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Abstract: The rheological characteristics of the oil film on the rod-seal interface in the sealing zone have a major influence on the 
behavior of reciprocating seals. Because of the addition of polymers, the viscosity and temperature properties of hydraulic oil have 
improved and the fluid presents non-Newtonian characteristics. To investigate the influence of these characteristics on seal be-
havior, a soft elastohydrodynamic lubrication (EHL) numerical model is introduced to simulate a step seal under a mixed lubri-
cation condition. A modified Reynolds equation is derived for calculating the fluid film pressure distribution more accurately. The 
equation is based on the power law fluid model and Jakobsson-Floberg-Olsson (JFO) cavitation theory. Results are presented to 
gain insight into the effect of non-Newtonian fluid characteristics on seal behavior, and the simulated results are compared to those 
of a Newtonian fluid to reveal the seal mechanism. The influence of operating parameters and the seal surface root mean square 
(RMS) roughness on sealing performance under different power law indexes is also investigated and discussed. 
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1  Introduction 
 
A reciprocating rod seal is a key element com-

monly used in hydraulic cylinders. Its function is to 
prevent hydraulic fluid leaking into the environment 
and to ensure the reliable performance of a hydraulic 
system. When the rod moves during both outstroke 
and instroke, the thin hydraulic oil film adhering to it 
is dragged into the sealing interface (i.e. the sealing 
zone) between the seal lip and the rod. The existing 
hydraulic oil in the sealing zone lubricates the seal 

and has a direct effect on the friction and leakage of 
the seal. A thick fluid film will lead to leakage, while 
a thin fluid film will result in a greater frictional force 
and exacerbate wearing of the seal. To gain a better 
understanding of the mechanism of action of such a 
seal and to realize accurate control of its working 
behavior, many researchers have carried out extensive 
theoretical and experimental studies since the 1960s 
(Nikas, 2010). As a result of their efforts, a lubrication 
theory of such seals has been successfully developed, 
covering full film lubrication (Stupkiewicz and 
Marciniszyn, 2009) and mixed lubrication (Salant et 
al., 2007; Öngün et al., 2008; Yang and Salant, 2010; 
Crudu et al., 2013; Li et al., 2018). The theory has 
been used to predict aspects of seal behavior, such as 
the film thickness (Karaszkiewicz, 1988; Field and 
Nau, 2008), pressure distributions (Ruskell, 1980; 
Green and English, 1994), and leakage and friction 
characteristics (Nikas, 2003; Heipl and Murrenhoff, 
2015; Shen et al., 2015; Zhao et al., 2016). 
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All of those studies assumed the hydraulic oil 
was a Newtonian fluid. However, in practice, in an 
effort to improve the viscosity and temperature 
properties of lubricants, polymers are often added to 
the lubricating oils which make the oils exhibit a 
non-Newtonian fluid behavior (i.e., there is a non-
linear relationship between the shear stress and the 
shear strain rate of the fluids) (Das, 1999). In addition, 
when the lubricant contains a small amount of gas 
(such as air bubbles), the rheological behavior of the 
lubricating oil will also deviate markedly from that of 
Newtonian fluids. Thus, the non-Newtonian rheo-
logical properties of lubricants have become an im-
portant factor in sealing design. 

There have been many studies of the effect of 
non-Newtonian fluids on a number of critical tribo-
logical components, such as bearings (Dien and El-
rod, 1983; Das, 1999; Sharma and Yadav, 2014), 
mechanical seals (Sinha et al., 1987; Safar, 1991), lip 
seals (Hajjam and Dominique, 2006), gears (Zhou et 
al., 2017), and magnetic heads/disks (Li et al., 1997). 
Various non-Newtonian fluid models have been 
proposed to predict the behavior of these lubricants, 
such as the power law model (Li et al., 1997; Sharma 
and Yadav, 2014), cubic law model (Kushare and 
Sharma, 2014), Herschel-Bulkley model (Bouyahia et 
al., 2006), couples stress model (Chippa and Sarangi, 
2013), and micropolar model (Sharma and Rajput, 
2013). The power law model (Eq. (1)), where the 
index n is related to the fluid flow behavior, is still  
the most commonly used in practice, since it can 
characterize two main types of non-Newtonian fluids, 
i.e. dilatant fluids (n˃1) and pseudoplastic fluids 
(0˂n˂1). It can also characterize a Newtonian fluid 
(n=1), which is a hypothetical fluid widely used in 
numerical analysis (Das, 1999). In a previous study, 
Dien and Elrod (1983) derived a generalized steady- 
state Reynolds equation for 2D journal bearings using 
an equivalent power law model, which was the sim-
plest power constitutive non-Newtonian fluid Reyn-
olds equation of all. Li et al. (1997) proposed a mod-
ified average Reynolds equation to study the com-
bined influence of the surface roughness and non- 
Newtonian fluids on the lubrication of a magnetic 
head-disk interface. In their study, the surface 
roughness was first taken into consideration by using 
the perturbation approach together with a Green’s 
function. Other researchers such as Singh et al. (1982) 

