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Surface texturing can modify lubricant transport at sliding interfaces and thereby influence 

the durability of reciprocating mechanical components. This study investigates the 

hydrodynamic lubrication and wear mechanisms of a surface-textured piston used in an F-

1300 drilling mud pump. Regularly arranged pits were introduced on the surface of the 

polyurethane piston cup, with pit diameter, angular parameter, and depth considered as the 

principal geometric parameters. The effects of the texture geometry on the maximum 

friction stress were first evaluated, followed by field tests comparing the service lives and 

wear characteristics of textured and conventional pistons. Computational fluid dynamics 

(CFD) simulations using CFX were then performed to examine the lubricant pressure 

distribution and flow behavior at the piston surface. The results show that surface texturing 

alters the local mechanical stress state while producing a pronounced redistribution of the 

lubricant flow. Compared with the conventional piston, the textured surface generates 

localized pressure variations around the pits and promotes lubricant retention through flow 

deceleration and recirculation within the textured regions. The pits also provide storage 

space for lubricant and entrained wear particles, which limits severe direct interaction at 

the piston–liner interface. Field tests confirm the practical effect of this mechanism: the 

service life of the selected textured piston increased from 271 h to 370 h, corresponding to 

an improvement of 36.53%. The results indicate that piston surface texturing involves a 

trade-off between local stress concentration and favorable hydrodynamic lubrication. 

Appropriate control of the texture geometry can therefore improve lubricant-film behavior 

and extend piston durability under demanding mud-pump operating conditions. 

Keywords: 

surface texturing, mud pump piston, 

hydrodynamic lubrication, lubricant flow, 

computational fluid dynamics, wear 

resistance 

1. INTRODUCTION

Mud pumps are critical components of drilling systems, 

where the piston–liner assembly operates under high pressure, 

repeated reciprocating motion, and continuous exposure to 

abrasive drilling fluids. The piston cup is particularly 

susceptible to deterioration because its surface is subjected 

simultaneously to cyclic mechanical loading, sliding contact, 

lubricant loss, and intrusion of solid particles. Once the 

lubricating film between the piston and cylinder liner becomes 

insufficient, direct or near-direct contact can accelerate surface 

damage and eventually cause sealing failure. Improving the 

lubrication state of this interface is therefore important for 

maintaining the operational reliability and service life of mud-

pump pistons. 

Surface texturing provides a passive means of regulating 

fluid behavior at lubricated sliding interfaces. Unlike a 

nominally smooth surface, a textured surface contains 

deliberately introduced micro- or mesoscale features that 

locally modify the geometry of the lubricant film. Recent 

studies have shown that appropriately designed dimples and 

related surface features can modify hydrodynamic pressure 

generation, lubricant transport, friction, and wear under 

lubricated sliding conditions [1-4]. The resulting tribological 

response depends strongly on texture dimensions and spatial 

distribution. In particular, variations in dimple diameter, 

depth, density, and arrangement can substantially alter 

hydrodynamic lubrication performance [1]. Studies of 

reciprocating piston ring–liner contacts have likewise 

demonstrated that the effectiveness of surface texturing 

depends on the geometry and location of the textured regions 

as well as the operating conditions [2, 3]. Surface texture 

should therefore be regarded as a functional component of the 

lubricated interface rather than simply as a geometric 

modification. 

The fluid-dynamic mechanisms associated with surface 

textures have consequently received considerable attention. 

Recent numerical and Computational fluid dynamics (CFD)-

based investigations have shown that surface cavities can 

modify both pressure and velocity distributions within 

lubricated contacts [4-6]. As lubricant passes across a textured 

region, the local change in surface geometry disturbs the 

original flow path and produces a redistribution of pressure 

around the cavity. Lubricant entering the textured region may 

also undergo flow deceleration and local recirculation, thereby 

changing its residence within the contact. The magnitude of 
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these effects depends on texture depth, diameter, distribution, 

and relative surface motion [4-6]. Recent theoretical and 

experimental studies have further established a close 

relationship between the local flow field generated by surface 

textures and the resulting macroscopic lubrication 

performance [6]. These findings also indicate that excessive or 

poorly configured texturing does not necessarily produce a 

favorable response, since changes in local contact and flow 

conditions may offset part of the hydrodynamic effect. 

Reciprocating piston–liner systems are particularly relevant 

to this problem because the direction and velocity of sliding 

vary continuously during operation. Recent investigations of 

textured cylinder liners and piston rings have shown that 

surface features can modify lubricant distribution, oil-film 

behavior, friction, and wear under reciprocating conditions [2, 

3, 7-9]. Experimental studies have further demonstrated that 

texture geometry and location play an important role in 

determining the tribological response of the piston ring–liner 

interface [8]. In addition to influencing lubricant-film 

formation, appropriately designed surface cavities can provide 

temporary storage space for lubricant and entrained particles. 

Numerical studies of textured piston ring–cylinder liner 

systems have similarly shown that the interaction between 

surface geometry and lubricant transport governs the resulting 

frictional and lubrication behavior [9]. 

Lubricant retention becomes particularly important when 

the lubricant supply is limited or periodically disrupted. 

Recent studies under starved lubrication have shown that 

appropriately configured surface textures can promote 

lubricant transport into the contact region and provide local 

oil-storage capacity [5, 10, 11]. Lubricant retained within 

surface cavities can remain available near the sliding interface 

when the surrounding lubricant supply decreases. Surface 

dimples can also provide accommodation space for wear 

debris or abrasive particles, thereby reducing their continuous 

interaction with the principal sliding surfaces [8, 12]. At the 

same time, parameterized studies of textured piston ring–liner 

contacts have demonstrated that changes in pit dimensions can 

significantly affect frictional and lubrication characteristics 

[13]. These observations suggest that the performance of a 

textured surface results from a balance among hydrodynamic 

pressure redistribution, lubricant retention, particle 

accommodation, and the mechanical response introduced by 

the surface geometry. 

