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Abstract.  
Contamination level is a critical indicator in hydraulic systems. The piston/cylinder interface 
(PCI) serves vital functions in lubrication and load-bearing within axial piston pumps. Under 
contaminated conditions, PCI performance degrades rapidly, potentially resulting in 
complete pump failure. A wear model incorporating multiple wear mechanisms at the PCI 
was developed, along with a predictive method specifically accounting for three-body 
abrasive wear. An isolated PCI test bench that can accurately control the contamination 
degree was designed for verification. Both simulation and experimental results demonstrate 
that contaminated abrasive particles alter wear distribution and significantly accelerate the 
wear process. 
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1. INTRODUCTION 
Axial piston machines are widely used as hydraulic power sources in industrial 

operation systems, offering higher power density in high-pressure applications. The 
piston/cylinder interface (PCI) is a critical tribological interface in axial piston machines, 
responsible for lubrication and load support. During operation, this interface undergoes 
increased wear caused by various mechanisms, including adhesive wear, two-body abrasive 
wear, and three-body abrasive wear induced by the rolling action of entrained wear particles 
within the contact interface. These complex wear mechanisms can degrade the oil suction 
and discharge performance and eventually lead to system failure. 
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Analyzing the wear process of the piston-cylinder interface (PCI) is crucial for effective 
predictive maintenance, accurately assessing its service life and reliability, and providing 
key insights for design optimization aimed at wear resistance and anti-wear properties. 
During operation, the surface contour of the piston/cylinder pair degenerates over time, 
accompanied by complex oil film pressure and thickness boundaries. As a result, the wear 
state of the interface is highly dynamic and coupled with oil film characteristics. Fei Lyu et 
al. conducted numerical simulations on two-body abrasive and adhesive wear processes of 
the piston-cylinder interface (PCI) [1,2]. Yu Lin et al. established a dynamic model based 
on the equivalent load method and proposed a novel wear prediction approach for the PCI 
by integrating the Archard wear model [3]. Lars Brinkschulte et al. proposed a simulation 
model, based on the Archard and Fleischer approaches, to predict wear in the piston-cylinder 
contact [4]. Roman Ivantysyn et al. combined numerical simulation with experimental 
measurements to analyze the run-in wear behavior of the slipper-swash plate interface in 
axial piston pumps, demonstrating the stabilization of the lubricating gap and wear profile 
during early operation [5]. Zunling Du et al. established a mixed lubrication model for the 
slipper pair within an elasto-hydrodynamic lubrication (EHL) framework, integrating two-
body abrasive and Archard adhesive wear theories to formulate an eccentric wear prediction 
method [6]. Svenja Horn et al. investigated the tribological performance of different slipper 
designs in axial piston pumps, showing that tailored surface structures can effectively 
enhance hydrodynamic pressure generation and improve wear condition under mixed 
lubrication conditions [7]. Xuguang Li et al. proposed a wear prediction model for the 
cylinder block/valve plate interface, considering the multi-scale evolution of surface 
topography, including both macroscopic profile wear and microscopic asperity deformation 
[8].  

However, the impact of high oil contamination levels was not considered in these 
simulations. High contamination levels can cause severe wear on the friction pairs, 
especially under high-pressure and high-speed PCI conditions, which are more sensitive to 
contamination levels [9]. Compared with other friction pairs such as the slipper-swash plate 
interface and the cylinder block/valve plate interface, the PCI shows a stronger dependence 
of its frictional behavior on clearance design, resulting in increased sensitivity to 
contaminant particles [10]. The distribution of abrasive particle size and concentration is 
related to the level of contamination, such as the standard NAS1638 for oil contamination 
level [11]. Three-body abrasive wear, which is caused by abrasive particles entering the 
friction pairs, is significantly influenced by the size, hardness, and concentration of the 
abrasive particles. Therefore, studying three-body abrasive wear of PCI under high 
contamination levels is crucial for better predicting the wear process. 

