
MIT Open Access Articles

Sources and Destinations of Oil Leakage through TPOCR 
Based on 2D-LIF Observation and Modeling Analysis

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Lubricants 11 (12): 522 (2023)

As Published: http://dx.doi.org/10.3390/lubricants11120522

Publisher: Multidisciplinary Digital Publishing Institute

Persistent URL: https://hdl.handle.net/1721.1/153249

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of use: Creative Commons Attribution

https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/153249
https://creativecommons.org/licenses/by/4.0/


Citation: Li, M.; Tian, T. Sources and

Destinations of Oil Leakage through

TPOCR Based on 2D-LIF Observation

and Modeling Analysis. Lubricants

2023, 11, 522. https://doi.org/

10.3390/lubricants11120522

Received: 2 November 2023

Revised: 2 December 2023

Accepted: 6 December 2023

Published: 9 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

lubricants

Article

Sources and Destinations of Oil Leakage through TPOCR Based
on 2D-LIF Observation and Modeling Analysis
Mo Li and Tian Tian *

Department of Mechanical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Ave,
Cambridge, MA 02139, USA; moli@mit.edu
* Correspondence: tiantian@mit.edu

Abstract: The Three-Piece Oil Control Ring (TPOCR) is becoming a viable option for heavy duty gas
and hydrogen engines due to the low particle concentration in these engines. Although direct oil
leakage from the gap is not likely to happen with the misalignment of the upper and lower rail gaps,
there exist other less-apparent oil leaking mechanisms through the TPOCR. This work is targeted at
understanding the oil leakage’s source and destination through the rail and liner interfaces across
the whole cycle. The 2D Laser Induced Fluorescence technique was applied on an optical engine
to study the oil transport behavior. Combined with a TPOCR model for dynamics and lubrication,
the mechanisms that cause rail twist and oil scraping by the upper rail were analyzed. It was found
that the symmetrical rail can scrape the oil up in the up-strokes. The scraped oil first accumulates
in the clearance between the upper rail and groove, as well as at the upper corner of the rail Outer
Diameter before being transferred to both the third land and liner when the piston changes direction
at Top Dead Center. Rails with an asymmetrical profile can reduce or enhance these effects depending
the orientation of the rails. This study provides findings that could help design the engine to better
control Lubricate Oil Consumption and properly lubricate the Top Dead Center’s dry region at the
same time.

Keywords: engine; oil; piston; Three-Piece Oil Control Ring

1. Introduction

Internal combustion engines have been used widely in all aspects of transportation.
The piston and ring pack are a very important component inside that transfers the chemical
energy released from combustion into mechanical energy output. Specifically, the piston
rings are used to seal the interface between the piston and liner, separating the high
temperature and pressure combustion chamber from the crankcase. The ring pack works
under extreme conditions that need enough lubrication to protect the running interface
and reduce friction. Typically, 40–55% of the total mechanical loss is coming from the
friction between the ring pack and liner [1]. A failure of the rings can cause engine power
loss and even structural damage [2]. When the piston reaches the Top Dead Center (TDC)
position, the top ring experiences the most severe working conditions for the high pressure,
high temperature, frequent acceleration, and deacceleration [3] that requires protection
from oil. However, on the other hand, too much excessive Lubricate Oil Consumption
(LOC) could also be a problem. The metal additive in the lubricant can lead to a large
amount of particulate emission [4,5], which is known as a major contributor to smog or
haze weathers [6]. In addition, the oil consumption can accumulate ash in the Gasoline
Particulate Filter (GPF) or Diesel Particulate Filter (DPF) [7], which can be installed on
the aftertreatment system to capture the particles, and cause the engine power loss or
knock [8]. Overall, it is critical to design the ring pack to balance the lubrication demand
and consumption of oil. Thus, a thorough understanding of the oil transport mechanism in
the ring pack is needed.
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Specifically, the Oil Control Ring (OCR) is usually located at the bottom of the piston
land, and its main function is to prevent the vast amount of oil in the skirt region from
going up. The Three-Piece Oil Control Ring (TPOCR) is becoming a popular design for
the misalignment of the rail gaps that largely reduce oil leakage. With the trend to use gas
fuel (natural gas, hydrogen and ammonia) in heavy duty and large bore engines, TPOCR
becomes more vital since it can reduce the abnormal combustion induced by oil [9]. It is
critical to understand the source and path of oil transport through the TPOCR assembly.