Despite these advances, most recent investigations of 

textured reciprocating contacts have concentrated on engine 

piston rings, cylinder liners, bearings, seals, or laboratory 

tribological specimens. The lubrication mechanism of a 

textured mud-pump piston differs in several respects. The 

piston cup is a deformable component operating under severe 

reciprocating conditions, while lubricant depletion and the 

ingress of mud and wear particles can occur simultaneously. 

In addition, improvements observed in numerical lubrication 

characteristics need to be connected with actual component 

durability under field operating conditions. The relationship 

among texture geometry, local stress, lubricant-pressure and 

flow redistribution, particle retention, and long-term piston 

service life therefore remains insufficiently understood for this 

application. 

To address this problem, the present study investigates the 

hydrodynamic lubrication and wear mechanisms of a surface-

textured F-1300 mud-pump piston through numerical analysis 

and field testing. Regularly arranged pits are introduced on the 

piston-cup surface, and the effects of pit diameter, angular 

parameter, and depth on the mechanical response are first 

examined. CFD simulations are then used to compare the 

lubricant-pressure distribution and flow characteristics of 

conventional and textured piston surfaces, with particular 

attention to local pressure redistribution, flow deceleration, 

recirculation, and lubricant retention around the pits. Finally, 

field tests and post-service wear observations are used to 

determine whether the mechanisms identified numerically are 

reflected in actual piston durability. The study therefore links 

texture geometry, lubricant-flow behavior, surface wear, and 

field service life within a unified framework for the design of 

surface-textured mud-pump pistons. 

 

 

2. PISTON GEOMETRY AND SURFACE-TEXTURE 

DESIGN 

 

2.1 Mud pump piston and operating configuration 

 

The investigated component is the piston assembly of an F-

1300 drilling mud pump. During operation, the piston 

reciprocates inside the cylinder liner and provides the pressure 

required for drilling-fluid circulation. The piston cup is the 

principal sealing and sliding component and consists of a 

polyurethane rubber lip supported by a nylon root. The outer 

surface of the cup remains in close contact with the inner wall 

of the cylinder liner during reciprocating motion. 

The piston–liner interface operates under repeated sliding 

and severe loading conditions. Lubricant present at the 

interface forms a film between the piston cup and the cylinder 

liner and reduces direct surface interaction. During continuous 

reciprocating motion, however, part of the lubricant can be 

displaced from the contact region. Drilling mud and solid 

particles may also enter the interface. The resulting 

deterioration of the lubrication condition increases the 

likelihood of scratching, local material removal, and damage 

near the rubber–nylon junction. These processes progressively 

impair the sealing capability of the piston and ultimately 

determine its service life. 

A conventional piston has a nominally smooth cup surface 

and therefore provides limited additional space for lubricant 

and entrained particles. In the present design, regularly 

distributed surface pits were introduced into the polyurethane 

cup to modify the local lubricant-flow environment. The pits 

were intended to influence lubricant transport and retention 

during reciprocating sliding while providing additional space 

for entrained wear particles. The conventional piston and the 

surface-textured piston were subsequently compared in terms 

of mechanical response, lubricant-flow characteristics, wear 

morphology, and field service life. 

 

2.2 Bionic surface-texture geometry 

 

The surface texture was designed as a regular array of 

discrete pits machined into the outer surface of the 

polyurethane piston cup. Three geometric parameters were 

considered: pit diameter (D), angular parameter (α), and pit 

depth (h). The pits were distributed in an isosceles-triangular 

arrangement and arranged in three rows along the axial 

direction of the piston. The center-to-center spacing between 

adjacent pits was maintained at L = 17 mm for all textured 

configurations. The piston-cup configuration and the principal 

geometric parameters of the surface pits are illustrated 

schematically in Figure 1. The pit diameter controls the lateral 
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extent of each textured region and therefore the area over 

which the lubricant flow interacts with the surface feature. The 

pit depth determines the available cavity volume for lubricant 

and entrained particles. The angular parameter characterizes 

the circumferential positioning of the pits and can 

consequently influence the spatial distribution of the textured 

regions around the piston surface. These three parameters were 

varied while the pit spacing and arrangement were kept 

unchanged, allowing the effects associated with texture 

geometry to be evaluated under a consistent surface layout. 

The textured piston cups were manufactured using a CNC 

machining center. After machining, residual debris was 

removed from the pits before assembly and testing. The same 

basic piston configuration was retained for all cases so that the 

principal difference between the conventional and textured 

pistons was the presence and geometry of the surface pits. 

The surface texture was not assumed to provide an 

exclusively favorable mechanical response. Increasing the 

dimensions of the pits removes material from the cup surface 

and can alter the local stress state of the piston. At the same 

time, the cavities modify lubricant transport along the piston–

liner interface. The performance of the textured piston 

therefore depends on the balance between the mechanical 

influence of the texture and its effect on hydrodynamic 

lubrication. This coupled consideration forms the basis for the 

numerical and experimental analyses presented in the 

following sections. 

