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Abstract: Reciprocating rod seals are widely used in the hydraulic actuator to prevent the leakage of

fluid.  The sealing lip profile changes with the seal wear, resulting in an increase in the leakage. A

texturing rod changes the lubrication characteristics of the seal, so it a ects the wear and leakage of the

seal. A numerical simulation method is proposed to investigate the wear of the hydraulic reciprocating

seal  with textured rods.  Several kinds of  macro-cavity  textures on the rod surface, including circle,

square and triangle shapes, have been simulated and discussed. The e ects of three shape parameters

including area ratio, depth, and ratio of the axial length to the circumferential length on the seal wear are

analyzed in detail. The texturing rod slightly increases the seal wear, but decreases the seal leakage.

When the rod speed is increasing, the wear time rates of the seal increase, while the wear distance

rates decrease, regardless of the texture shapes. When the texture area ratio is increasing, the wear of

the  reciprocating  seal  increases.  Seal  wear  decreases  with  an increasing texture  depth  during  the

outstroke, however, it increases during the instroke. The ratio of the axial length of the macro-cavity to

the circumferential length has no e ect on the seal wear.
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1. Introduction

Elastic  seals  are  critical  components and widely  used in  hydraulic  systems to  prevent  the
leakage of the fluid [1,2]. As one of the dynamic elastic seals, reciprocating rod seals are widely
used in hydraulic actuators [3,4]. If the seal fails, the leakage of actuator would not only pollute the
environment, but also cause the loss of working capacity. Thus, the hydraulic system is significantly
a ected by the performance of the reciprocating seal.

Many published research about the reciprocating seals, such as the O-ring [5], VL seal [6,7], and so

on [8,9],  have clarified the relationships between the performance with the operating conditions. With

improvements  in  the  laser  surface  processing  technology,  laser  texturing  surface  for  improving  the

performances of mechanical components has attracted extensive attention [10–12]. Especially, improving

seal performances by a texturing rod is an important topic for the seals. Huang et al. [13] analyzed the

performances of the reciprocating seal with plunge ground rods. The contact pressure, friction force and

fluid transport are simulated and discussed by a mixed lubricating model. The seal performances of the

reciprocating seal with textured rod have also been numerically studied in Ref. [14]. Gadari et al. [15]

numerically analyzed the sealing mechanism of reciprocating seal with grooved rod. The lubrication film

and fluid pressure distributions are simulated by the modified Reynolds equation
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considering the cavitation on the sealing zone. A comparison between experimental and numerical
results has shown that the method is more accurate than the inverse hydrodynamic lubrication (IHL)
model.  In  addition,  Guo  et  al.  [16,17]  investigated  the  e  ects  of  the  textured  shafts  on  the
performances of rotary lip seal. It is found that the textured shafts would change the pumping rate
and friction torque of the shaft lip seal.

Since the seal is operating under mixed lubricating conditions, the wear of the reciprocating
seal is unavoidable due to friction and wear, the sealing lip is thus continuously changed when the
seal is working [18]. With the change of the lip profile, the contact width and contact pressure on the
sealing zone are changed accordingly. Since the sealing performance is significantly dependent on
the contact width and contact pressure, the wear of the sealing lip  would lead to a continuous
change of the sealing behaviors, including friction, leakage, and so on [19].

Some  previous  research  on  the  seal  wear  mainly  concentrate  on  the  experimental  aspects.

Combing the experiment  with  the  numerical  model,  the  influence of  the  wear of  the seal  lip  on  the

performance of  the  shaft  lip  seal  was  studied  [18].  The wear  properties  of  the  seal  materials  were

investigated by experiments, including accelerated wear [20], and two-body abrasive wear [21], and so on

[22,23]. However, since there are many parameters to be considered and controlled in the experiments,

the experimental studies are normally time consuming and expensive. Numerical approaches have thus

been used to study on the wear of the seal. Due to the widely used of Finite element method (FEM) in the

structural  analysis  [24],  a  combination  of  the  FEM and Archard  wear  model  is  normally  adopted to

simulate the seal wear [25]. The contact pressure is calculated by finite element analysis (FEA). The wear

depth of  the seal lip  is  solved by the Archard wear model.  Békési  et  al.  [26,27]  simulated the wear

process  of  the  reciprocating  seal.  Considering  the  e  ects  of  temperature,  a  structural  and  thermal

coupling simulation model is developed based on the FEM to study the wear of the seals, including the O-

shape seal and rectangular-section seal [28,29].  The continuous wear process is approximated as a

discrete set of time. The wear depth is calculated by the Archard wear model and used to update the seal

lip  geometry.  Frölich et  al.  [23]  presented a macroscopic  simulation model  for  analyzing the contact

behavior of a rotary lip seal, considering the interaction of temperature, friction and wear.