have investigated the elastohydrostatic lubricating 
performance of a circular plate thrust bearing, under 
the condition of non-Newtonian power law fluids. 
They numerically analyzed the influence of the power 
law index n on the film profile and load capacity. 
Sharma and Yadav (2014) studied the effect of non- 
Newtonian fluids on the performance of a hybrid 
circular thrust pad bearing with various surface  
micro-dimples by introducing three key coefficients 
into a modified Reynolds equation, under several 
typical power law indexes (i.e. n=0.9, 1, 1.1). 

In addition to the influence of non-Newtonian 
fluids on the behavior of hydraulic reciprocating rod 
seals, there are some other factors that cannot be ig-
nored. Crudu et al. (2012), for example, used an in-
verse hydrodynamic lubrication theory to calculate 
the friction force of a U rod seal. Comparing their 
calculations with experimental data, they pointed out 
that the mixed lubrication condition should not be 
ignored for a very thin fluid film. In addition, ac-
cording to the studies of Salant et al. (2007, 2010) on 
the simulation of a hydraulic reciprocating rod seal, 
the surface roughness of the seal lip plays an im-
portant role in determining the leakage and friction 
force of seals. They showed that a seal will encounter 
fluid cavitation near the air side at high rod speed 
during the outstroke. Thus, the mixed lubrication 
condition, as well as the effects of roughness and 
cavitation, should be taken into consideration in 
simulation research. 

Based on the above points, in this study, we have 
derived a modified Reynolds equation based on the 
power law fluid model and Jakobsson-Floberg- 
Olsson (JFO) cavitation theory, which takes account 
of roughness, cavitation, and non-Newtonian fluid 
effects. To investigate the influence of the non- 
Newtonian flow characteristics of lubricating oil on 
the seal behavior of a hydraulic reciprocating step 
seal, a soft elastohydrodynamic lubrication (EHL) 
model coupled with fluid mechanics, contact me-
chanics, deformation analysis, and thermal analysis is 
used. Furthermore, the sealing mechanism of step 
hydraulic rod seals with two typical non-Newtonian 
fluids (i.e. a pseudoplastic fluid and a dilatant fluid) is 
compared to that of a Newtonian fluid, and the in-
fluence of some parameters (such as the rod speed, 
sealed pressure, and surface roughness of the seal) on 
sealing performance is also analyzed. 
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2  Theoretical models 

2.1  Geometric model 

A step hydraulic reciprocating rod seal was used 
to investigate the effect of non-Newtonian fluids with 
a soft EHL model. Fig. 1a shows the operating con-
ditions of the rod seal in a linear hydraulic actuator. 
Under the action of the driving force caused by the 
hydraulic oil film pressure difference, the rod moves 
out of the cylinder during the outstroke and into the 
cylinder during the instroke. The oil side of the rod 
seal faces a low sealed pressure during the outstroke, 
and a high sealed pressure during the instroke. Gen-
erally, the sealed pressure on the oil side during the 
outstroke is relatively low and always equal to the 
ambient value, which was 0.1 MPa in this study.  