 

 
 

Figure 1. Geometry of the surface-textured mud-pump piston: (a) piston cup and pit arrangement; (b) cross-sectional 

configuration and angular parameter; (c) geometric parameters of an individual pit 

 

 
 

Figure 2. Schematic representation of the computational domain for lubricant-flow analysis at the piston–liner interface: (a) 

conventional piston surface; (b) surface-textured piston surface 
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3. NUMERICAL METHOD AND EVALUATION 

PROCEDURE 

 

3.1 Computational model 

 

Numerical analysis was performed to examine the 

mechanical response of the piston and the lubricant-flow 

characteristics at the piston–liner interface. The computational 

geometry was established according to the F-1300 mud-pump 

piston described in Section 2. Particular attention was given to 

the region adjacent to the piston-cup surface, where the surface 

pits directly disturb lubricant transport during relative motion 

between the piston and cylinder liner. 

A schematic representation of the computational domain is 

shown in Figure 2. Figure 2(a) represents the conventional 

piston–liner configuration, consisting of the cylinder liner, 

lubricant-film region, and nominally smooth piston surface. 

Figure 2(b) shows the corresponding surface-textured 

configuration, in which regularly arranged pits are introduced 

into the piston surface. The enlarged view in Figure 2(b) 

illustrates the local lubricant region associated with an 

individual surface pit. Relative reciprocating motion between 

the piston and cylinder liner drives lubricant through the 

interfacial region. The conventional and textured 

configurations were evaluated under equivalent numerical 

conditions so that differences in the calculated pressure and 

flow fields could be attributed primarily to the presence of the 

surface texture. 

The numerical investigation consisted of two 

complementary parts. First, the mechanical response of 

different texture geometries was evaluated using the maximum 

friction stress on the piston surface as the principal indicator. 

Second, the lubricant flow around the conventional and 

textured surfaces was examined using CFX. The fluid-

dynamic analysis focused on the spatial distribution of 

lubricant pressure and the modification of local flow 

trajectories caused by the surface pits. These numerical results 

were subsequently interpreted together with the field service-

life tests and post-service wear observations. 

 

3.2 Governing equations 

 

The lubricant-flow calculation was formulated on the basis 

of the conservation of mass and momentum. The general 

continuity equation is expressed as: 

 
𝜕𝜌

𝜕𝑡
+ ∇ ⋅ (𝜌𝑢) = 0 (1) 

 

where,  𝜌 is the lubricant density,  𝑡 is time, and  𝑢 is the 

velocity vector. 

For an incompressible lubricant with constant density, Eq. 

(1) reduces to: 

 

𝛻 ⋅ u = 0 (2) 

 

The conservation of momentum is described by the Navier–

Stokes equation: 

 
𝜕(𝜌u)

𝜕𝑡
+ 𝛻 ⋅ (𝜌u ⊗ u) = −𝛻𝑝 + 𝛻 ⋅ 𝜏 + S𝑀 (3) 

 

where, 𝑝 is the static pressure, 𝜏 is the viscous stress tensor, 

and S𝑀 denotes the momentum source term. 

For a Newtonian fluid, the viscous stress tensor is given by: 

 

𝜏 = 𝜇 [𝛻u + (𝛻u)𝑇 −
2

3
(𝛻 ⋅ u)I] (4) 

 

where, 𝜇 is the dynamic viscosity and 𝐼 is the identity tensor. 

Under the incompressibility condition given by Eq. (2),  𝛻 ⋅
u = 0 and Eq. (4) can therefore be simplified to: 

 

𝜏 = 𝜇[𝛻u + (𝛻u)𝑇] (5) 

 

Accordingly, the momentum equation for an 

incompressible Newtonian lubricant can be written as: 

 

𝜌 (
𝜕u

𝜕𝑡
+ u ⋅ 𝛻u) = −𝛻𝑝 + 𝜇𝛻2u + S𝑀 (6) 

 

The governing equations were solved in CFX to obtain the 

lubricant pressure and velocity fields within the piston–liner 

interface. The numerical analysis focused on the 

hydrodynamic response induced by the surface pits, 

particularly the redistribution of local pressure and the 

modification of lubricant-flow trajectories around the textured 

regions. The calculated pressure and flow fields were 

subsequently used to interpret the lubrication mechanism of 

the surface-textured piston. 

 

3.3 Boundary conditions and numerical procedure 

 

The numerical domain represented the lubricant region 

adjacent to the piston surface and the corresponding cylinder-

liner boundary. Relative motion between the piston surface 

and the cylinder liner reproduced the sliding condition 

occurring during mud-pump operation. The conventional and 

textured configurations were evaluated under equivalent 

numerical conditions to permit direct comparison of their 

pressure and flow characteristics. 

The governing conservation equations were solved using 

CFX with a finite-volume-based numerical formulation. 

Pressure and velocity fields were obtained throughout the 

lubricant domain, and the solutions were post-processed to 

identify differences between the conventional and textured 

piston surfaces. Particular attention was paid to the regions 

immediately upstream of, inside, and downstream of the pits 

because these locations govern the local redistribution of 

lubricant. 

The numerical analysis was primarily intended for 

comparative assessment of the conventional and textured 

piston configurations under identical computational 

conditions. Accordingly, the discussion focuses on relative 

changes in lubricant-pressure distribution and flow structure 

rather than on absolute prediction of the complete lubrication 

state. 

 

3.4 Surface-texture cases 

 

The effects of texture geometry were investigated using 

nine combinations of pit diameter (D), angular parameter (α), 

and pit depth (h). A conventional piston without surface pits 

was used as the reference case. The center-to-center pit 

spacing was maintained at L = 17 mm for all textured cases. 

The investigated configurations and corresponding maximum 

friction stresses are summarized in Table 1. 