However, the method of combing the FEM and Archard wear model neglects the lubricating e
ects on the wear of the seal. In fact, lubrication characters and wear of the seal are strongly coupled.
To this end, the e ects of the lubrication on the seal wear should not be neglected when analyzing
the seal wear.  To investigate seal wear under di  erent  lubricating conditions,  a numerical  wear
model is proposed in Ref. [30] based on the elasto-hydrodynamic (EHD) lubrication model, Archard
wear model and macro contact model. The relationship between the lubricating characteristics and
the seal wear was analyzed. In addition, a multiscale simulation model was made to analyze the
relationship between seal wear and lubrication characteristics in Refs. [31,32]. In the simulations,
macro  contact  load  is  analyzed  by  the  macroscale  finite  element  model.  Asperity  contact  and
hydrodynamic pressures are calculated by a mixed thermal EHD lubrication model. The Archard
model is modified to calculate the seal wear.

For the textured surface, Xiong et al. [33] studied the sliding wear of polytetrafluoroethylene (PTFE)

experimentally.  Qi  et  al.  [34]  investigated the e ects  of  the textured steel  surface on the tribological

properties of PTFE composite in dry friction. Moreover, the e ects of the textured shafts on the wear of

the rotary lips seal were analyzed in Ref. [35]. However, it is di cult to find a study on the e ects of the

textured rod on the wear of the reciprocating seal. In addition, since the experimental studies are always

time consuming and labor consuming, a numerical wear simulation method is presented in this paper for

reciprocating seals with textured rods. Three common kinds of texture shapes, such as circle, square,

and triangle, are modeled and investigated. The e ects of the lubricating characteristic of the reciprocating

seal are considered in the numerical model. Under di erent rod speeds and di erent texture parameters,

the wear of the reciprocating seal is simulated and discussed.

The structure of the rest of the paper is as follows. Rod textures and shape feature parameters are 

introduced in Section 2. In Section 3, the lubrication model is developed with considering the rod





zone. Generally, the lubricating film on the sealing zone is only a few microns. So, the microscopic
deformation of the sealing lip caused by the lubricating film is very small. Compared with the macro
deformation,  the  micro  deformation  on  the  sealing  lip  so  small  that  it  is  assume  the  micro
deformation has no e ects on the macroscopic deformation of the seal. Namely, the static contact
pressure and contact width will not change with the microscopic deformation of the sealing lip.

The simulation of the microscopic deformation is divided into two parts. Firstly, the calculation
of  the  microscopic  deformation  on  seal  surface  with  a  smooth  rod  is  produced.  Since  the
reciprocating seal is under the mixed operating conditions, asperity contact occurs and the ratio of
the film thickness to the surface roughness is less than three. Therefore, the micro deformation of
the seal lip caused by the film is very little. Compared with the micro deformation of the seal lip, the
total  size  of  the  seal  is  so  large  that  the  seal  can  be considered  as  a  semi-infinite  body  [4].
Therefore, the calculation of the seal microscopic deformation is given by
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The local pressure di erence Dp(x, y) is given by

Dp(x, y) = pf(x, y) + pc(x, y)  p(x, y)

(14)

(15)

where p is the static contact pressure.
Secondly,  the  microscopic  deformation  of  the  seal  caused  by  the  textures  on  the  rod  is

simulated. After the calculation in the first simulation, the pressure di erence in the non-textured
zone is zero, the sum of the pressure di erences in the textured zone is

x
F

sum =
(pf(x, y) + pc(x, y))  p(x, y)dxdy (16)

textured zone

Since the seal  is  viscoelastic,  when the rod moving there is  not  enough time for  the seal
surface to fall into the micro-cavity of the textured rod. Hence, the pressure di erence in the textured
zone is undertaken by the non-textured zone [14]. During the movement of the rod, the texture on the

sealing zone is changed all the time. It is assumed that the force di erence on the sealing zone is spread

equally across the simulation area, the deformation of the seal lip surface is then calculated by Equation (14)

with the following pressure di erence

Dp(x, y) =

F
sum

(17)
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4. Wear Analysis

The Archard model is commonly applied to calculate the seal wear [23–30]. In the Archard

wear model, the wear volume is calculated by

V = K WS (18)
H

where V is the material wear volume, K is the wear coe cient, S is the relative sliding distance of
surface, W is the normal load on the surface, H is the hardness of softer material.