Previous studies in [10] found that the TPOCR design will fail if the engine is running
under a negative blowby condition, resulting in a vast amount of oil leakage through the
upper rail gap. But a high value of LOC can still be measured at high engine loads [11,12],
indicating that there exist other mechanisms to leak oil from the TPOCR. Tian built a
TPOCR model [13] to integrate the rail, liner, and groove interactions, which provides
the ability to simulate the ring dynamics. It was found that the rails can lose the sealing
function for a short period of time when the sudden change of inertia force happens. This
TPOCR model was further developed by Li [14], who added several detailed factors that
could affect the lubrication of the TPOCR. Specifically, the profile of the two rails has
a parabolic worn region in the middle and an unworn circular region on the side. The
circular profile region has a significant contribution to friction and hydrodynamic pressure
generation. Based on that, Zhang [15] further developed this model and identified an oil
scraping behavior in the circular profile region.

In addition, the oil can leak through the TPOCR not only from the rail and liner
interface. Studies in [16] combined the experimental observation and modeling calculation,
which found that oil pumping can pass through the TPOCR under extreme conditions
at a high speed and low load. It provides a path for oil upwards transport through the
ring groove interface. Furthermore, studies in [17] measured the pressure under TPOCR
through an experimental approach and found that an increased oil pressure under the
TPOCR can lead to a higher oil consumption. Based on that, additional work in [18–20]
analyzed the factors to reduce oil pressure under the TPOCR and pointed out a proper
design of drain holes is needed.

Even though the previous works provided the understanding of different oil paths
to leak out from TPOCR, an overall picture is still missing. This work is based on the
scraping behavior identified in [15] and concluded an oil up-scraping leakage path at the
TDC of both the intake and expansion stroke. An optical engine with a transparent sapphire
window was used to observe the oil transport in the ring pack, especially around the TDC.
Both the symmetrical rail profile, which is a common design, and an asymmetrical rail
profile were tested to justify the up-scraping behavior. It provides both a major contribution
to LOC and a necessary oil source to protect the dry region [21] at the same time.

In the following, the experimental equipment used in this study will be introduced
first. Then, the primary observation of this oil up-scraping leakage will be presented and
analyzed with the help of models. An explanation of this phenomenon regarding the upper
and lower rail twist across the full engine cycle will be discussed. Lastly, different engine
working conditions were tested to compare the oil up-scraping’s dependency with speed
and load.

2. Experimental Setup

A prototype single-cylinder optical engine was applied to study the oil transport
in the ring pack. This is the same engine as that used in previous studies [10]. It is a
gasoline single-cylinder engine with a custom-made optical liner. Figure 1 shows the
overall configuration of the engine, camera, and lens for the laser. The optical window
was made of sapphire for its similarity in thermal expansion coefficient with cast iron, the
material to make the rest of liner. It can provide a good sealing under fired conditions.
The window can be either on a thrust or anti-thrust side. The size of window is 12 mm in
width and 98.5 mm in length, allowing the observation range from the Top Dead Center
(TDC) of the OCR to the Bottom Dead Center (BDC) of all three rings. Specifically, the top
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ring has a barrel shape profile with a positive twist. The second ring has a Napier hook
chamfer on the ring-liner interface to store the scraped down oil. Two types of the low
tension TPOCR were tested with a symmetrical and asymmetrical Outer Diameter (OD)
profile shape on the rails. The profile can be divided into a relatively flat parabolic worn
region in the middle and circular unworn region on the side. The symmetrical design is a
common approach that the rail’s vertex or contact point of the flat parabolic profile is in
the middle of the rail thickness. On the asymmetrical design, the contact point was shifted
below the middle point. All three piston rings are free to rotate during the experiments. It
can represent a typical ring pack for a light duty gasoline engine or a heavy duty gas fueled
engine, such as a natural gas, hydrogen, and ammonia engine. An overall configuration of
the piston and ring pack is shown in Table 1.
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Figure 1. The optical test engine setup. Configuration of engine, high speed camera and laser.

Table 1. Engine Specifications.

Engine Characters

Type Spark Ignition 4 Valves
Bore 86.6 mm

Stroke 88.0 mm
Displacement 0.511 L

Max specific power 37.3 kW/L @ 5400 rpm
Max specific torque 80 Nm/L @ 4200 rpm

Lubricant SAE 0W20
Top ring type 1.2 mm thick barrel shape

Second ring type 1.5 mm thick hook chamfer
Oil Control Ring type 2 mm thick TPOCR

The 2D Laser Induced Fluorescence (2D-LIF) technique was applied on this prototype
engine. The 0W-20 oil used in the experiment was mixed with a specific dye which can be
induced to fluorescence by laser. A SA-X2 high speed camera was used to record video with
the frame rate synchronized with a laser pulse. A brighter region in the camera view means
a thicker oil film thickness and vice versa. In this study, the high-speed camera control was
applied to record at 12,500 fps and 1/100,000 s shutter speed, converting to around 1 frame
per crank angle at 2000 rpm. Under this setup, the highest resolution that can be achieved
is 1024 × 1024 pixels focusing on a 12 mm × 12 mm square window (Figure 2). Thus, by
adjusting the camera position, the full window can be divided into eight different squares
and allows the observation at different crank angles. Furthermore, a double magnification



Lubricants 2023, 11, 522 4 of 18

view was developed with the same 1024 × 1024 resolution focusing on a 6 mm × 6 mm
square area. It provides a better ability to observe oil transport inside ring grooves.
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Figure 2. The optical window’s configuration with the camera setup: (a) A photo of the optical
window with the piston and rings in the middle; (b) Demonstration of two camera views, full
view with 128 × 1024 resolution to cover the full window on the left, magnification view with
1024 × 1024 resolution to divide the window into 8 square regions.