Among the textured configurations, Case 2 produced the 
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lowest maximum friction stress 3.1180 MPa, whereas Case 8 

produced the highest value 4.6384 MPa. Their increases 

relative to the conventional piston were 65.98% and 146.92%, 

respectively. These two cases therefore represent contrasting 

mechanical responses and were selected for subsequent field 

comparison together with the conventional piston. 

 

Table 1. Surface-texture configurations and calculated maximum friction stress 

 
Case D (mm) α (°) h (mm) Maximum Friction Stress (MPa) Change Relative to Conventional Piston (%) 

Reference 0 0 0 1.8785 – 

1 1.5 10 2 4.0518 115.69 

2 1.5 15 4 3.1180 65.98 

3 1.5 20 6 3.6290 93.19 

4 3.0 10 4 4.6011 144.93 

5 3.0 15 6 3.9840 112.08 

6 3.0 20 2 3.8618 105.58 

7 4.5 10 6 4.0857 117.50 

8 4.5 15 2 4.6384 146.92 

9 4.5 20 4 3.9089 108.09 

 

It should be emphasized that a higher maximum friction 

stress does not, by itself, indicate poorer overall tribological 

performance. Surface pits locally alter the mechanical load 

distribution while simultaneously modifying the lubricant 

flow. The final piston durability consequently depends on the 

combined mechanical and hydrodynamic effects, which are 

examined in Section 4. 

 

3.5 Performance indicators 

 

Four groups of indicators were used to evaluate the 

mechanical response, hydrodynamic lubrication 

characteristics, and field durability of the surface-textured 

piston: maximum friction stress, lubricant-pressure 

distribution, lubricant-flow characteristics, and piston service 

life. Post-service wear morphology was additionally examined 

to support the interpretation of the numerical and field results. 

 

3.5.1 Maximum friction stress 

The maximum friction stress was used to characterize the 

mechanical response of the piston surface to the introduction 

of the pits. For each textured configuration, the relative change 

in maximum friction stress with respect to the conventional 

piston was calculated as: 

 

Δ𝜎f =
𝜎f,max − 𝜎f,0

𝜎f,0

× 100% (7) 

 

where,  Δ𝜎f is the relative change in maximum friction 

stress,  𝜎f,max is the maximum friction stress of the textured 

piston, and 𝜎f,0 is that of the conventional piston. 

For the conventional piston, 

 

𝜎f,0 = 1.8785 MPa (8) 

 

For example, Case 2 exhibited a maximum friction stress of 

3.1180 MPa. Its relative increase was therefore: 

 

Δ𝜎f =
3.1180 − 1.8785

1.8785
× 100% = 65.98% (9) 

 

Among the nine textured configurations, this was the 

smallest increase in maximum friction stress. In contrast, Case 

8 reached 4.6384 MPa, corresponding to the largest increase 

of 146.92%. The maximum friction stress was therefore used 

primarily to assess the mechanical penalty associated with 

introducing the surface pits rather than as a direct measure of 

overall piston durability. 

 

3.5.2 Lubricant-pressure characteristics 

The lubricant-pressure distribution obtained from the CFX 

calculations was used to characterize the hydrodynamic 

response of the piston–liner interface. The pressure field is 

denoted as: 

 

𝑝 = 𝑝(x, 𝑡) (10) 

 

where, 𝑝 is the local lubricant pressure, 𝑥 denotes the spatial 

position within the lubricant domain, and 𝑡 is time. 

The comparison between the conventional and textured 

surfaces focused on the spatial redistribution of lubricant 

pressure in the vicinity of the pits. In particular, the local 

pressure behavior upstream of, inside, and downstream of a pit 

was examined to determine whether the surface texture altered 

the hydrodynamic loading of the lubricant film. 

Because the original numerical results provide pressure-

field distributions rather than a complete set of spatially 

averaged pressure data, no additional pressure coefficient or 

mean-pressure index was introduced. The pressure field was 

therefore evaluated directly from the CFX results to avoid 

deriving unsupported quantitative parameters. 

 

3.5.3 Lubricant-flow characteristics 

The lubricant-flow characteristics were evaluated from the 

velocity field and calculated flow trajectories. The local 

velocity field is represented by: 

 

u = u(x, 𝑡) (11) 

 

and the corresponding velocity magnitude is: 

 

𝑈 = |u| = √𝑢𝑥
2 + 𝑢𝑦

2 + 𝑢𝑧
2 (12) 

 

where, 𝑢𝑥, 𝑢𝑦, and 𝑢𝑧 are the velocity components in the three 

coordinate directions. 

The flow analysis focused on differences between the 

conventional and textured piston surfaces, including changes 

in streamline direction, local flow deceleration, and lubricant 

motion within the pits. Particular attention was paid to the 

ability of the surface cavities to interrupt the otherwise 

continuous lubricant flow and retain lubricant within the 

textured regions. 

No additional quantitative recirculation index or lubricant-
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retention coefficient was defined because such quantities were 

not recorded in the original simulations. The streamline and 

velocity-field results were instead used together with the 

pressure distributions to interpret the hydrodynamic function 

of the surface texture. 

 

3.5.4 Field service-life improvement 

Field service life was used as the principal engineering 

indicator for evaluating whether the combined mechanical and 

hydrodynamic effects of the surface texture translated into 

improved piston durability. The relative improvement in 

service life was calculated as: 

 

Δ𝑇 =
𝑇tex − 𝑇0

𝑇0

× 100% (13) 

 

where,  Δ𝑇 is the relative improvement in piston service 

life, 𝑇tex is the service life of a textured piston, and 𝑇0 is the 

service life of the conventional piston. 