where pn is the normal contact pressure.
Generally, the wear modulus is obtained experimentally under a specific condition, in the wear

analysis, it is assumed to be constant. However, as shown in Figure 5, the reciprocating rod seal is
normally operated in mixed lubrication conditions. With the change of the operating conditions,
Materials 2020, 13, x FOR PEER REVIEW 8 of 27 the lubrication characteristics of the seal on the sealing zone are
changed accordingly. Especially,
when the rod is textured, the lubrication characteristics change significantly. Therefore, the previous lubrication characteristics of the seal on 
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method is not suitable for analyzing the reciprocating seal with the textured rod, the Archard model the rod is textured, the lubrication characteristics 
change significantly. Therefore, the
should be modified for considering the lubrication.

previous  rod, the Archard model should be modified for considering the lubrication.

Figure 5. Detailed lubrication statuss on the sealing zone.

In the mixed lubrication conditions, the normal load of the sealing lip is composed of the fluid In the mixed lubrication 
conditions, the normal load of the sealing lip is composed of the fluid

andand asperityasperity contactcontact pressures,pressures, namely,namely,
pn = pf + pc

p n  = p f + pc
(22)
(22)

When the fluid is so clean that there is no particle in the lubricating film, the seal wear caused by When the fluid is so clean
that there is no particle in the lubricating film, the seal wear caused the fluid pressure can be considered to be zero [35]. In this

case, only asperity contact would cause seal
by the fluid pressure can be considered to be zero [35]. In this case, only asperity contact would cause wear. The wear depth of the reciprocating
rod seal is calculated by
seal wear. The wear depth of the reciprocating rod seal is calculated by

hWh ==kpkpcSS (23)
W c (23)

c is

where pc is predicted by the lubrication analysis.
The contact of the seal with the rod surface at the asperity point is not direct and dry. Since there The contact of the seal with the rod 
surface at the asperity point is not direct and dry. Since

is lubrication fluid existingexistingthe sealing region, there is a boundary lubricationlubricationfilm the contact

there is lubrication fluid the sealing region, there is boundary film at the
point, as shown in Figure 5. Therefore, the wear modulus k of the sealing lip should be obtained by contact point, as shown in Figure 5.
Therefore, the wear modulus k of the sealing lip should be
the boundary lubrication experiment of the PTFE-based material  sliding on a smooth face.  According  obtained by the boundary lubrication
experiment of the PTFE-based material sliding on a smooth
to the Ref. [41,42], the value of the wear modulus of the PTFE-based material is approximately 10−4 – face. According to the Ref. [41,42], the value of the wear modulus of
the PTFE-based material is

10 −6 mm /Nm. In the presented research, the wear modulus of the PTFE-based ring is assumed to be

3 4 6 3
approximately 10 –10 /Nm. In the presented research, the wear modulus of the PTFE-basedmm

1.2 × 
10−5 mm3/Nm.

10
5 3

/Nm.ring is assumed to be 1.2 mm

When the rod is moving, the lubricating characteristic of the sealing zone changes with time
because the rod surface is textured. The asperity contact pressure of the seal changes all the time
with the rod moving. So, the average asperity contact pressure of a certain stroke is adopted to
calculate the seal wear. Here, the stroke can be assumed to be equal to the texture length L, and the
continuous motion of the piston rod is divided into n states. The wear depth of the seal is given by
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The wear volume is given by D
rod x hWdxdyV = (26)Ly

In the presented research, the wear time rate is given by

rt =
dV

(27)dt

The wear distance rate is given by d
V

rs = (28)dL

5. Procedure of the Simulation Method

The computational procedure is presented in Figure 6. The mixed lubricating model is firstly
solved, then the wear model is solved based on the lubrication analysis. In the lubrication analysis,
the fluid mechanics, asperity contact mechanics, and the micro deformation of the sealing lip are
strongly coupled.  In order to solve this coupling problem, an iterative method is adopted in the
numerical analysis.