Engine tests were conducted at 1200 rpm, 2000 rpm, and 3000 rpm fired steady state
conditions. The engine load was defined by adjusting the absolute intake pressure, ranging
from 300 mbar to 700 mbar under fired condition. A NI-cDAQ system was applied to record
the engine running data such as cylinder pressure, intake pressure, and air-fuel ratio. The
recoding of data and optical video were synchronized through a field-programmable gate
array (FPGA) system, including both hardware and software from National Instrument,
USA, 2016. This allows for the recorded video to be stored with a real time engine running
measurement data. A detailed description of the engine’s data recording and control system
can be found in [22].

3. Results

Figure 3 shows the observation around the TDC in intake stroke at 3000 rpm 700 mbar
fired condition. The engine was equipped with a TPOCR with the symmetrical rail profile.
The profile has a parabolic shape with the vertex centered the middle. The upper and
lower rails are the same and assembled with the gaps located 180 degrees separate from
each other. Figure 3a shows the late exhaust stroke, 5CA BTDC. It can be observed as a
bright line formed at the profile of TPOCR’s upper rail OD, indicating an increased oil film
thickness there. The blue-dashed line marks the location of the upper rail’s TDC as well as
the starting point of oil leakage. Due to the friction between the liner and rails pointing
downwards, the TPOCR stayed at the bottom of the OCR groove in the up-stroke. The
piston’s moving direction changed immediately as it reached the TDC. But the TPOCR
stayed stationary until the piston’s down movement closed the clearance between the
upper rail and groove (due to the friction force). Then the oil leakage to both piston land
and liner can be observed in Figure 3b as the piston further moves down.



Lubricants 2023, 11, 522 5 of 18

Lubricants 2023, 11, x FOR PEER REVIEW 5 of 18 
 

 

the upper rail and groove (due to the friction force). Then the oil leakage to both piston 
land and liner can be observed in Figure 3b as the piston further moves down. 

 

(a) (b) 

Figure 3. Oil behavior caused by the TPOCR around the TDC: (a) 5CA before the TDC in the late 
exhaust stroke, a bright oil line on the upper rail profile observed; (b) 15CA after the TDC in the 
early intake stroke, oil leakage observed. Engine condition: 3000 rpm 700 mbar. 

Specifically, the oil leakage can be divided into two sources. Figure 4 shows a LIF 
image with a section view demonstration. Source 1 is from the oil accumulated inside the 
groove. As the down movement of the piston squeezed these amounts of oil out, it can be 
further divided into two paths based on how far the oil travels. Path 1.1 represents the oil 
attached on the piston land. It can be observed that these oil puddles move down together 
with the piston. If the oil travels far enough to hit the liner, it becomes path 1.2 and goes 
to the liner. In this observation, the oil puddles from the 1.2 stick on the liner and does not 
move down with the piston. In addition, the oil source 2 is the oil carried by the upper rail 
profile. When the upper rail moves down, these amounts of oil can go to the liner through 
a reattachment process [23] and leave a thick oil film through path 2. This oil transfer from 
the upper rail/piston/liner interface to the liner at the TDC is for the first time identified. 
It can be a main oil leakage process by the TPOCR when the blowby is above zero, as net 
oil leakage from the upper rail gap can be eliminated [10]. The top two rings will be able 
to interact with this additional oil and transfer some of it to the dry region. 

 

(a) (b) 

Figure 3. Oil behavior caused by the TPOCR around the TDC: (a) 5CA before the TDC in the late
exhaust stroke, a bright oil line on the upper rail profile observed; (b) 15CA after the TDC in the early
intake stroke, oil leakage observed. Engine condition: 3000 rpm 700 mbar.