The measured service life of the conventional piston was: 

 

𝑇0 = 271 h (14) 

 

For the textured piston corresponding to Case 2, the 

measured service life was: 

 

𝑇tex = 370 h (15) 

 

Accordingly, 

 

Δ𝑇 =
370 − 271

271
× 100% = 36.53% (16) 

 

For the second textured piston evaluated in the field, the 

measured service life was 331 h. Its improvement relative to 

the conventional piston was: 

 

Δ𝑇 =
331 − 271

271
× 100% = 22.14% (17) 

 

The service-life results were interpreted together with the 

numerical pressure and flow fields rather than independently. 

This comparison was used to determine whether the lubricant-

flow modification produced by the surface texture was 

consistent with the durability observed under actual operating 

conditions. 
 

3.5.5 Wear morphology 

Post-service wear morphology provided additional physical 

evidence for interpreting the numerical and field results. The 

conventional and textured pistons were visually examined 

after failure, with attention given to scratching, tearing, 

material loss, damage near the rubber–nylon junction, and the 

retention of wear or mud particles within the pits. 

Wear morphology was treated as a qualitative indicator 

rather than converted into an artificial quantitative wear index 

because the original experiments did not report wear volume, 

mass loss, wear depth, or surface-roughness measurements. 

The observed wear patterns were therefore used to 

complement, rather than replace, the quantitative indicators of 

friction stress and service life. 

Taken together, these indicators provide a multilevel 

evaluation of the surface texture. The maximum friction stress 

characterizes its mechanical influence, the pressure and 

velocity fields describe its hydrodynamic effect on the 

lubricant, and the field service life and wear morphology 

provide engineering evidence of the resulting piston 

durability. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Effect of surface texture on mechanical contact 

 

The calculated maximum friction stresses for the 

conventional and textured pistons are summarized in Table 1. 

The conventional piston exhibited a maximum friction stress 

of  𝜎f,0 = 1.8785 MPa  whereas all nine textured 

configurations produced higher values. Among the textured 

cases, Case 2, with 𝐷 = 1.5 mm, 𝛼 = 15∘, ℎ = 4 mm, showed 

the lowest maximum friction stress 𝜎f,2 = 3.1180 MPa. 

According to Eq. (7), the corresponding increase relative to 

the conventional piston was  Δ𝜎f,2 =
𝜎f,2−𝜎f,0

𝜎f,0
× 100% =

3.1180−1.8785

1.8785
× 100% = 65.98%. 

In contrast, Case 8, with 𝐷 = 4.5 mm, 𝛼 = 15∘, ℎ = 2 mm, 

produced the highest maximum friction stress among the 

textured configurations 𝜎f,8 = 4.6384 MPa. 

Its relative increase was  Δ𝜎f,8 =
𝜎f,8−𝜎f,0

𝜎f,0
× 100% =

4.6384−1.8785

1.8785
× 100% = 146.92%. 

These results show that introducing pits into the piston-cup 

surface does not reduce the maximum local friction stress. 

Instead, the discontinuity of the textured surface modifies the 

local load distribution and produces stress concentration 

around the textured regions. Previous experimental studies 

have likewise shown that geometric features associated with 

textured surfaces can substantially modify local contact 

conditions and the resulting friction and wear behavior [14]. 

The magnitude of this effect varies considerably with pit 

geometry. For example, increasing the pit diameter does not 

result in a uniform change in maximum friction stress because 

diameter, depth, and angular position vary simultaneously 

among the investigated cases. The results should therefore be 

interpreted as the responses of individual geometric 

combinations rather than as independent single-factor trends. 

The higher local stress of the textured piston is particularly 

important when interpreting its subsequent wear performance. 

If mechanical stress alone controlled piston durability, the 

textured configurations would be expected to perform worse 

than the conventional piston. The field tests presented in 

Section 4.5 show the opposite behavior. This indicates that the 

mechanical penalty associated with local stress concentration 

is counteracted by another mechanism. The CFD results 

suggest that this mechanism is closely related to the 

modification of lubricant transport and hydrodynamic 

behavior by the surface pits. 

The comparison between Cases 2 and 8 further indicates 

that excessively large surface features may be undesirable 

from a mechanical perspective. Case 2, which has the smaller 

pit diameter, produced the lowest stress increase among the 

textured configurations, whereas Case 8, with D = 4.5 mm, 

produced the highest maximum friction stress. Although the 

present orthogonal combinations do not permit the 

independent contribution of each geometric parameter to be 

isolated, they demonstrate that texture geometry must be 

selected by considering both structural integrity and 

lubrication performance. This trade-off is consistent with 

previous studies showing that the tribological response of 
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textured surfaces depends strongly on contact conditions, 

lubrication regime, and texture configuration, and that surface 

texturing does not invariably produce a favorable response 

[15, 16]. 

 

4.2 Hydrodynamic pressure characteristics of the 

lubricant film 

 

The lubricant-pressure distributions obtained from the CFX 

calculations are compared in Figure 3. As shown in Figure 

3(a), the conventional piston exhibits a relatively smooth 

pressure variation over the investigated surface. In contrast, 

the surface-textured piston in Figure 3(b) shows a distinctly 

modified pressure field in the vicinity of the pits. Local 

pressure variations develop around the textured regions, 

indicating that the pits disturb the original lubricant flow and 

redistribute pressure along the piston–liner interface. 