Fig. 1b shows a schematic diagram of a step 
hydraulic reciprocating rod seal operating with a 
polished rod after the run-in period. The seal consists 
of a rubber elastomer O-ring, a polytetrafluoroeth-
ylene (PTFE)-based seal ring (i.e. the back-up ring), a 
sealing housing, and a rod. When a step seal is in-
stalled in a seal groove, the deformed O-ring pushes 
the PTFE-based seal ring to fit the rod closely, thus 
reducing or preventing the leakage of hydraulic oil.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1c shows details of the sealing zone, which 
is the interface between the seal lip and the rod. It is 
reasonable to assume that the rod is perfectly smooth 
since the rod surface roughness is only one tenth of 
that of the seal lip surface, after the run-in polished 
period (Kanters and Visscher, 1989). In the sealing 
zone, a mixed lubrication condition occurs over the 
contact width L, which means that the seal achieves an 
equilibrium condition by the interaction of the asperity 
contact pressure pc, fluid film pressure pf, and static 
contact pressure psc. In addition, we assume that x 
represents the axial direction by neglecting the rod 
curvature, h is the nominal film thickness, and U is 
the constant rod speed, which has a positive value 
during the outstroke, but a negative value during the 
instroke. Generally, the contact angle of the seal lip on 
the hydraulic oil side is significantly larger than that 
on the air side (Fig. 4a). With this structure, the oil 
attached to the rod surface becomes easier to pump 
into the hydraulic cylinder again.  

2.2  Soft EHL model 

The numerical soft EHL model is schematically 
illustrated in the form of a block diagram (Fig. 2).  
All five components of the model, as well as the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Geometrical model 
(a) Hydraulic seals in a linear hydraulic actuator; (b) Schematic of the step seal; (c) Details of the sealing zone 
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interactions between the components, are also pre-
sented. This model combines fluid mechanics with non- 
Newtonian fluids, static contact mechanics, asperity 
contact mechanics, deformation, and thermal analysis. 
The static contact mechanics are focused on calcu-
lating the length of the sealing zone (i.e. the contact 
width), static contact pressure, and the influence co-
efficient matrix by using an offline finite element 
analysis method in the commercial software ANSYS. 
A modified Reynolds equation based on the power 
law fluid model is used to yield the hydrodynamic 
fluid film pressure distribution in the sealing zone 
with the fluid mechanics analysis. The Greenwood- 
Williamson (G-W) model is applied to obtain the 
asperity contact pressure in a dynamic condition. In 
addition, the heat generated by the combination of the 
contact friction due to contact asperity and the viscous 
friction due to viscous shearing of the fluid, results in 
variation of the fluid viscosity in return. 

We assumed that the effect of the micro- 
deformation of a step seal in the sealing zone resulting 
from the combination of the microscale fluid me-
chanics and microscale asperity contact mechanics on 
the macro-deformation of the seal is negligible, since 
the macro-deformation of the seal obtained by the 
static contact mechanics analysis is on a millimeter 
scale, while the micro-deformation of the seal is on a 
micrometer scale. Based on this assumption, the in-
fluence coefficient method is applied to update the 
film thickness in the micro-deformation analysis of the 
seal. The iteration continues until the film thickness 
converges, and then some other auxiliary results will 
be output, such as the leakage rate and friction force.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.2.1  Fluid mechanics 

Considering the flow of a power law fluid be-
tween two rough surfaces, z1 and z2, with translational 
velocities U1 and U2, respectively, in the x direction, 
the details of the frictional couple and the film are 
shown in Fig. 3a. The two rough surfaces are sepa-
rated by the local film thickness hT=h+δ1+δ2, where 
the nominal film thickness h represents the distance 
between the mean levels of two surfaces, and δ1 and 
δ2 are the random heights relative to the mean levels 
of two rough surfaces, respectively. In addition, z is 
the direction of the fluid film thickness (i.e. the nor-
mal direction of the x-y plane), and u, v, and w rep-
resent the velocities of the fluid in the x, y, and z di-
rections, respectively. 

 
1

,
n

u u u
m

z z z
 

  
 
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                       (1) 

 
where τ is the shear stress, m is the consistency coef-
ficient, μ is the equivalent viscosity of the fluid, and n 
is the power law index. 0˂n˂1, n=1, and n˃1 char-
acterize a pseudoplastic fluid (shear thinning), New-
tonian fluid, and dilatant fluid (shear thickening), 
respectively. 

Assuming the fluid is laminar, incompressible, 
and non-inertial, the momentum equations simplified 
from the Navier-Stokes equations take the form of 
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z
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where p is the fluid pressure. 