Specifically, the oil leakage can be divided into two sources. Figure 4 shows a LIF
image with a section view demonstration. Source 1 is from the oil accumulated inside the
groove. As the down movement of the piston squeezed these amounts of oil out, it can be
further divided into two paths based on how far the oil travels. Path 1.1 represents the oil
attached on the piston land. It can be observed that these oil puddles move down together
with the piston. If the oil travels far enough to hit the liner, it becomes path 1.2 and goes to
the liner. In this observation, the oil puddles from the 1.2 stick on the liner and does not
move down with the piston. In addition, the oil source 2 is the oil carried by the upper rail
profile. When the upper rail moves down, these amounts of oil can go to the liner through
a reattachment process [23] and leave a thick oil film through path 2. This oil transfer from
the upper rail/piston/liner interface to the liner at the TDC is for the first time identified.
It can be a main oil leakage process by the TPOCR when the blowby is above zero, as net
oil leakage from the upper rail gap can be eliminated [10]. The top two rings will be able to
interact with this additional oil and transfer some of it to the dry region.
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After the second ring moves to the TDC of TPOCR, where the oil leakage to liner
happened, it can be observed that the oil leakage to the liner through path 1.2 and path 2
can both be partly scraped down by the second ring. Still, the increased oil film thickness
on liner can enter and lubricate the top ring and liner interface as shown in Figure 5. The
rest of oil can become a great contribution to LOC.
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Figure 5. A step-by-step observation of the oil leakage after the TDC: (a) double magnification view
of 15CA after the TDC intake stroke, the red dashed area will be zoomed out in (b–e), followed by
the sequence of piston downwards movement; (b) the second ring reaches the oil puddle on liner.
Some oil was scraped down and form the bright line, some enter the interface between the second
ring and liner; (c) oil pass the second ring; (d) oil enters the top ring and liner interface; (e) the top
ring moves down, leave a thickened oil film on liner.

In the ensuing compression stroke when the piston moves back to the TDC again,
the increased pressure in the combustion chamber can enter the top ring groove and push
the ring against the liner, equivalent to an increased tension. The top ring can spread the
thick oil film left on liner upwards and carry it in the barrel shape profile potentially to the
TDC. It was identified by the previous modeling study in [24] and for the first time verified
through experimental observation in Figure 6. This is an important mechanism to lubricate
the ‘dry region’ at locations far away from the top ring gap [21]. Proper amount of this
leakage by the TPOCR is critical to protecting the liner and top two rings as well as limiting
the LOC to satisfactory level. A more in-depth study of the interaction of this oil leakage
on the liner with the top two rings will be a subject of future publications.
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Figure 6. The late compression stroke when the top ring reaches the thickened oil film in Figure 5:
(a) the oil film enters the leading edge of top ring barrel shape, a small oil puddle squeezed up can be
observed and carried upwards until the TDC; (b) oil film leaving the trailing edge of top ring’s barrel
shape profile.
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In comparison, at the beginning of expansion stroke after the TDC, only oil leakage
path 2, the oil carried by the upper rail profile and its reattachment to the liner, can be
observed (Figure 7a). Figure 7b shows a comparison at the location of the 5CA BTDC in both
the exhaust stroke (left) and compression stroke (right). Even though in the compression
stroke there is also a bright line on the upper rail profile, the brightness is weaker compared
to exhaust stroke. It indicates a reduced oil film thickness. Furthermore, no oil squeezed
out from the OCR groove can be observed. It can be assumed as the amount of oil leakage
at expansion stroke is less than that of intake stroke. The mechanisms and causes of this
will be discussed in chapter 4.
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Figure 7. Oil leakage behavior around the TDC of expansions stroke: (a) 15CA after the TDC in the
early expansion stroke, only oil reattachment to the liner can be observed (path 2); (b) a comparison
of 5CA before the TDC in late exhaust on the left and the compression stroke on the right. The bright
oil line is more obvious in the exhaust stroke.

The procedure states above can be concluded as the oil leakage due to the TPOCR’s
up-scraping mechanism. The oil source comes mainly from the liner and scraped up by the
TPOCR’s upper rail. It is an important mechanism to introduce LOC and lubricate the ‘dry
region’ at the same time.

4. Discussion

The up-scraping mechanism mainly comes from the dynamics and lubrication of
the TPOCR. A TPOCR model developed by Zhang [15] was applied to quantify the ring
dynamic behaviors. It needs both geometry and piston land pressure boundary conditions
as the input. The pressure in the piston lands can be calculated by feeding the real time
engine running data into the 2D ring dynamic model, developed by Tian [24]. The geometry
data of the TPOCR and ring groove was obtained from the drawings provided by the
manufactures.

4.1. Source and Mechanism of Up-Scraping

Figure 8 shows the location of the contact point between the rails and liner across the
full cycle. A positive value means the contact point is moved higher than the central line of
the parabolic profile, indicating a negative twist and vice versa.



Lubricants 2023, 11, 522 8 of 18Lubricants 2023, 11, x FOR PEER REVIEW 8 of 18 
 

 

                        
Figure 8. Location of contact point between the rail and liner across the full stroke.  