 

 
 

Figure 3. Lubricant-pressure distributions at the piston–liner 

interface: (a) conventional piston; (b) surface-textured piston 

 

This pressure redistribution can be attributed to the 

disturbance of lubricant motion as the flow encounters the 

geometric discontinuity formed by the pit. The lubricant 

approaching the textured region is forced to adjust to the local 

change in surface geometry. The resulting variation in 

momentum produces a non-uniform pressure distribution 

around the cavity rather than the comparatively continuous 

distribution observed on the conventional surface. Similar 

geometry-dependent hydrodynamic responses have been 

reported for textured lubricated contacts, where the frictional 

response was found to depend strongly on texture geometry 

and operating conditions [17]. 

The most important implication is not simply the occurrence 

of a local pressure maximum. The textured surface changes the 

manner in which the lubricant carries load across the piston–

liner interface. Regions of elevated pressure adjacent to the 

pits can contribute to local hydrodynamic support, while the 

cavity provides additional volume into which lubricant can 

enter. The combination of these effects modifies the local 

lubrication environment during reciprocating motion. 

The numerical results therefore indicate that the pits act as 

active geometric features within the lubricant film rather than 

merely as empty surface defects. Their influence extends 

beyond the physical area occupied by each cavity because the 

pressure field immediately surrounding the pit is also 

modified. This provides a fluid-dynamic explanation for why 

a textured piston may exhibit improved durability even though 

its calculated maximum local friction stress is higher than that 

of a conventional piston. 

Because the available simulations provide pressure-field 

distributions rather than complete spatially averaged pressure 

histories, the present comparison is intentionally limited to the 

observed pressure redistribution. No unsupported quantitative 

increase in mean film pressure or hydrodynamic load capacity 

is inferred from the numerical results. 

 

4.3 Flow redistribution and recirculation induced by 

surface pits 

 

The lubricant-flow characteristics of the conventional and 

surface-textured pistons are compared in Figure 4. As shown 

in Figure 4(a), the lubricant over the conventional piston 

surface exhibits a comparatively continuous velocity 

distribution, without the localized flow disturbance associated 

with surface cavities. The flow remains broadly distributed 

along the piston surface under the imposed relative motion. 

A distinctly different flow pattern is observed for the 

surface-textured piston in Figure 4(b). The pits interrupt the 

otherwise continuous lubricant flow and produce localized 

low-velocity regions around the textured areas. Part of the 

lubricant enters the cavities rather than continuing directly 

along the nominal piston surface. The enlarged local flow 

result in Figure 4(b) further shows recirculating motion within 

a pit, indicating that lubricant can remain temporarily trapped 

within the textured region before returning to the main flow. 

This redistribution has two consequences. First, the pits 

increase the residence of lubricant within the immediate 

contact region. Lubricant entering a cavity is less readily swept 

away by the relative motion of the cylinder liner than lubricant 

located entirely on a smooth surface. Second, the local flow 

disturbance is consistent with the pressure redistribution 

observed in Figure 3. The pressure and streamline results 

therefore describe two aspects of the same hydrodynamic 

response: the surface geometry modifies the flow trajectory, 

and the associated momentum redistribution generates local 

pressure variations. 

The observed recirculating behavior should not be 

interpreted as evidence that all pit geometries necessarily 

improve lubrication. A cavity that is excessively large or 

poorly configured may disturb the flow without providing a 

favorable balance between lubricant retention and mechanical 

integrity. The results of Section 4.1 support this interpretation 

because the mechanical response varies substantially among 

the nine textured configurations. Surface-texture design 

therefore requires simultaneous consideration of fluid-flow 

behavior and local mechanical loading. 
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Figure 4. Lubricant-flow characteristics at the piston–liner interface: (a) velocity distribution over the conventional piston 

surface; (b) velocity distribution over the surface-textured piston and local recirculating flow within a surface pit 

 

4.4 Lubricant and wear-particle retention mechanism 

 

In addition to modifying the pressure and flow fields, the 

surface pits provide local storage space at the piston–liner 

interface. This function becomes particularly important during 

prolonged reciprocating operation, when lubricant can be 

progressively displaced from the nominal contact region. As 

indicated by the flow characteristics discussed in Section 4.3, 

part of the lubricant entering a pit remains temporarily within 

the cavity rather than being transported immediately along the 

main flow path. The pits can therefore act as local lubricant 

reservoirs and increase lubricant residence within the textured 

regions. 

A second function of the surface texture is associated with 

solid-particle accommodation. During mud-pump operation, 

mud particles and wear debris may enter the piston–liner 

interface. On an untextured surface, particles trapped between 

the two sliding surfaces can contribute to scratching, 

ploughing, and repeated abrasive interaction. Their presence 

can consequently aggravate local surface damage during 

continued reciprocating motion. 

 

 
 

Figure 5. Wear and mud particles retained within the surface 

pits of the textured piston 

 

Evidence of particle retention within the surface pits is 

shown in Figure 5. Wear debris and mud particles can 

accumulate within the cavities rather than remaining 

continuously within the principal sliding contact. The pits 

therefore provide additional accommodation space for 

entrained particles while simultaneously serving as local 

lubricant reservoirs. This combined retention function offers a 

plausible explanation for the reduced severity of surface 

damage observed on the better-performing textured piston. 

The lubricant-retention and particle-accommodation 

mechanisms also help explain why the performance of the 

textured piston cannot be evaluated solely from the maximum 

friction stress. As demonstrated in Section 4.1, the 

introduction of pits increases the local maximum friction stress 

because of the mechanical discontinuity of the textured 

surface. At the same time, however, the cavities modify 

lubricant transport and provide storage space for both lubricant 

and solid particles. The overall tribological response therefore 

reflects the competition between the mechanical penalty 

introduced by the texture and the favorable changes in the 

local lubrication environment. 