At  the  beginning  of  the  numerical  analysis,  static  contact  pressure  and  contact  width  are

obtained by FEA with the software ANSYS. Initial film thickness h0 is obtained by inversing Equation
(9). In the solving of Equation (9), asperity contact pressure is assumed to be equal to the static
contact pressure. There are three loops in the analysis of the lubrication of the reciprocating seal.
The innermost loop is used to solve the fluid pressure of the film, including the Reynolds equation
and Roelands equation. When solving the Reynolds equation, a finite volume method is applied to
discretize Equation (4), and the tri-diagonal matrix algorithm (TDMA) method is applied to solve the
finite volume discrete equations. More details can be found in Ref. [43]. In the middle loop, contact
pressure is solve by Equation (9), and micro deformation on the seal lip is solved by Equations (14)–
(17). Then, the follow convergence criterion equation is solved,

s p
(
x

,

y
)
dxdy

sp(x,
f
y)dxdy c

(x, y))dxdy
" (29)

(p (x, y) + p
s

where " is the convergence tolerance. If the convergence criterion is met, solve the outermost loop,
else, update the film thickness and return to the fluid pressure calculation. In the outermost loop, the
continuous stroke of the seal is approximated as a discrete set of time. For each time step, the
asperity contact  pressure is solved. When the stroke, here assumed to be equal to the texture
length L, is reached, the average asperity contact pressure is solved to predict the seal wear.
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The computational procedure is presented in Figure 6. The mixed lubricating model is firstly
solved, then the wear model is solved based on the lubrication analysis. In the lubrication analysis,
the fluid mechanics, asperity contact mechanics, and the micro deformation of the sealing lip are
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Figure 6. Scheme of computational procedure.

6. Results and Discussion

Wear of reciprocating seals with textured rod can be predicted by the proposed method. The
main parameters are shown in Table 2, including seal face roughness, diameter of the rod, and so
on.  The  sealed  pressure  is  5  MPa.  By  the  FEA,  the  static  contact  pressure  distributions  are
obtained, as shown in Figure 7. The maximum of the contact pressure is about 33.562 MPa and the
contact width of the seal is about 0.19 mm. Table 3 shows the main geometrical parameters of the
rod textures in the simulations.



Figure1212.. Fililm thickness duringtheinstroke..

Figures1113and1214  show  the asperitysimulationcontactresultspressureofthedistributionslubricatingonfilmtheonsealingthe  sealingzonewithzone

withdifferenterenttextexturedrodsrod.As,showndurigintheFigureoutstroke13,theandasperityinstroke,contactrespectivelyressures.ofAstheshowntexturedin  Figurerodare11,

durinbggerthethanoutstrokethoseofthethefilmsmooththicknessrodduringthe texturedtheoutstrzoneke, isexceptmuchingreaterthetexturedthanthatzonein. theAs mentionednon-textured

abovregardless,thefilm in the textured zone is very thick, resultingbecause,inleasperity contactEquationsexisng.Seal wear

zone, of the shapes. It is reasonable shown in (3) and (7),
in the textured zone is thus very weak. According to the micro deformation analysis of the seal the film thickness in the textured zone is hr larger than

that in the non-textured zone. In this case,
surface, the pressure difference in the textured zone is undertaken by the fluid and asperity contact

the film thickness distribution is like the shapes of the rod’s surface micro-cavity. Since the film
in the non-textured zone, the asperity contact pressure in the non-textured zone is thus bigger than

thickness in the textured zone is much bigger than that in the non-textured zone, less asperity contact
that of the smooth rod. A stronger wear will exist on the seal surface in the non-textured zone.

will exist in the textured zone, resulting in weaker seal wear.
Figure 14 shows the asperity contact pressure distributions for the smooth and textured rods Figure 12 shows the film thickness distributions 

during the instroke. As is the case during the
seal during the instroke. As is the case during the outstroke, the asperity contact pressures with the

outstroke, the film thickness in the textured zone is greater than that in the non-textured zone. Less
textured rods are bigger than those with the smooth rod. In the textured zone there is little existing

asperity contact exists in the textured zone, and the seal wear is weaker. Comparing the film thickness
asperity contact, resulting in a weaker seal wear. In the non-textured zone, since the asperity contact

during the outstroke and instroke, the film thickness during the outstroke is smaller than that during pressure is bigger than that of the smooth rod, 
a stronger seal wear will exist.

instroke, regardless of the smooth or textured rod. Hence, a stronger seal wear will occur during the
outstroke.



Figure 13. Asperity contact pressureduring theoutstroke.
13. the .