The oil source available to be up-scraped is the oil film left by the TPOCR during 
downstrokes. In the intake stroke, the friction and downward force from the expander tab 
that has an ear angle of 10 degrees together applied on the lower rail result in a positive 
twist which can enhance the down scrape ability. Additionally, the lower rail has enough 
time to overcome the suction force from the lower flank. While the upper rail remains flat, 
the lower rail is regulating the oil film thickness which allows less oil to pass than the 
upper rail. In the expansion stroke, the raised third land pressure can push the upper rail 
OD downwards and transfer the force through expander to lower rail. Thus, the lower rail 
was ‘pressed’ flat and allows more oil to pass. In addition, the upper rail’s negative twist 
can increase the leading edge’s rail liner clearance and allows more oil to pass than the 
flat lower rail. Similarly, during the expansion stroke the lower rail is controlling the oil 
film thickness. As a result, in both of the down strokes, the lower rail is regulating the oil 
film thickness. The expansion stroke’s lower rail dynamic can provide a thicker oil film on 
liner thus more oil source for the subsequent up-stroke. The demonstration is shown in 
Figure 9. 

 

(a) (b) 

Figure 9. A demonstration of the rail twist and oil film thickness on liner during the downstrokes, 
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mbar fired condition. The original point of the x axis represents the upper rail’s BDC lo-
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liner available for the upper rail. As can be seen, the overall oil film is thicker at the exhaust 
stroke than that in the compression stroke. 

Figure 8. Location of contact point between the rail and liner across the full stroke.

The oil source available to be up-scraped is the oil film left by the TPOCR during
downstrokes. In the intake stroke, the friction and downward force from the expander tab
that has an ear angle of 10 degrees together applied on the lower rail result in a positive
twist which can enhance the down scrape ability. Additionally, the lower rail has enough
time to overcome the suction force from the lower flank. While the upper rail remains
flat, the lower rail is regulating the oil film thickness which allows less oil to pass than the
upper rail. In the expansion stroke, the raised third land pressure can push the upper rail
OD downwards and transfer the force through expander to lower rail. Thus, the lower rail
was ‘pressed’ flat and allows more oil to pass. In addition, the upper rail’s negative twist
can increase the leading edge’s rail liner clearance and allows more oil to pass than the flat
lower rail. Similarly, during the expansion stroke the lower rail is controlling the oil film
thickness. As a result, in both of the down strokes, the lower rail is regulating the oil film
thickness. The expansion stroke’s lower rail dynamic can provide a thicker oil film on liner
thus more oil source for the subsequent up-stroke. The demonstration is shown in Figure 9.
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Figure 9. A demonstration of the rail twist and oil film thickness on liner during the downstrokes,
the liner relative velocity is upwards: (a) intake stroke; (b) expansion stroke.

Figure 10 shows the oil film thickness distribution along the liner at 3000 rpm 700 mbar
fired condition. The original point of the x axis represents the upper rail’s BDC location and
the right side is the location of TDC. It indicates the oil film thickness on the liner available
for the upper rail. As can be seen, the overall oil film is thicker at the exhaust stroke than
that in the compression stroke.
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Figure 12. Oil film thickness after the upper rail in the up-strokes. 

Figure 10. Oil film thickness left on liner during the downstrokes.

During the two up-strokes (Figure 11), the upper rail both move the contact point
higher which allows less oil to pass, namely providing the up-scraping ability. The exhaust
has more twist than the compression stroke and allows less oil flow rate to pass, forming a
stronger up-scraping ability. Since it has more oil source on the liner as well, the exhaust
stroke can result in more oil leakage after reaching TDC.
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Figure 11. A demonstration of rail twist and oil film thickness on liner during the up-strokes, the
liner relative velocity is downwards: (a) compression stroke; (b) exhaust stroke.

Figure 12 shows the oil film distribution along the liner after the upper rail moved
upwards. Thus, the difference between Figures 10 and 12 indicates the amount of oil being
scraped up in each stroke (Figure 13). Clearly, the up-scraping rate is higher at the exhaust
stroke than the compression stroke. It explains the experimental result that more oil leakage
can be observed at the subsequent intake stroke TDC.
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Figure 15b. When the piston continued to move up, it can be flattened and form a contin-
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Figure 13. Oil up-scraping rate at each location across the up-stroke.

In the up-stroke, the oil film is attached on liner thus has a relative velocity with the
rings when reaching the upper rail. A stagnation point at the profile region can build up
the pressure (Figure 14a). It provides the driving force for the up-scraped oil to flow into
the clearance between upper rail and groove [23]. This up-scraped oil that is transferred to
the piston and TPOCR upper groove clearance may be the source of oil that is squeezed
out from the groove after the TDC of the intake stroke, as discussed earlier. On contrast,
at the TDC of expansion stroke, the high pressure in the third land is pushing down the
TPOCR. Even the friction force is pointing up in the downstroke, the pressure force is
able to counteract that and keep the upper rail-groove interface open. Figure 14b shows a
magnification view of the 15CA ATDC in the expansion stroke. The oil accumulation inside
groove can be observed and moves down together with the piston. Thus, the up-scraped
oil squeezing from the groove (Figure 4’s path 1.1 and 1.2) will not happen at the beginning
of expansion stroke and explained the observation in Figure 7a.
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Figure 14. Up-scraped oil inside the groove: (a) in the up-stroke, the pressure built up in the OD can
push the up-scraped oil to flow inside the clearance between upper rail and groove; (b) 3000 rpm 700
mbar 15CA after the TDC in expansion stroke, the high pressure in third land is pushing the upper
rail down and prevent the oil inside groove from being squeezed out.