There is extensive basic research on three-body wear of tribo-pairs. Under high oil 
pollution conditions, three-body abrasive wear accounts for a large proportion [12], which 
affects the service life and performance of friction pairs. Different types and sizes of 
contaminant particles in oil can lead to different wear results of friction pairs [13]. Some 
studies have explored the effects of materials, textured surfaces, and abrasive particle sizes 
on the wear process of bearings [14,15]. Nejc Novak et al. studied the effect of oil 
contaminants on accelerated gear wear [16]. The performance of lubricants and coatings can 
also affect three-body abrasive wear [17,18]. However, the extreme operating conditions of 
PCI lead to complex boundary conditions that form wedge-shaped oil films and multiple 
wear mechanisms acting simultaneously. These studies mainly analyze local specific wear 
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through wear experiments, and there is no way to directly analyze the distributed lubrication 
state and multiple complex wear mechanisms in PCI. Therefore, it is necessary to study the 
coupling of wear and oil film in PCI after considering three-body wear. 

This paper proposes a method for predicting wear process in the PCI that incorporates 
three-body abrasive wear caused by contaminated oil. Section 2 outlines the simulation of 
lubrication calculation and wear cycle. Section 3 describes the experimental setup for testing 
a single PCI under different contamination conditions. Section 4 compares simulated and 
experimental results. Section V concludes the study. 

2. WEAR PROCESS SIMULATION 
The development of a PCI wear model begins with a dynamic analysis to calculate 

lubrication boundary conditions such as oil film pressure and thickness. Following this, a 
distributed wear sub-model performs the wear calculation. The resulting updated contour is 
then coupled with the oil film, enabling the prediction of the wear process. 

2.1. Dynamic Analysis and Lubrication Calculation of PCI 

Figure 2.1 shows the general configuration of the axial piston pump, the main external 
forces applied on the piston are shown in Figure 2.2. The support force of the swash plate 
𝐹𝐹𝐹𝐹SS and the pressure force 𝐹𝐹𝐹𝐹P cause the piston to reciprocate within the cylinder. 𝐹𝐹𝐹𝐹SSy is 
the lateral component of 𝐹𝐹𝐹𝐹SS. The friction force of the slipper 𝐹𝐹𝐹𝐹FS is generated as the slipper 
slides on the swash plate. The resultant force of 𝐹𝐹𝐹𝐹SSy and 𝐹𝐹𝐹𝐹FS is 𝐹𝐹𝐹𝐹L. 𝐹𝐹𝐹𝐹FC is the friction 
force between the cylinder and the piston, 𝐹𝐹𝐹𝐹C is the centrifugal force of the piston, 𝐹𝐹𝐹𝐹I is 
the inertial force of the piston, and 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺 is the gravitational force of the piston. Due to the 
significant lateral force 𝐹𝐹𝐹𝐹L, the piston tilts within the cylinder bore. This radial motion leads 
to a wedge-shaped oil film being squeezed. When the oil film becomes very thin, solid 
contact pressure arises. The resulting reaction force that balances the external forces is 
generated through a combination of the oil film’s squeezing effect, dynamic pressure 
buildup, and solid contact pressure. 

 
Figure 2.1. Axial piston pump basic structure 
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Figure 2.2. PCI dynamic analysis 

The oil film thickness between the PCI is related to the posture of the piston in the 
cylinder bore. When the surface wear occurs, the wear depth 𝑤𝑤𝑤𝑤(𝑙𝑙𝑙𝑙, 𝜃𝜃𝜃𝜃) must be considered 
to achieve more accurate oil film thickness. Figure 2.3 shows the titling state of the piston 
in the cylinder bore exaggeratedly. The posture of the piston can be represented by the 
eccentricities of two sections relative to the cylinder bore. The oil film thickness can be 
defined as the clearance between the piston and the cylinder bore in the radial direction, and 
it is given by: 

ℎ(𝑙𝑙𝑙𝑙, 𝜃𝜃𝜃𝜃) = 

(𝐷𝐷𝐷𝐷C − 𝐷𝐷𝐷𝐷P)/2 + 𝑤𝑤𝑤𝑤(𝑙𝑙𝑙𝑙, 𝜃𝜃𝜃𝜃) − [𝑒𝑒𝑒𝑒1 − (𝑒𝑒𝑒𝑒1 − 𝑒𝑒𝑒𝑒2)𝑙𝑙𝑙𝑙/𝐿𝐿𝐿𝐿C]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃 − [𝑒𝑒𝑒𝑒3 − (𝑒𝑒𝑒𝑒3 − 𝑒𝑒𝑒𝑒4)𝑙𝑙𝑙𝑙/𝐿𝐿𝐿𝐿C]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃    (2.1) 

where 𝑒𝑒𝑒𝑒1, 𝑒𝑒𝑒𝑒2 and 𝑒𝑒𝑒𝑒3, 𝑒𝑒𝑒𝑒4 are the eccentricities in the X direction and Y direction of 
the two sections respectively. 𝐿𝐿𝐿𝐿C is the length of the cylinder bore, 𝐷𝐷𝐷𝐷C and 𝐷𝐷𝐷𝐷P are the 
diameter of the cylinder bore and the piston. The pressure field is divided into 𝑎𝑎𝑎𝑎 × 𝑐𝑐𝑐𝑐 grids 
and can be expanded to a plane for intuitive as shown in Figure 2.3. 

 
Figure 2.3. Titling state of the piston and expansion of the oil film 

The minimum contact oil film thickness hm can be determined by the surface roughness 
of the friction pair is set to estimate whether the contact occurs. The definition of ℎmin [19] 
is shown in Eq. (2.1), where 𝑅𝑅𝑅𝑅qp and 𝑅𝑅𝑅𝑅qc are the root mean square roughness of the piston 
and the cylinder bore respectively:  
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          ℎmin = 3�𝑅𝑅𝑅𝑅qp2 + 𝑅𝑅𝑅𝑅qc2                        (2.2) 

The hydrodynamic pressure of the oil film p can be represented by using Reynolds 
equation: 
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where μ denotes the oil viscosity, and 𝜔𝜔𝜔𝜔P is the spinning speed of piston, u is the 
sliding velocity of the piston surface. To ensure numerical stability, the oil film thickness h 
is set to ℎmin when the calculated result of Eq. (2.2) is less than ℎmin. In Eq. (2.3), the first 
two terms on the right-hand side represent the dynamic pressure effect generated by the 
wedge-shaped oil film, while the third term corresponds to the squeezing effect due to micro-
scale radial motion of the piston. The Reynolds equation is discretized using the finite 
volume method, and the Cyclic Tridiagonal Matrix Algorithm is employed to solve the 
resulting pressure field of the PCI.  

The pressure distribution is obtained by solving the discretized Reynolds equation, 
thereby determining the oil film reaction force acting on the piston. The Newton-Raphson 
method is then applied to iteratively solve the piston force balance equation. 

In Figure 2.4, k is the rotated angle of the cylinder with the resolution of 1°. ∆𝑒̇𝑒𝑒𝑒 is the 
variation of ∆𝑒𝑒𝑒𝑒 in each iteration, adjusted automatically via the Newton-Raphson method. 
P, 𝑃𝑃𝑃𝑃cs refers to dynamic oil film pressure and contact pressure between piston and cylinder 
block. 𝐹𝐹𝐹𝐹out, 𝐹𝐹𝐹𝐹out, 𝐹𝐹𝐹𝐹cs refers to external force, dynamic oil film force and contact force 
between piston and cylinder block. A convergence threshold 𝐹𝐹𝐹𝐹b = 0.1 N is set for the force 
balance residual. The Newton-Raphson iteration terminates when the condition ‖𝑓𝑓𝑓𝑓(𝑒̇𝑒𝑒𝑒𝑘𝑘𝑘𝑘)‖ ≤
𝐹𝐹𝐹𝐹b  is satisfied. The simulation is considered converged and lubrication parameters are 
output when periodic phenomenon is exhibited. 

 
Figure 2.4. Schematic diagram of lubrication calculation 



 6 

2.2. Wear Cycle 

As shown in Fig. 2.5, inputs including the oil film thickness ℎ(𝑠𝑠𝑠𝑠, 𝑗𝑗𝑗𝑗), pressure 𝑝𝑝𝑝𝑝(𝑠𝑠𝑠𝑠, 𝑗𝑗𝑗𝑗), 
and solid contact pressure 𝑝𝑝𝑝𝑝cs(𝑠𝑠𝑠𝑠, 𝑗𝑗𝑗𝑗) field for each grid cell from the lubrication calculation 
model, as well as the contaminant particles size distribution 𝑑𝑑𝑑𝑑a  measured in the 
contaminated oil, are introduced into the wear cycle model. Depending on the local oil film 
thickness boundaries, each computational grid may undergo different wear mechanisms-
including adhesive wear, two-body wear, and three-body abrasive wear-leading to distinct 
wear depths. And the wear contour is linearly superimposed with the revolutions until the 
wear depth exceeds a threshold value. Once the threshold is exceeded, the wear curve is fed 
into the oil film model to update the contours of both the piston and cylinder. The updated 
wear curve is also output, and the corresponding operating time can be calculated from the 
pump revolutions and speed. This completes the simulation of the time-varying wear process 
of PCI. 