Figures 13 and 14 show the asperity contact pressure distributions on the sealing zone with di
erent textured rods. As shown in Figure 13, the asperity contact pressures of the textured rod are
bigger than those of the smooth rod during the outstroke, except in the textured zone. As mentioned
above, the film in the textured zone is very thick, resulting in less asperity contact existing. Seal
wear in the textured zone is thus very weak. According to the micro deformation analysis of the seal
surface, the pressure di erence in the textured zone is undertaken by the fluid and asperity contact
in the non-textured zone, the asperity contact pressure in the non-textured zone is thus bigger than
that of the smooth rod. A stronger wear will exist on the seal surface in the non-textured zone.



Figure 14. Asperity contact pressureduring theinstroke.
14. the .

Figure 14 shows the asperity contact pressure distributions for the smooth and textured rods Figures 15 and 16 show the simulation
results of wear time rates and fluid flow rates, seal during the instroke. As is the case during the outstroke, the asperity contact pressures

with the respectively. As shown in Figure 15, it can be noted that, during the outstroke, the textured rods will
textured rods are bigger than those with the smooth rod. In the textured zone there is little existing significantly increase the seal wear
compared with the smooth rod, but during the instroke the asperity contact, resulting in a weaker seal wear. In the non-textured zone,
since the asperity contact increase is very small. The above-mentioned phenomena are in accordance with those in the analysis
pressure is bigger than that of the smooth rod, a stronger seal wear will exist.

of the fluid pressure distribution. The average seal wear rate of the outstroke and instroke with the
Figures 15 and 16 show the simulation results of wear time rates and fluid flow rates, respectively. textured rod is a little bigger

than that with smooth rod. Hence, it can be concluded that the effect of As shown in Figure 15, it can be noted that, during the outstroke,
the textured rods will significantly the rod texture on the seal wear is negative. In addition, it can be noted that the effects of the textures
increase the seal wear compared with the smooth rod, but during the instroke the increase is very small.

on the seal wear are almost identical.
The above-mentioned phenomena are in accordance with those in the analysis of the fluid pressure Figure 16 shows the fluid flow

rates during the outstroke and instroke for different kinds of distribution. The average seal wear rate of the outstroke and instroke with the
textured rod is a little textures. Note that the flow rate of the textured rod is a little bigger than that of the smooth rod,

bigger than that with smooth rod. Hence, it can be concluded that the e ect of the rod texture on the during both the outstroke and instroke. It
should be emphasized that, since the rod speed is slow, the
fluid is carried out of the cylinder during the instroke. Therefore, the seal will leak during the 
instroke. In this case, the textured rod can reduce the seal leakage during both the outstroke and



seal wear is negative. instroke, as
shown in in

almost identical.

basically the same.
.

In addition, it can be noted that the e ects of the textures on the seal wear are Figure 16. Moreover, the effects of the textured rods on the seal leakage are
. of

Figure 15. Wear time rates of different textures.
Figure 15. Wear time rates of different textures.

Figure 15. Wear time rates of di erent textures.

Figure 16. Fluid flow rates of different textures.
Figure 16. Fluid flow rates of textures.

Figure 16. Fluid flow rates ofdifferent textures.
In the numerical calculation of the seal wear, simulation space on the sealing zone should be Figure 16 shows the fluid fl w rates during thesi outstroke 
nd i stroke for di er nt kin s of

meshed. When the mesh is 200 × 200, 180 × 180, and 150 × 150, the simulation results of the circle textures.. Note that the flowis rate of× the textured× rod is little×bigger than that of the
smoothofrod, duci ing

texture are shown in Figure 17. It can be seen that the simulation wear rate is affected by the

bo h the outstroke instroke. It should be emphasized that, since the rod speed slow, the fluid is
in . It is and

calculation mesh. When the mesh changes from 200 × 200 to 150 × 150, the value of the wear rate carried out of the. cylinder during the instroke. Therefore,× thetoseal will× 
leak during theofinstroke. In this

increases by 3.
9% during outstroke,  and increases by 4.

8% during instroke
.
 To this end, we need to

case, the textured3. rod can reduce the seal leakage during4. both the outin .and instroke as 
shown toin

increase the element density of the mesh in the numerical simulation to improve the accuracy of the Figure 16. Moreover, the ectsof of the texturedin rods on the seal 
leakageto are basically the same. of

wear calculation, although the simulation time is thus increased.