The continuity equation of an incompressible 
fluid is given by 

 

0.
u v w

x y z

  
  

  
                          (3) 

 
In the case of a rod-seal interface lubricated with 

a power law non-Newtonian fluid, U1=0 and U2=U. 
According to the perturbation procedure (Dien and 
Elrod, 1983), u and v can be obtained by Fig. 2  Components of the numerical model 
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where I is the second invariant of the strain rate ten-
sor, I=(∂u/∂z)2+(∂ν/∂z)2, and μ=mI(n−1)/2. In addition, 
I0 and μ0 are the zero-order values, respectively, for 
the two variables mentioned above, in the expansion 
of the perturbation method.  

By integrating the velocity of the fluid along the 
fluid film thickness, the flow rates (i.e. the volume 
flow per unit width) in the x and y directions can be 
respectively expressed by 
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The mean flow rates entering the control volume 
(Fig. 3b) in the x and y directions, respectively, are 
given by Patir and Cheng (1978, 1979): 
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where Th  is the average truncated film thickness, 

Th =∫(h+δ)f(δ)dδ, and f(δ) is the probability density 

function of δ=δ1+δ2. xx, yy, and scx are flow factors 
(Patir and Cheng, 1978, 1979). σ is the root mean 
square (RMS) roughness of the seal surface. 

For a power law fluid, the conservation principle 
of the flow is given by 

 

T ,yx
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where t is the time.  

By introducing Eqs. (6a) and (6b) into Eq. (7), 
the average flow Reynolds equation for a non- 
Newtonian power law fluid is as follows: 
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In general, cavitation occurs when the local 
pressure of the fluid film is less than the local satu-
rated vapor pressure (Fig. 3b). According to the liter-
ature, the JFO cavitation boundary condition can 
ensure mass conservation across the film rupture and 
reformation boundaries (Floberg, 1964), and is ac-
curate in predicting the cavitation phenomenon of the 
fluid film (Payvar and Salant, 1992). Thus, in the 
present study, the JFO cavitation boundary condition 
was applied to Eq. (8), and the modified form of 
Eq. (8) (i.e. p-θ model) can be given as 
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with a complementary condition 
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where G is the cavitation index, and θ=ρ/ρL is the 
density ratio. ρ is the density, and ρL is the fluid  
density.  

Fig. 3  Micro-scale fluid flow model 
(a) Film geometry; (b) Control volume for average flow 
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To simplify the computational simulation, the 
1D steady form of Eq. (9a) is used since the seal is 
axisymmetric and the film thickness is much smaller 
than the seal radius (Salant et al., 2007). Thus, the 
one-dimensionless form of Eq. (9a) is given by 
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with the complementary condition 
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where the dimensionless variables can be expressed 
as follows: ζ=mUnL/(paσ

n+1), P= ( p −pcav)/(pa−pcav), 

X=x/L, H=h/σ, and HT=hT/σ. pa is the atmospheric 
pressure, and pcav is the cavitation pressure.  

Assuming that both the oil side and air side are 
fully flooded with fluids, then the following dimen-
sionless boundary conditions are used to solve the 
fluid pressure, cavitation index, and density ratio: 
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where ps is the sealed pressure, and X=0 represents the 
oil side (Fig. 1c). 

In addition, a more accurate Roelands equation 
is used to describe the viscosity-temperature-pressure 
relationship of the dynamic viscosity of the thin hy-
draulic oil (i.e. the consistency coefficient) (Roelands, 
1966): 
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where m0 is the consistency coefficient at atmospheric 
pressure and ambient temperature, and T0 is the am-

bient temperature. α represents the pressure-viscosity 
coefficient, and β represents the viscosity-temperature 
coefficient. 

In this study, assuming a Gaussian distribution 
for the seal lip surface asperity heights, the truncated 
film thickness can be calculated by 
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Eq. (10a) is a convection-diffusion-reaction 

equation. Therefore, an efficient and stable finite 
element method (FEM) algorithm, that is, a stream- 
upwind/Petrov-Galerkin (SUPG) weighted residual 
FEM, was applied to solve Eq. (10a) with Eq. (10b) 
(Meng et al., 2014a). According to the SUPG tech-
nology, the integral weak form of Eq. (10a) can be 
written as 
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where W is the weight function, Ω is the computa-
tional domain, and SUPG is the stabilization param-
eter with the following expression (Zienkiewicz and 
Taylor, 2000): 
 

TrianSUPG gle ,
6

h
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where hTriangle is the characteristic length of each el-
ement in the direction of the velocity U(6ζ, 0). 