It should be noted that particle concentration, particle-size 

distribution, particle trajectories, and lubricant-retention 

volume were not quantitatively measured in the present study. 

The retention mechanism is therefore interpreted from the 

observed post-service condition of the pits together with the 

numerical lubricant-flow characteristics, rather than from a 

quantitative particle-capture efficiency. Further measurements 

would be required to determine the contribution of particle 

retention independently from the hydrodynamic lubrication 

effect. 

 

4.5 Field validation of piston durability 

 

Field tests were conducted to determine whether the 

numerical and mechanistic effects identified above translated 

into improved durability under actual mud-pump operating 

conditions. The conventional piston and two representative 

textured pistons were installed and operated under the same 

field conditions. A piston was considered to have reached the 

end of its service life when water absorption occurred in the 

mud pump, after which the piston was removed and its 

operating time was recorded. 

The field results are summarized in Table 2. 

The conventional piston operated for 271 h. Textured piston 

A reached 370 h, corresponding to a service-life increase of 

36.53%, while textured piston B operated for 331 h, 

representing an increase of 22.14%. Both textured pistons 

therefore outperformed the conventional configuration despite 

exhibiting higher calculated maximum friction stresses. 
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Table 2. Field service life of the conventional and surface-textured pistons 

 
Piston Corresponding Configuration D (mm) α (°) h (mm) Service Life (h) Improvement (%) 

Conventional piston Reference 0 0 0 271 – 

Textured piston A Case 2 1.5 15 4 370 36.53 

Textured piston B Case 8 4.5 15 2 331 22.14 

 

The post-service wear morphologies provide further insight 

into this result. The conventional piston exhibited severe 

damage near the root region, including pronounced tearing at 

the rubber–nylon junction and substantial local material 

damage. In contrast, textured piston A mainly exhibited 

relatively shallow scratches extending from the root toward 

the lip, together with limited pits and gaps near the rubber–

nylon junction. Severe surface damage was less evident than 

for the conventional piston. 

Textured piston B showed a different failure pattern. Its 

relatively large pit diameter affected the integrity of the piston 

surface, and deformation near the root became more 

pronounced under operating pressure. This observation is 

consistent with the mechanical analysis: increasing the 

dimensions of the surface features can intensify the structural 

penalty even when hydrodynamic lubrication remains 

favorable. 

The field results therefore provide an important validation 

of the overall design concept. Surface texturing did not 

improve durability by reducing the calculated maximum 

friction stress; instead, piston life increased despite the local 

stress increase. This behavior supports the interpretation that 

lubricant-flow redistribution, lubricant retention, and particle 

accommodation play substantial roles in the observed 

durability improvement. 
 

4.6 Coupled mechanism of hydrodynamic lubrication and 

wear reduction 
 

The numerical and field results indicate that the 

performance of the surface-textured piston arises from a 

coupled mechanical–hydrodynamic mechanism rather than 

from a single effect. The proposed mechanism, summarized in 

Figure 6, integrates the pressure redistribution and local flow 

modification observed in the CFD results with lubricant 

retention, particle accommodation, mechanical stress 

redistribution, and the field service-life response. 

When lubricant encounters a surface pit during relative 

piston–liner motion, the local geometric discontinuity 

modifies the otherwise continuous flow path. Part of the 

lubricant enters the cavity, where local flow deceleration and 

recirculating motion can occur. At the same time, the change 

in lubricant motion is accompanied by a redistribution of 

pressure around the textured region. The pressure and flow 

results therefore represent two related aspects of the same 

hydrodynamic response: the pits disturb the lubricant 

trajectory and consequently modify the local pressure field. 

The altered flow behavior also promotes lubricant retention 

within the textured regions. Lubricant entering a pit is less 

readily transported away with the main flow and can remain 

temporarily within the cavity. The pits consequently provide 

local lubricant-storage regions during reciprocating motion. 

This effect is particularly relevant to the mud-pump piston 

because repeated sliding can progressively displace lubricant 

from the nominal piston–liner contact region. 

In addition to lubricant retention, the pits provide 

accommodation space for mud particles and wear debris. The 

post-service observations presented in Figure 5 show that solid 

particles can accumulate within the cavities. Their 

accommodation within the pits reduces the likelihood that all 

entrained particles remain continuously within the principal 

sliding contact, where repeated interaction with the opposing 

surfaces could contribute to scratching and abrasive damage. 

Lubricant retention and particle accommodation therefore 

represent two complementary functions of the surface texture. 

These favorable effects are accompanied by a mechanical 

penalty. As demonstrated by the results in Table 1, all nine 

textured configurations produced higher maximum friction 

stresses than the conventional piston. The conventional piston 

exhibited a maximum friction stress of  𝜎f,0 = 1.8785 MPa , 

whereas the textured configurations ranged 

from 3.1180 MPa ≤ 𝜎f,max ≤ 4.6384 MPa. The introduction 

of surface cavities therefore changes the local mechanical 

response and can produce stress concentration. Increasing the 

dimensions of the surface features cannot consequently be 

regarded as an inherently favorable design strategy. 

The overall mechanism illustrated in Figure 6 can therefore 

be understood as a competition between hydrodynamic and 

retention effects on one side and the mechanical penalty on the 

other. Pressure redistribution, local flow recirculation, 

lubricant retention, and particle accommodation can improve 

the local lubrication environment, whereas the geometric 

discontinuities introduced by the pits increase the maximum 

local friction stress. The final durability of the piston depends 

on the balance between these competing effects rather than on 

either mechanism considered independently. 

