� 
	 ���
��� ��
������� ������� ����
�'� ��������� 	�����

�
������ ����
��� 
��� ���� 
��
��
����� ��� ���� �����
������

 ������� ������
� ������
� ����� 
��� ��	��� 
����� ��� ������

�

��� 	��������������� �!�"�����#���455�)5/)/�/���

9�	$�#�$�9	$�C�$�N�
��$�C�$�9�$���$�,
��$����
���-O

��$�3��

%45/0&��3	�����

���	������������� �
����

��������
����

�������+
�������������������������
����������
���
�����������

�������������$��$�5//15/��

-
$� -�� !�$� �����������$� ��� 
��� �����$� D�� 6�� %/00�&��

���
�����
����� ��� 
�� 

�������� ��� ����
� ���� ��
�����


	 ���
��������
�������������������������� ����H�(�������������

��
� �
��� 
��� ������ ��� �
��  
��) ��� ��� !%��%����%��

�������������$��$�40L@@��

-����
��$���$�"������$� ��$�C�	���$�-��
���D
�-
�����$�-��

%45/<&�� -	�	

� ���
	����� ��� ������
���� 
��
�� 
���

�	�������

���	�����������������	��
�����������������������)

�
������ �)������������������$%��$�

$��@L�0��

-�����$�3�$�*
��
��$�*�$�*
���J
�$�6�$�,���$�(��"��
���6���

)�

�����$����%45/�&��2��	�����

�����
������	���������
�����

�	��
�����'�	����
��������
���������������

���������������

����������
������
���������
�������������������	$��$�54/15<��

(
���$�3�� 
���#����$�6����� %/010&��2��
��
�������� 
���
���

�
�������
����
	 ���
����� ���������	����
�������	��
�����

���������������$��$�445L440��



� #A-(B!2!�A329��!B"C�A3�!6D�E*�#!�A329�(AFD*�9A���*D"B#!�A3�AE�(��!A3�*�3?� ����

�

!	�� 	

$�*�$�"�

�
 
��$�3�$�*
��
��$�*��
���*
���J
�$�6��

%4545&��2��
��������������
��������
�
�
���
�����������

�


������ ����� ���� ���� ������������ ����� ��� ������

�

��� 	�������������������������$%��$����$�/5�00/��

B��
�$�2��
���(
��$�#��F��%45/1&��3	�����

���������
�����

��� ��� �
����

� �������
���� ��� ��'��� 
	 ���
����� ���

��'�	���������������)
��������J	������������
����)����	

��

��
������ ���������������$%�����
$�/@�L/�1��

=
>����	$���$�A
���$�2�$�(���$����
���*��������$�!��%45/�&��

!���������������	��
�����'�	��������������
���������
����L�

2���'��������

���	��������������$%��$�	�$�4�L@4��

=
>����	$����#�$�#������$�2�$�!	�
�
$�,�$�?
����
���
�$�2��


���*��������$�!��%45/1&$�9������������
�

������'�	����

�����������)
���������
��������������$%��$���
$�/@5L/�<��

N�
�$� ��� 
��� C
�$� -�� %45/4&�� ��������
����� ��� ����
���

������ 	�����
��
�����

������'�	����������
�����L������������

���������������������%'��

$�
$��0<L�01��

�

�������	
���
��	��
	����	�����	��	�����������	��������	���	�����

1�	����������������������
�����������
���������������������22���������"