The detailed iterative procedure for solving 
Eq. (14) is given by Meng et al. (2014b), but there are 
some other differences. For example, the cavitation 
index should be involved in the iterative loop of the 
fluid pressure, and a more iterative loop is needed to 
achieve the viscosity convergence. 

After the fluid pressure is obtained, the volu-
metric flow rate q of the step seal can be computed by 
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Eq. (16) and the average fluid viscous shear stress τf in 
the sealing zone by Eq. (17): 
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where D is the diameter of the rod. f, fss, fpp are 
flow factors, which can be obtained from Patir and 
Cheng (1978, 1979). 

2.2.2  Asperity contact mechanics 

As mentioned above, the rod is deemed to be 
smooth because the rod surface is much smoother 
than that of the seal lip. According to the mixed lu-
brication theory, when the average fluid film thick-
ness is less than 3σ, asperity contact will occur. Here, 
the statistical G-W approach is applied to predict the 
pressure due to the contacting asperities in a dynamic 
condition (Greenwood and Williamson, 1966). As-
suming a Gaussian distribution for the heights of 
contacting asperities, the asperity contact pressure 
and the contact shear stress are given by 
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where η is the density of the seal surface asperity, R is 
the asperity radius, z is the height of the asperity, and f 
is the friction coefficient. E′ represents the equivalent 
elastic modulus, which can be computed by  
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where E represents the elastic modulus and ν is 
Poisson’s ratio, and subscripts 1 and 2 represent their 
values relating to the rod and seal, respectively. 

2.2.3  Static contact mechanics 

Trelleborg’s step seal (RSKA00100) (Fig. 4a) 
was studied here. In this study, the material of the 
elastomer O-ring was polyurethane, which is a typical 
hyperelastic and nonlinear rubber material. Under the 
condition of a large strain, the stress of rubber will 
increase abruptly, showing a highly nonlinear char-
acteristic. Thus, a two-parameter Mooney-Rivlin 
hyperelastic model was adopted to characterize the 
relation between the stress and strain for such mate-
rial. The constitutive equation for the rubber material 
can be written as  
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where W  is the strain energy density, I1 and I2 are the 
first and the second deviatoric strain invariants, re-
spectively, and J relates to the elastic deformation 
gradient. C10, C01, and d are the Mooney-Rivlin co-
efficients, which here are equal to 0.2 MPa, 6 MPa, 
and 0.000 279, respectively. 

In addition, the material of both the sealing 
housing and the rod was 316L, with an elastic mod-
ulus of 210 GPa and a Poisson’s ratio of 0.29. The 
material of the back-up ring was PTFE, with an elastic 
modulus of 200 MPa and a Poisson’s ratio of 0.45. 
Considering that the elastic modulus of these materi-
als is far greater than that of the rubber, the linear 
elastic model was used in the finite element analysis.  

Fig. 4 shows the 2D axisymmetric finite element 
model of the step seal used in the commercial soft-
ware ANSYS. The geometric shape of the step seal 
before deformation is shown in Fig. 4a. Under the 
interaction of the radial interference fit and hydraulic 
fluid pressure, the deformed seal is tightly attached to 
the rod surface (Fig. 4b). The contact width, where the 
seal meets the rod, is also called the sealing zone. The 
static contact pressures of the seal in the sealing zone 
under assembly state and compression state are 
shown in Fig. 4c, in which the static contact pressure 
is obtained without considering the fluid pressure 
within the interface of the sealed zone. 

The solid higher-order 2D 8-node PLANE183 
element is applied to the simulation of the seal de-
formation in ANSYS. An enhanced Lagrange contact 
algorithm is used to solve the static contact pressure. 
The mesh of the FEM model contains 11 065  
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elements, obtained by using a mesh refinement tech-
nique. Results illustrate that the deviation in static 
contact pressure is less than 0.6%, ranging from 
11 065 to 105 280 elements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.4  Micro-deformation mechanics 

We assume that the mechanical behavior of the 
step seal is linear in the micro-deformation mechan-
ics, since the variation of the film thickness is sig-
nificantly smaller than the dimension of the seal itself, 
as discussed above. Thus, to improve computational 
efficiency, the influence coefficient method, which is 
based on small deformation theory, is applied to 
simulate the micro-deformation of the seal. With this 
method, the deformation of the seal at any location in 
the sealing zone is assumed proportional to the force 
applied at every location. The normal deformation of 
the lip surface can be calculated by 
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where hi represents the film thickness at the ith node, 
and pf is the fluid pressure by solving Eq. (14). (I1)ik 
represents the influence coefficient matrix, which is 
obtained by applying unit load to each node in the 
sealing zone (Fig. 5). hs is the static film thickness, 
which is calculated by inverting Eq. (18) with psc and 
using a polynomial regression method (Streator, 
2002). 