 
Figure 2.5. Wear cycle model 

When the oil film cannot provide sufficient counterforce to balance the external load, 
the piston and cylinder are squeezed to slide against each other. Under high solid contact 
pressure, rupture of the oil film occurs, resulting in adhesive wear. The wear depth of the 
cylinder bore can be calculated using the equation below. 

         �
0 < ℎ < ℎmin

d𝑤𝑤𝑤𝑤 = 𝐾𝐾𝐾𝐾a𝑝𝑝𝑝𝑝s𝑑𝑑𝑑𝑑pc/3𝜎𝜎𝜎𝜎S
                       (2.4) 

where 𝑑𝑑𝑑𝑑pc  is the displacement of the piston relative to the cylinder, 𝜎𝜎𝜎𝜎S  is the 
compressive yield limit, 𝐾𝐾𝐾𝐾a is the wear coefficient, 𝑝𝑝𝑝𝑝s is the solid contact pressure. 

When the oil film thickness is less than ℎt  which characterizes the height of the 
roughness peak after viscoelastic deformation but remains comparatively larger than the 
critical thickness ℎmin for adhesive wear, two-body wear may initiate. Specifically, two-
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body wear occurs when the deformed roughness peak exceeds the oil film thickness. The 
wear depth of the cylinder bore is shown below [27]. 

         �
ℎmin < ℎ < ℎt = 𝛿𝛿𝛿𝛿0e−𝛥𝛥𝛥𝛥/2𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

d𝑤𝑤𝑤𝑤c = 𝑢𝑢𝑢𝑢𝑢𝜕𝜕𝜕𝜕
d𝐴𝐴𝐴𝐴

[𝛿𝛿𝛿𝛿0e−
𝛥𝛥𝛥𝛥
2𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 − ℎ] 𝛥𝛥𝛥𝛥

𝛿𝛿𝛿𝛿0

                          (2.5) 

where 𝑡𝑡𝑡𝑡 is the sliding time, and 𝐴𝐴𝐴𝐴 is the wear area which is equal to the grid area of 
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Figure 2.6. PCI three-body wear mechanism 
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conditions can produce two-body grooving or three-body rolling abrasive wear mechanisms 
[25]. For high-hardness abrasives such as quartz sand, when 𝐷𝐷𝐷𝐷/ℎ > 2, particles may be 
embedded in the softer cylinder surface [26]. The sliding distance of the embedded particles 
relative to the piston surface becomes 𝑑𝑑𝑑𝑑pc, which significantly increases wear and causes 
severe directional grooving on the harder surface. However, in this study, stainless steel 
powder with a hardness comparable to that of the cylinder material was used. The possibility 
of these particles adhering to the cylinder surface and causing scratches is very low. 

(a)              (b) 

Figure 2.7. Three-body abrasive model 

     𝐻𝐻𝐻𝐻S2 = Hp
Hp+Hc

(𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 − ℎ)                      (2.6) 

       𝑑𝑑𝑑𝑑sc = Hp
Hp+Hc

𝑑𝑑𝑑𝑑pc                        (2.7) 

Where HC and HP are the hardness of the cylinder and piston, 𝑑𝑑𝑑𝑑pc , 𝑑𝑑𝑑𝑑sc and 𝑑𝑑𝑑𝑑sp 
are the sliding distance relatively in Figure 2.7(b). 