In the numerical calculation of the seal wear,is simulation space. on the sealing zone should be
meshed. When the mesh is 200 200, 180 180, and 150 150, the simulation results of the circle
texture are shown in Figure 17. It  can be seen that the simulation wear rate is a ected by the
calculation mesh. When the mesh changes from 200 200 to 150 150, the value of the wear rate
increases by 3.9% during outstroke, and increases by 4.8% during instroke. To this end, we need to
increase the element density of the mesh in the numerical simulation to improve the accuracy of the
wear calculation, although the simulation time is thus increased.



Figure 17. Wear rates under di erent simulation meshes.
Figure 17. Wear rates under different simulation meshes.

Figure 17. Wear rates under different simulation meshes.
6.3. E ects of Rod Speed

6.3. Effects of Rod Speed

6.3. Effects of Rod Speed
Seal wear with di erent textured rods under di erent rod speeds is also simulated, as shown in

Seal wear with different textured rods under different rod speeds is also simulated, as shown in FiguresSeal18wearand with19.IndifferentFigure 
18textured,theasperityrodsundercontactdifferentloadratiorodspeedsincreasesisalsowithsimulated,rodspeedasincreasingshown Figures 18 and 19. In Figure 18, the asperity contact load ratio 
increases with rod speed increasing duringFiguresthe18 outstroke,and19.In regardlessFigure18, 
ofthetheasperitytexturecontactshapes.loadHowever,ratioincreasesduringthewithnstrrodkespeedthecontactincreasingload during the outstroke, regardless of the texture shapes. However, during 
the instroke the contact load ratioduringincreasestheoutstroke,.Itindicatesregardlessthat,duringofthe thetextureinstrokeshapesthe. 
fluidHowever,pressureduringincreasestheinstrokewithrodthespeed,contactandloadthe ratio increases. It indicates that, during the instroke the fluid pressure increases with rod speed, and 
sealratiolipincreasesisthus. pushedItindicateshigher,that,movduring theawayinstrokefromthethe rodfluidsurfacepressure.However,increasesduringwithrodthespeed,outstrokeand the seal lip is thus 
pushed higher, moving away from the rod surface. However, during the outstroke the fluidseallippressureisthus ispushedweakenedhigher,by 
movingrodspeedawayincreasing,fromtheresultingrodsurfacein.theHowever,rod’ssurfaceduringbeingtheoutstrokecloserto the fluid pressure is weakened by rod speed increasing, resulting in the 
rod’s surface being closer to the lipfluidsealpressure.Inaddition,isweakenedtheasperitybyrodcontactspeed 
loadincreasing,ratiosofresultingdierentintexturestherod’saresurfacesimilarbeingtoeacloserhother,to the lip seal. In addition, the asperity contact load ratios of different textures are similar to 
each other, whichthelipissealin .accordanceInaddition,withthe theasperityanalysiscontactofFiguresload ratios13andof14different.Hence, texturestheseal weararesimilarofdi erenttoeachtexturother,d 
which is in accordance with the analysis of Figures 13 and 14. Hence, the seal wear of different rodswhichis issimilaccordanceintoechotherwith toothe. analysisThroughofFigureFigures18,13it 
canand be14 .seenHence,thatthethesealoperatingwearofconditionsdifferent textured rods is similar to each other too. Through Figure 18, it can be seen that the operating 
wouldtexturedsignificantlyrodsissimilarect toheeachlubricationother tooofthe.Throughrodseal,Figuresealwear18, isit thuscan changedbeseen thatwith the operating conditions would significantly 
affect the lubrication of the rod seal, seal wear is thus changed with conditionss. 
wouldAsperitysignificantlycontactloadaffectratiostheduringlubricationtheoutstrokeoftherodareseal,littlesealbiggerwear thanisthusthosechangedduringwiththe
the  operating  conditions.  Asperity  contact  load  ratios  during  the  outstroke  are  a  little  bigger  than
instroke

theoperating
.Hence,

conditions
thewear

.
ofAsperitytheeciprocating

contactload
seal ratios

during
during

theoutstroke
theoutstroke

willbe greater
arelittle

than
bigger

thatduring
than

 those during
the instroke. Hence,  the wear of the reciprocating seal during the outstroke will  be  instroke,thoseduringregardlesstheinstrokeoftherod.Hence,speedthe. wear of the reciprocating seal
during the outstroke will be greater than that during instroke, regardless of the rod speed.
greater than that during instroke, regardless of the rod speed.