2.2.5  Thermal analysis 

During the movement of the rod, the heat gen-
erated by friction is produced mainly at the contacting 
surface (i.e. the sealing zone) due to the viscous 
shearing of the fluid and the asperity contact shear 
friction, and then conducted into the rod and seal. In 
this study, all the frictional heat is assumed to be 
transferred to the rod, since the thermal conductivity 
of the rod is much larger than that of the seal (Ta-
ble 1). The effect of heat on the deformation of the 
seal is also not considered. Thus, the average steady- 
state temperature Tave of the fluid film in the sealing 
zone can be computed using the following empirical 
formula (Bhushan, 1999): 
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     (23) 

 
where l is the half length of the contact width, and krod 
is the thermal conductivity of the rod. ρr and cp are the 
density and specific heat of the rod, respectively. 

2.2.6  Auxiliary calculation 

All the equations discussed above are strongly 
coupled (Fig. 2), so an interactive computational 
procedure is necessary. After the computations of the 
fluid film pressure and film thickness are converged, 
some of other auxiliary calculations, such as the fluid 

Fig. 4  FEM model of the step seal 
(a) Seal before assembly; (b) Assembled lip on the rod (sim-
ulation results); (c) Static contact pressure 
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transport per stroke (Q) and friction force on the rod 
(F), are performed:  
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3  Results and discussion 
 

In the following sections, the basic computa-
tional parameters listed in Table 1 are used for the step 
seal. The geometric and structural parameters of the 
step seal refer to the Trelleborg Company’s products, 
and the properties of the hydraulic fluid and seal ring 

materials are given by Yang and Salant (2010). The 
parameters will remain unchanged in the subsequent 
analysis unless additional instructions are stated. 

3.1  Seal behavior of non-Newtonian power law 
fluids 

According to previous research, water was the 
first liquid medium used in the earliest hydraulic 
systems. Because of its poor lubricating properties, 
low viscosity, and corrosiveness, water was gradually 
replaced by mineral based hydraulic oil (Isaksson, 
1987). Improvements made to the characteristics of 
hydraulic oil such as its anti-wear, low temperature, 
and high viscosity characteristics, mean that the 
amount and proportion of the anti-wear additives, 
corrosion inhibitors, and thickeners will be different. 
Therefore, the rheological behavior of hydraulic oil 
will also be changed correspondingly (i.e. the equiv-
alent fluid viscosity, as well as the relationship be-
tween the shear stress and shear strain rate of fluids as 
shown in Eq. (1)). Thus, the effects of the consistency 
coefficient m0 and power law index n on the seal 
behavior were the main object of this study.  

Fig. 6 shows the contours of the sealing charac-
teristics of a step seal under different values of both 
the consistency coefficient m0 and power law index n, 
which are the most important parameters of the non- 
Newtonian power law fluid. The research scope of m0 
is 0.01–0.06 Pa·sn, and n is 0.8–1.2 (|U|=0.3 m/s, 
σ=0.5 μm, and ps=5.0 MPa). With increasing values 
of m0, the volumetric flow rate q decreases gradually 
during the outstroke and instroke, while the friction 
force F increases slightly during the outstroke and 
decreases during the instroke. The effects of the 
power law index n on the volumetric flow rate q and 
friction force F are similar to that of the consistency 
coefficient m0 (Fig. 6). For the larger values of n and 
m0, the value of q during the instroke becomes nega-
tive and the absolute value of q is larger than that 
during the outstroke. This indicates that hydraulic oil 
is being pumped back to the cylinder again and the 
seal can meet zero leakage in this condition (Salant et 
al., 2007; Yang and Salant, 2010). When n is less than 
1, the hydraulic oil is a pseudoplastic fluid, and it is 
difficult for the seal to achieve zero leakage under the 
conditions simulated.  