The field results support this interpretation. Textured piston 

A (Case 2), with  𝐷 = 1.5 mm ,  𝛼 = 15∘ and  ℎ =  4 mm, 

exhibited the smallest increase in maximum friction stress 

among the investigated textured configurations and achieved 

the longest measured service life of 𝑇A = 370 h, representing 

an improvement of  Δ𝑇A = 36.53% over the conventional 

piston. Textured piston B (Case 8), with 𝐷 = 4.5 mm, 𝛼 =
15∘, and ℎ = 2 mm, exhibited the highest maximum friction 

stress but still reached a service life of  𝑇B =  331 h, 

corresponding to an improvement of Δ𝑇B = 22.14%. These 

results indicate that the favorable lubrication and retention 

effects can outweigh the increase in local mechanical stress, 

although the magnitude of the durability improvement remains 

dependent on texture geometry. 

The results also suggest that texture optimization should not 

pursue the largest possible pit dimensions or the strongest 

possible disturbance of the lubricant flow. A more appropriate 

design objective is to obtain sufficient hydrodynamic pressure 

redistribution, lubricant retention, and particle 

accommodation while limiting the associated increase in local 

mechanical stress. Within the range investigated in this study, 

Case 2 provided the most favorable balance among these 

effects and consequently produced the longest field service 

life. 

Overall, the surface pits function as coupled mechanical and 

hydrodynamic elements at the piston–liner interface. This 

interpretation is consistent with the broader understanding of 

textured lubricated contacts, in which friction, wear, 

lubrication, and contact mechanics are governed by interacting 
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rather than isolated mechanisms [18]. Their effectiveness is 

determined by the interaction among local stress 

redistribution, lubricant-pressure modification, flow 

recirculation, lubricant retention, and particle accommodation. 

 

 
 

Figure 6. Proposed coupled mechanism of hydrodynamic lubrication, particle retention, and mechanical response in the surface-

textured mud-pump piston 

 

 

5. CONCLUSIONS 

 
This study investigated the mechanical response, lubricant-

flow behavior, wear characteristics, and field durability of a 

surface-textured piston for an F-1300 drilling mud pump. 

Numerical analysis and field tests were combined to clarify 

how regularly arranged surface pits affect the piston–liner 

interface. The main conclusions are as follows: 

(1) Surface texturing substantially alters the local 

mechanical response of the piston. The conventional piston 

exhibited a maximum friction stress of  𝜎f,0 = 1.8785 MPa , 

while the maximum friction stresses of the nine textured 

configurations ranged from 3.1180 to 4.6384 MPa. Case 2 

(D = 1.5 mm, 𝛼 = 15∘, ℎ =  4 mm) produced the lowest 

maximum friction stress among the textured 

configurations,  𝜎f,2 =  3.1180 MPa, corresponding to an 

increase of  Δ𝜎f,2 =
𝜎f,2−𝜎f,0

𝜎f,0
×  100% =

3.1180−1.8785

1.8785
×

100% = 65.98% . In contrast, Case  8(𝐷 = 4.5 mm, 𝛼 =
15∘, ℎ = 2 mm) produced the highest maximum friction 

stress,  𝜎f,8 =  4.6384 MPa, corresponding to an increase 

of  Δ𝜎f,8 =
𝜎f,8−𝜎f,0

𝜎f,0
× 100% =

4.6384−1.8785

1.8785
× 100% =

146.92%. The pits therefore introduce a mechanical penalty 

through local stress redistribution, and their geometry must be 

controlled to avoid excessive stress concentration. 

(2) The CFX results show that the pits modify the 

hydrodynamic behavior of the lubricant film. Compared with 

the relatively continuous pressure distribution over the 

conventional piston, the textured surface produces localized 

pressure variations around the pits. Lubricant entering the 

cavities undergoes flow deceleration and local recirculation, 

resulting in a more complex flow structure and increased 

lubricant residence within the textured regions. 

(3) The surface pits also provide local storage space for 

lubricant and entrained wear or mud particles. Lubricant 

retained within the cavities is less readily removed from the 

interface during reciprocating motion, while particles 

accommodated by the pits are less likely to remain 

continuously trapped between the principal sliding surfaces. 

These effects provide a physical explanation for the reduced 

severity of surface damage observed on the better-performing 

textured piston. 

(4) Field tests confirmed that the hydrodynamic and 

retention effects can outweigh the increase in local mechanical 

stress. The conventional piston reached a service life of 271 h, 

whereas the service lives of the two representative textured 

pistons were 370 h and 331 h, corresponding to improvements 

of 36.53% and 22.14%, respectively. The configuration with 

the smaller increase in maximum friction stress achieved the 

longest field service life. 

(5) The performance of the surface-textured piston is 

therefore governed by a balance between mechanical and 

hydrodynamic effects. Surface pits increase local stress but 

simultaneously redistribute lubricant pressure, modify the 

local flow field, retain lubricant, and accommodate solid 

particles. The results indicate that maximizing pit dimensions 

is not an appropriate design strategy. Instead, texture geometry 

should be selected to obtain sufficient lubricant-flow 

regulation while limiting the associated mechanical penalty. 

Overall, the findings demonstrate that appropriately 

designed surface textures can improve the lubrication 
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environment and extend the field durability of mud-pump 

pistons under severe reciprocating conditions. The combined 

numerical and field approach provides a practical basis for the 

hydrodynamic design of textured piston–liner interfaces. 

Further work should quantify the effects of operating pressure, 

reciprocating velocity, lubricant properties, and texture 

density and should incorporate detailed mesh-independence 

and experimental flow-field validation to establish more 

general design criteria for surface-textured mud-pump pistons. 
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