((aa)) ((bb))

Figure 18. The relationship between the rod speeds and asperity contact load ratios, (a) outstroke,
FigureFigure 18.18. TheThe relationshiprelationship betweenbetween thethe rodrod speedsspeeds andand asperityasperity contactcontact loadload ratios,ratios, (a)(a) outstroke,outstroke, (b)(b) instroke.instroke.

(b) instroke.
The average wear rate is defined as the mean value of the outstroke and instroke, and the The average wear rate is defined as 
the mean value of the outstroke and instroke, and the

simulation results of different textures are shown in Figure 19. Note that when the rod’s speed is simulation results of different textures are shown in 
Figure 19. Note that when the rod’s speed is

increasing from 10 mm/s to 30 mm/s, the average wear distance rates decrease from about 3.08 × 10−6 increasing from 10 mm/s to 30 mm/s, the average 
wear distance rates decrease from about 3.08 × 10−6

mm3/mm to about 3.02 × 10−6 mm3/mm. It is because of this, the increase in the seal wear during the mm3/mm to about 3.02 × 10−6 mm3/mm. It is 
because of this, the increase in the seal wear during the

outstroke is smaller than the seal wear decrease during the instroke. In addition, with the rod’s speed
increasing, average wear time rates increase from about 3.1 × 10−5 mm3/s to about 9.1 × 10−5 mm3/s. It
can be concluded that the service lifetime of the seal will be reduced with the increased rod speed.



Therefore, when analyzing the seal wear with the textured rod, the operating condition of the rod’s Materials 
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speed should be considered.
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Figure 19. The wear rates under di erent rod speeds, (a) circle, (b) square, (c) triangle (Axial symmetry), Figure 19. The 
wear rates under different rod speeds, (a) circle, (b) square, (c) triangle (Axial

(d) triangle (Circumferential symmetry).

symmetry), (d) triangle (Circumferential symmetry).



Figures 20 and 21 show the seal wear rates and fluid flow rates with di erent texture area
ratios, respectively. Corresponding simulation parameters are: rod speed 20 mm/s, texture depth
1.3 m, shape feature parameter one, and texture area ratio 0.06–0.1.

In Figure 20, it can be noted that, with texture area ratio increasing, wear time rates increase
during outstroke, regardless of the texture shapes. During the instroke, the wear time rates increase
too. It is because of this that with the texture area ratio increasing, the pressure di erence in the
textured zone increases, resulting in a bigger load on the non-textured zone. The sealing lip is thus
closer to the rod’s surface and the lubricating film becomes thinner. In this case, the sear wear in
the non-textured zone becomes worse. If the increase in the seal wear in the non-textured zone is
bigger than the decrease in the textured zone, the seal wear will increase, as shown in Figure 20.

As shown in Figure 21, with the texture area ratio increasing, the fluid flow rates are decreased
during both the outstroke and instroke. It is because that, with the increase of the texture area ratio,
the pressure di erence in the textured zone increases.The seal lip is thus pushed closer to the rod’s
surface and the film thickness in the sealing zone becomes thinner. Hence, the fluid flow rate of the
seal is decreased with the increasing texture area ratio.

Figures 22 and 23 show the seal wear rates and fluid flow rates with di erent texture depths,
respectively. The corresponding simulation parameters are: rod speed 20 mm/s, texture area ratio
0.08, shape feature parameter one, and texture depth 1–3 m.

As shown in Figure 22, it can be noted that, with texture depth increasing the wear of the seal
decreases during the outstroke, regardless of the texture shapes. However, during the instroke the
seal  wear  increases  when  the  texture  depth  increases.  This  means  that,  with  texture  depth
increasing, the fluid pressure increases during the outstroke, while it decreases during the instroke.
As shown in Figure 23, it can be noted that the fluid flow rates decrease with the increasing texture
depth during the outstroke, regardless of the texture shapes. This is because that, although the fluid
pressure in the textured zone increases during the outstroke, when the texture depth increases, the
asperity  contact  pressure  in  the  textured  zone  decreases,  the  whole  pressure  in  the  textured
decreases. In this case, the asperity contact pressure in the non-textured zone increases and the
lubricating film on the sealing zone of  the textured rod is decreased. Hence, the fluid flow rate
decreases. During the instroke, the fluid flow rates decrease too. It is because of this that during the
instroke the fluid pressure and the asperity contact pressure in the textured zone decrease with
increasing texture depth. So, the asperity contact pressure in the non-textured zone increases. In
this case, the lubricating film becomes thinner and the fluid flow rate decreases.