The wear volume of the cylinder and piston surface meshes is calculated by Eq. (2.8). 
Given that the calculated three-body wear volume of the piston is approximately 20% of the 
cylinder's and considering the piston's spinning motion (which promotes uniform axial wear 
distribution), the experimental analysis does not focus on the piston's wear contour. To 
optimize wear calculations, the wear contour is linearly superimposed with the revolutions 
until the wear depth exceeds a threshold value. Once the threshold is exceeded, the wear 
curve is fed into the oil film model to update the contours of both the piston and cylinder. 
The updated wear curve is also output, and the corresponding operating time can be 
calculated from the pump revolutions and speed. This completes the simulation of the time-
varying wear process of PCI. 
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Where d𝑤𝑤𝑤𝑤c and d𝑤𝑤𝑤𝑤p  are the displacement of the abrasive particles relative to the 
cylinder and piston. 𝜒𝜒𝜒𝜒𝑖𝑖𝑖𝑖  is the probability of different abrasive particles participating in wear 
in this grid. 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 and 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 are the areas of the semicircular wear regions in Figure 2.7(a). 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖  
represents the set of abrasive particle diameters that can cause wear on the grid (𝑠𝑠𝑠𝑠, 𝑗𝑗𝑗𝑗) with 
oil film thickness ℎ. 

3. EXPERIMENTAL INVESTIGATION 
The isolated PCI test bench that can control the contamination level is designed to carry 

out the control test under NAS1638 8 and 12. The following is the detailed test method. 
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3.1. Test Bench Design 

To experimentally validate the three-body abrasive wear simulation results of PCI 
across varying contamination levels, an isolated PCI test bench was built, capable of 
precisely and directly controlling the contamination levels in the PCI and isolating it from 
the influence of other friction pairs. In Figure 3.1, add external contamination and detect the 
contamination level of PCI through an online particle counter (9). Then switch the filter 
(2,12) through the directional valve (1,13) to control contamination level, when the 
contamination level gradually increases and exceeds the rated value during operation. The 
overflow valve (6) maintains the high-pressure input of PCI, and the driving swash plate 
speed is controlled by the driver (17). Actual picture of the isolated PCI test bench is shown 
in Figure 3.2. 

 
Figure 3.1. Hydraulic schematic diagram of the isolated PCI test bench 

 
Figure 3.2. Physical photo of the isolated PCI test bench 
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3.2. Test Samples and Abrasive Particles Preparation 

In Figure 3.3, the piston sample (a) and cylinder sample (b) used in this test are made 
of 38CrMoAl and manganese brass (CuZn37Mn3Al2PbSi) respectively, with a surface 
roughness of Ra 0.2μm after processing. The red mark is the effective length in contact with 
the piston. 

 (a)              (b) 

Figure 3.3. Test samples 

During the test run, 300 mL of oil with additional contaminated abrasive particles was 
taken, which was the same oil as that used in the PCI operating environment. The abrasive 
particles added to the oil are mixed with a mass ratio of 30% for <3 μm, 40% for 5 μm, and 
30% for 6.5 μm to be closer to the actual contaminated oil abrasive particle distribution. An 
ultrasonic crusher was employed to ensure optimal dispersion of the particles. Subsequently, 
the contaminated oil sample underwent wet particle size analysis utilizing a laser particle 
sizer (Model LS-609, Zhuhai OMEC Instruments Co., Ltd., China). The particle size 
distribution measurement results are shown in Figure 3.4, and the proportion of each particle 
size can be obtained. Based on the aforementioned data, the differential percentage by count 
for specific particle size ranges (e.g., 5-15 μm, corresponding to the first interval of 
contamination level) can be further derived, as shown in Figure 3.5. Thus, based on the 
concentration of wear particles within the measured interval range (5-15 μm) detected by 
the contamination sensor, the proportion of each particle size required to participate in the 
wear cycle (Figure 2.5) is obtained, and the range is 0-30 μm. 

 
Figure 3.4. Particle size distribution 
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Figure 3.5. Different proportions of sampled abrasive particles 

3.3. Experimental Procedures 

The operating conditions were maintained at a pressure of 14 MPa and a rotational 
speed of 1500 rpm. A predetermined concentration of ultrasonically dispersed stainless steel 
contaminant particles was introduced into the 50 L oil tank. The oil supply motor pump was 
subsequently activated. After the hydraulic circuit and piston chamber were fully primed 
with oil, the system pressure was elevated to 14 MPa, corresponding to the preset cracking 
pressure of the relief valve. A minor volume of excess oil was discharged through a particle 
counter sensor integrated at the relief valve. Contaminant particles were supplemented in 
real time based on continuous monitoring until the oil contamination level stabilized. The 
drive motor was then engaged, and the rotational speed was increased to 1500 rpm to initiate 
the test. Whenever the contamination level exceeded the predetermined threshold, diversion 
filtration was activated to prevent particulate accumulation and clogging. Upon completion 
of the test, a recirculating filtration process was carried out for system flushing and cleaning. 