There is an additional oil source to the upper rail when it travels down toward the
BDC when the oil accumulation between the two rails bridge to the liner, driven by the
inertia force. Although it is very difficult to tell, there seems to be more up-scraping in
the bridged area, as shown in Figure 15. Figure 15a shows the OCR groove at the end of
expansion stroke. The oil bridging can fully flood the leading edge of the upper rail, thus,
leaving a thicker oil film on liner locally. The bridging happens at locations where the
expander pitches are contacting with the lower rail. After the piston changes direction at
BDC, more oil accumulation can be observed at the exact bridging locations as shown in
Figure 15b. When the piston continued to move up, it can be flattened and form a continued
bright oil line with additional oil accumulation during the up-scraping process.
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results in a positive twist, namely moving the contact point to a negative value. This force 
mainly comes from the tension of the expander and does not change with engine working 
conditions. Meanwhile, the high pressure in the third land is counteracting that applies a 
force to push down the upper rail’s OD. This force can be transferred to the lower rail 
through the contact between expander. The third land pressure can increase with the in-
crease of the engine load. Thus, at higher engine loads, the lower rail can be pushed flatter 
by the pressure force which allows more oil to pass in the expansion stroke, providing 
more oil to the upper rail. 

              
Figure 17. The location of contact point between the lower rail and liner in different engine loads at 
3000 rpm. 

In the ensuing exhaust stroke when the actual up-scraping process happens, both the 
third land pressure and friction force applied on upper rail’s OD are pointing downwards. 
Since the friction force is mainly dependent on the expander’s tension, which doesn’t 

Figure 15. Oil bridging’s effect on the up-scraping: (a) the bridging happens at the late downstroke,
fully flooding the inlet of upper rail at the locations where the expander pitches are down; (b) after
the piston changes direction at BDC, more oil scraped up can be observed at the bridging region.

4.2. Dependency with Load and Speed

Since the exhaust stroke has significantly more up-scraping than the compression
stroke, the comparison across different running conditions was performed at the beginning
of the intake stroke. Figure 16 shows the oil leakage at the beginning of the intake stroke
at 3000 rpm across different loads. It’s clear that a higher engine load results in more oil
leakage.
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Figure 16. Oil up-scraping at 3000 rpm different engine loads.

Figure 17 shows the lower rail twist at all three tested engine loads at 3000 rpm.
During the expansion stroke, the friction force is dragging the lower rail OD upwards
which results in a positive twist, namely moving the contact point to a negative value. This
force mainly comes from the tension of the expander and does not change with engine
working conditions. Meanwhile, the high pressure in the third land is counteracting that
applies a force to push down the upper rail’s OD. This force can be transferred to the
lower rail through the contact between expander. The third land pressure can increase
with the increase of the engine load. Thus, at higher engine loads, the lower rail can be
pushed flatter by the pressure force which allows more oil to pass in the expansion stroke,
providing more oil to the upper rail.
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Figure 17. The location of contact point between the lower rail and liner in different engine loads at
3000 rpm.

In the ensuing exhaust stroke when the actual up-scraping process happens, both the
third land pressure and friction force applied on upper rail’s OD are pointing downwards.
Since the friction force is mainly dependent on the expander’s tension, which doesn’t
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change either, it is the enhanced pressure force at higher load that causes more negative
twist as shown in Figure 18. As a result, the higher engine load condition the upper rail can
have, both more oil supply on the liner in the expansions stroke, and a stronger up-scraping
ability in the exhaust stroke. This explains the observation that more oil leakage can be
observed at the beginning of intake stroke at higher engine loads.
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to the liner is the major cause [23]. When the bridging happens, the oil can fully flood the 

Figure 18. The location of the contact point between the upper rail and liner in different engine loads
at 3000 rpm.