Through the analysis of Figures 20 and 21, increasing the texture depth is a possible way to
increase the seal performance, since it can reduce the leakage of the seal, while it may not increase
the wear rate.

Wear  time  rates  and  fluid  flow  rates  with  di  erent  texture  feature  parameters  were  also
numerically  investigated,  the simulation results are shown in Figures 24 and 25. Corresponding
simulation parameters are: rod speed 20 mm/s, texture area ratio 0.08, texture depth 1.3 m, and
shape feature parameter 0.8–1.2.

Figure 24 shows the wear time rates with di erent shape feature parameters, during the outstroke

and instroke. Note that, with the feature parameter increasing, the wear time rates are nearly unchanged,

regardless of the textures shapes. This is because with the feature parameter increasing, the pressure di

erence of the textured zone in the x-axis direction increases, and in the y-axis direction decreases, the

pressure di erence in the whole textured zone is thus unchanged. Hence, the load of the asperity contact

on the sealing zone has no change, resulting in an unchanged of the seal wear rate.

The fluid flow rates with di erent shape feature parameters of the textures are shown in Figure
25. It can be seen that the fluid flow rates have no change with the increasing feature parameter. As
mentioned above, with the shape feature parameter increasing, the pressure di erence in the whole
textured zone is unchanged, resulting in an unchanged load in the non-textured zone. So, the film
thickness on the sealing zone is unchanged, and the fluid flow rate has no change.



7. Conclusions

In this paper, a numerical model is presented to investigate the e ects of the textured rods on
the wear of the reciprocating seal. This model is focused on the seal wear under mixed lubrication
conditions  by  combining  the  EHD lubrication  model  and  the  Archard  wear  model.  An  iterative
algorithm is used to solve the lubrication model, since the fluid pressure, asperity contact pressure
and micro-deformation of the seal lip are strongly coupled. A comparison of the average asperity
contact pressure on the simulation space between the present model and Huang’s model is carried
out  to  validate  the  model  in  the  present  research.  The  e  ects  of  the  mesh  in  the  numerical
simulation  are  analyzed.  Seal  wear  under  di  erent  rod  speeds  are  simulated  and  analyzed.
Importantly, the e ects of the texture on the seal wear are parametrically studied.

The textures on rod surface have a significant influence on the fluid pressure, film thickness
and asperity contact pressure distributions. Since the wear of the seal lip greatly depends on the
asperity contact of the seal with the rod surface, the texture e ects cannot be neglected. Compared
with the smooth rod, the textured rod will increase the seal wear, but reduce the seal leakage. Under
the same sealed pressure, the seal during the outstroke seems to have a higher risk of wear than
during the instroke, and should be receive more attention in the seal design. With the texture area
ratio  increasing,  the seal  wear increases and the leakage decreases,  regardless of  the texture
shapes. When the texture depth increases, the seal leakage decreases, the seal wear decreases
during the outstroke and increases during the instroke. The shape feature parameter has no e ect
on the wear and the leakage of the reciprocating rod seal. In addition, rod speed is one of the most
important factors for analyzing the seal wear and needs to be considered in the analysis of the seal
wear  with  textured  rods.  The  simulation  results  are  sensitized  to  the  mesh in  that  it  needs to
increase elements density of the mesh to improve the accuracy of the wear calculation.

The presented research provides a foundation for engineers to investigate the seal wear of the
reciprocating seal with textured rods. The e ects of start/stop of the rod are ignored in the present
model, but the start/stop of the rod exacerbates the seal wear since the seal surface traps in the
micro-cavity on rod surface when the rod is stationary. Therefore, the e ects of start/stop of the rod
and experimental verifications should be focused on in future research.
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List of Symbols

a length of micro-cavity in axial direction b length of micro-cavity in circumferential direction
C10, C01, d Mooney–Rivlin coe cients Drod rod diameter
E equivalent Young’s modulus Eseal Young’s modulus of the seal

F cavitation factor Fsum sum of the pressure di erences

h film thickness h0 initial film thickness
hp depth of the micro-cavity hr rod surface height

hT average truncated film thickness hw wear depth
Dh micro deformation of the sealing lip surface H hardness

I1, I2 deviatoric strain invariants J parameter relating to the elastic deformation gradient

k wear modulus K wear coe
cient

L side length of texture Lx length of the simulation space in axial direction
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