The test was divided into two groups: one with clean oil without added particles, and 
the other with contaminated oil with a contamination level of 12, containing stainless steel 
abrasive particles. The two groups were run for 0.5 hours, 1.5 hours, 3 hours, and 5.5 hours, 
respectively. Stop at the set time, remove the sample and measure the inside of the cylinder 
using a three-coordinate instrument (Leitz PMM-C). The wear amount is calculated by 
subtracting the fitted contour before and after wear, thereby obtaining the wear process curve 
and contour change. 

By monitoring the oil contamination level in real time with a particle counter sensor, 
the curve of the change in the number and volume of abrasive particles (5-15 μm) in the test 
with abrasive particles is shown in Fig. 14. It can be seen that the contamination level 
fluctuates within the range of 12. The small fluctuations observed in the experiment indicate 
the stability and reliability of the contamination control. 
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Figure 3.6 Fluctuations in contamination levels during the test 

4. RESULTS AND ANALYSIS 
Figures 4.2(a) and (b) present the simulated wear contours of the cylinder surface with 

and without three-body abrasive wear, respectively. The three-body wear model in Figure 
4.2(a) reveals a wear distribution extending 90°-360° around the cylinder port, with a depth 
of 0-7𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 . Notably, severe wear is concentrated between 180° and 300° near the port. 
Additionally, moderate wear extends across the cylinder bottom from 0°-180° and 240°-
360°. In contrast, the model without three-body wear in Figure 4.2(b) exhibits a significantly 
reduced wear zone, confined to 135°-340° at the port with a depth of 0-2.5𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 and a distinct 
wear peak. The area of severe wear is limited, with only minor wear observed at the cylinder 
bottom. 

      
(a) with three-body abrasive wear           (b) without three-body abrasive wear 

Figure 4.2. Simulated wear contour of the cylinder surface 
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Figure 4.2. Simulated wear contour of the cylinder surface 

 13 

Figure 4.4 shows the contour of cylinder after wear test at contamination level 12, while 
Figure 4.3 shows the contour of cylinder after wear without added abrasive particles. The 
wear contour is calculated by subtracting the run time after 0.5 hours from the wear time 
after 5.5 hours. 

 
Figure 4.3. Contour of cylinder after wear test at contamination level 12 

 
Figure 4.4. Contour of cylinder after wear without abrasive particles 

Comparing the simulation results above, Figure 4.3 shows a similar wear range 
distribution to (a), with wear distribution at 90°-360° and 0-7𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 in the cylinder port area, 
a larger wear distribution at 135°-290°, and a corresponding wear distribution at the bottom 
of the cylinder, only within a reasonable range of deviation. However, it is somewhat 
different from Figure 4.2(b), indicating that when the contamination level is high, the model 
including three-body wear is more accurate for simulation and has a more reasonable wear 
range.  

Figure 4.4 shows the wear contour under the condition of no contamination. The 
distribution range of the larger wear is smaller, and the wear distribution is similar to the 
results of the model without the three-body abrasive particle addition, indicating that the 
wear process can be simulated without the three-body wear model under the condition of no 
contamination. 
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5. CONCLUSION 
This paper introduces a predictive method for PCI wear that includes three-body 

abrasive wear due to oil contamination. Comparisons between simulated and experimental 
surface contours after operation under normal and highly contaminated (NAS1638 12) 
conditions reveal that, although the maximum wear depth is not significantly affected in the 
initial hours, the severe wear area and the overall worn area are greatly expanded. This 
accelerated wear process can deteriorate lubrication, potentially leading to premature failure. 
The model demonstrates a superior ability to predict both the wear extent and volume under 
high contamination, highlighting its significance for studying tribo-pairs in contaminated 
environments. 
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