In the next set of experiments, the engine was running at 700 mbar fired condition
across three engine speeds: 1200 rpm, 2000 rpm, and 3000 rpm. Through the experimental
observation shown in Figure 19, the amount of oil leakage is also increasing at higher engine
speeds. Through the modeling calculation, the rail twisting behavior does not change much
with different engine speeds (Figure 20). However, an increased engine speed can result in
an overall thicker oil film on the liner. Given the similar up-scraping mechanism, higher
engine speed provides more oil source. In other words, the oil leakage from up-scraping
mainly comes from the difference of ring dynamics in each cycle. With the same level or
ratio of difference, a thicker oil film provides a larger base number. Thus, under a higher
engine speed, more up-scraping oil leakage can be observed due to the increase of oil film
thickness on the liner.
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In addition, at higher engine speed, the oil bridging inside the OCR groove can happen
earlier during the downstrokes. The higher inertia force and larger relative velocity to the
liner is the major cause [23]. When the bridging happens, the oil can fully flood the leading
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edge and allows more oil to pass. An earlier bridging timing leaves a longer thickened oil
film on the liner. With the same level of rail twist in the up-strokes, the additional oil source
can also increase up-scraping at higher engine speeds.

Overall, the amount of oil leakage from up-scraping can increase with both engine
load and speed. It matches the common trend of LOC measurement on engines equipped
with a TPOCR that a higher LOC can happen at both a high speed and load [11]. This
may indicate that the up-scraping oil leakage from the TPOCR may be the main source
contributing to the overall LOC from the ring pack. On the other hand, this oil leakage to
the liner by the TPOCR provides the oil for the top two rings to transport to the dry region
to protect the liner and rings. Thus, one needs to optimize the amount of this leakage to
limit LOC, while protecting the liner and rings.

4.3. Asymmetrical Rail Profile

The oil up-scraping behavior is mainly coming from the upper and lower rail’s twist
mechanism across different cycles, when equipped with the symmetrical rail profile TPOCR.
The profile of the TPOCR rails can be divided into a circular region at the edge and a flatter
parabolic contact region in the middle. A viable way to reduce or eliminate this up-scraping
is using an asymmetrical rail profile by moving the vertex of the parabola to a location lower
than the central line. With this offset, when the rails are experiencing the same negative
twist in the up-strokes, the location of the minimum clearance between the rail and liner
(called the minimum point or contact point) does not move as high as the symmetrical
profile, such that the up-scraping can be reduced or eliminated. This asymmetrical profile
was tested with both experiments and calculations using the model [15].

Figure 21a shows the configuration of the asymmetrical profile. In the tested TPOCR,
the expander tension is the same as the one with the symmetrical profile. Both the upper
and lower rail profiles have an offset lower than the center line. Theoretically, this design
can fully remove the up-scraping by allowing the same oil film thickness to pass in the
expansion and exhaust stroke. Figure 22 shows the modeling result that in the exhaust
stroke, the oil film thickness before and after the upper rail is the same, introducing no
oil up-scraping. The experimental observation in Figure 21b shows the comparison at
15 CA intake stroke at 3000 rpm 700 mbar fired conditions. The oil leakage can be largely
eliminated as no oil squeezed out from the groove can be observed. This finding reinforces
the hypothesis that the source of the oil leakage at TDC, more specifically, sources 1.1 and
1.2 in Figure 4, is from up-scraping.
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symmetrical and asymmetrical rail’s oil leakage at 15CA intake stroke at 3000 rpm 700 mbar.
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Figure 22. Oil film thickness before and after the upper rail in the exhaust stroke at 3000 rpm 700 mbar
when equipped with asymmetrical rails.

In the double magnification view’s experimental observation, it can be seen that the oil
leakage path 2 to the liner (Figure 4b), namely reattachment, as Fang studied [16] still exists
at the TDC of upper rail. Further work is needed to understand the mechanism for this oil
source. Figure 23 shows firstly the oil streak at the trailing edge of the upper rail at 5CA
ATDC intake stroke. It represents the oil reattachment to the liner. Then, when the top two
rings pass this location, an enhanced oil film thickness between the ring and liner can be
observed. Figure 23 shows the 21CA and 35CA in intake stroke when the second ring and
top ring passed the same region. These amounts of oil can still help lubricate the dry region
when the top ring moves up again in the compression stroke. The protection of the running
interface and reduction of LOC are two counteracting factors that needed to be balanced
when designing the ring pack. Completely eliminating the oil leakage is not necessarily an
optimal solution. Rather, a balance of oil leakage from the TPOCR should be found that
can supply enough oil to protect the top two rings without introducing excessive LOC.
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Figure 23. Step-by-step observation of the beginning of the intake stroke when the top two rings
passed the oil reattachment area on the liner.

4.4. Asymmetrical Rail Flipped Installation

In order to further verify the profile’s effect on the oil up-scraping mechanism, the
TPOCR assembly was installed with both the upper and lower asymmetrical rails flipped.
That is, installed with the vertex of parabolic contact region higher than the central line.
With the similar ring dynamics behavior, during down-strokes, both rails can allow more
oil to pass through the rail liner interface and leave a thicker oil film on the liner than
the rails with symmetrical profiles. In contrary, these flipped rails allow less oil to pass
during the ensuing up-stroke than the ones with symmetrical profiles, as a result, more
up-scraping occurs with these flipped rails than the one with symmetrical profiles, as
shown in Figure 24’s modeling calculation.
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bridging in the third land. Figure 26 shows the process of third land oil bridging. Figure 
26a shows at 18CA before reaching the TDC, it can be observed a bright line at the bottom 
of the second ring and leaves oil streak on the liner. It indicates the hook chamfer on the 
second ring is quite full, such that the oil driven by the upward inertia force can flow to 
the liner [25–27]. Figure 26b shows the demonstration of the second ring’s section view. 
Under this condition, the second ring will pump oil upwards and result in massive LOC 
[10]. 

Figure 24. Oil up-scraping rate in the exhaust stroke for the symmetrical rail and flipped asymmetrical
rail at 3000 rpm 700 mbar.

The experimental observation shows a massive oil accumulation in the third land at
the end of exhaust stroke, indicating an increased oil leakage from the TPOCR. Figure 25a
shows the 2DLIF image at the TDC of the intake stroke, where the oil accumulation at the
lower part of the third land is high, making it difficult to identify the additional oil leakage
at TDC. Figure 25b shows 2CA at the intake stroke when the piston’s down movement
closes the clearance between the upper rail and groove. Nonetheless, an increased amount
of oil has been squeezed out from the groove in the red-dashed region that verifies the
up-scraped oil has entered the groove and result in a leakage path.
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Figure 25. Oil up-scraping behavior at the late exhaust and early intake stroke TDC: (a) 0CA intake
stroke; (b) 2CA intake stroke.

On the liner above the TDC of upper rail, oil streaks can be observed as a result of oil
bridging in the third land. Figure 26 shows the process of third land oil bridging. Figure 26a
shows at 18CA before reaching the TDC, it can be observed a bright line at the bottom
of the second ring and leaves oil streak on the liner. It indicates the hook chamfer on the
second ring is quite full, such that the oil driven by the upward inertia force can flow to the
liner [25–27]. Figure 26b shows the demonstration of the second ring’s section view. Under
this condition, the second ring will pump oil upwards and result in massive LOC [10].

Overall, as the piston continues the down movement, massive oil leakage has filled
the volume in the third land and make it hard to distinguish the path to liner and piston
land. But the mechanisms remain similar as the case of symmetrical rail. Figure 27 shows a
comparison between the observation of the flipped asymmetrical rail and symmetrical rail.
It is clear that the flipped assembly could result in more oil leakage. It demonstrated the
importance of the rail profile’s effect on the oil up-scraping mechanism.
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chamfer’s section view.
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5. Conclusions

In this work, both an experimental approach and modeling analysis were used to
study the oil source and destination of oil leakage through the TPOCR. An oil up-scraping
mechanism of the TPOCR, which is a major factor to cause oil leakage when running at
positive blowby condition [10], was identified. It is the first time this leakage was uncovered
and explained and the key findings are listed below:

1. In the up-strokes, the ring dynamics of the TPOCR can cause a negative twist of the
upper rail, which reduces the oil flow rate at the leading edge. As a result, the upper
rail with a symmetrical or a flipped asymmetrical profile can scrape up the oil film on
the liner. The part of the scraped oil can be pushed into the OCR groove clearance
and the rest is stored in the upper part of the rail OD.

2. At the TDC. when the piston changes direction, the up-scraped oil can leak to both
the third land and liner. More specifically, the oil inside groove can be squeezed out
to both the third land and liner and the oil stored at the upper part of the rail OD
is reattached to the liner. The oil leaked to the liner (Sources 1.2 and 2) is a major
contributor to cause LOC and provide lubrication to the dry region at the same time.
The interaction of these two oil sources on the liner with the top two rings will lead to
wetting of the dry region as well as possible up- or/and down-scraping by the top
ring. Consequently, the amount of these two oil sources is critical to both LOC and
proper lubrication of the top ring groove and liner dry region, which will be studied
in the future.

3. Higher engine loads can experience more oil up-scraping. This is because during
the expansions stroke, a raised third land pressure can push the TPOCR downwards
to generate more negative twist to the upper rail while holding the lower rail with
less positive twist, both resulting in more oil to pass the liner with higher load.
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Additionally, in the exhaust stroke, a higher load results in an increased negative twist
on the upper rail and enhances the scraping by the upper rail.

4. Using the asymmetrical rail profile by moving the parabola’s vertex lower than the
center line can eliminate the oil up-scraping leakage. The flipped asymmetrical rail
assembly’s increased oil leakage further proves the effectiveness of rail profile effect.
However, the up-scraping is also an important source to provide lubrication to the
dry region. A proper amount of oil leakage or supply should be achieved when
considering the ring pack design.
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