In the analysis of the seal behavior of a non- 
Newtonian power law fluid, it can be seen that a  
hydraulic oil with a shear thickening rheological  

Fig. 5  Influence coefficient matrix 

Table 1  Basic computational parameters 

Parameter Value 
Diameter of the rod, D (mm) 10 
Thermal conductivity of rod, krod (W/(m·K)) 46 
Specific heat of rod, cp (J/(kg·K)) 460 
Density of rod, ρr (kg/m3) 7900 
Thermal conductivity of seal, kseal (W/(m·K)) 0.25 
Sealed pressure, ps (MPa) 0.1–20 
Rod speed, U (m/s) 0.01–0.5
RMS roughness of seal, σ (μm) 0.4–1.6
Stroke length, Lstroke (mm) 100 
Dry friction coefficient, f 0.1 
Reference consistency coefficient, m0 (Pa·sn) 0.0608 
Power law index, n 0.8–1.2
Pressure-viscosity coefficient, α (Pa−1) 2.10×10−8

Viscosity-temperature coefficient, β (K−1) 3.18×10−2

Ambient temperature, T0 (K) 300 
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property (i.e. a dilatant fluid) and a high consistency 
coefficient, is beneficial for the seal to prevent leak-
age. Comparing the degrees of influence of both the 
power law index and the consistency coefficient, it 
can be seen that the power law index seems to have a 
dominant influence on the seal behavior within the 
range of this research. In addition, as shown in 
Eq. (1), the power law index reflects the degree of the 
nonlinear relationship between the shear stress and 
shear strain rate of the fluid, while the consistency 
coefficient is more about the fluid viscosity (for ex-
ample, when n=1.0, it represents the dynamic viscos-
ity of the fluid). For a Newtonian fluid, it is generally 
acknowledged that the higher the fluid viscosity, the 
stronger is the hydrodynamic effect of a seal. What is 
more, there have already been many studies of the 
seal behavior of several hydraulic reciprocating seals 
with a Newtonian fluid assumption (Salant et al., 
2007; Yang and Salant, 2010). Thus, to highlight the 
novelty of this study, the influences of three typical 
power law indexes, i.e. n=0.8 (pseudoplastic fluid), 
n=1.0 (Newtonian fluid), and n=1.2 (dilatant fluid), 
on the seal behavior will be described. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Sealing mechanisms of pseudoplastic fluid, 
Newtonian fluid, and dilatant fluid 

 
From the above analysis, it can be seen that the 

rheological property of the hydraulic oil has a sig-
nificant influence on the sealing performance of a step 
hydraulic reciprocating seal. Thus, to reveal this ef-
fect, detailed information about the sealing zone, such 
as the fluid pressure distribution and film thickness 
distribution, should be checked carefully. 

Fig. 7 shows the fluid film pressure distribution 
in the sealing zone during both the outstroke and 
instroke with different power law indexes (i.e. n=0.8, 
1.0, and 1.2). Here the RMS roughness of the seal 
surface σ is 0.5 μm, the sealed pressures ps during the 
outstroke and instroke are 0.1 MPa and 5 MPa, re-
spectively, and three different speeds of the rod, 
|U|=0.03, 0.1, and 0.3 m/s, are simulated. Note that 
the contact width of the sealing zone during the in-
stroke is larger than that during the outstroke due to 
the increased sealed fluid pressure. When the power 
law index is n=1.2, the maximum value of the fluid 
pressure is much larger than when n=1.0 or n=0.8, 
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Fig. 6  Contours of sealing characteristics of a step seal in relation to the consistency coefficient m0 and power law index n
(a) q, outstroke; (b) q, instroke; (c) F, outstroke; (d) F, instroke 
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during both the outstroke and instroke. This means 
that the larger the value of the power law index, the 
stronger is the hydrodynamic effect of the seal.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

During the outstroke, a peak is shown closer to 
the oil side of the seal in the fluid film pressure dis-
tribution, which is a significant characteristic of a  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Fluid pressure distribution with different power law indexes (σ=0.5 μm, ps=5.0 MPa) 
(a) |U|=0.03 m/s; (b) |U|=0.1 m/s; (c) |U|=0.3 m/s 
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successful hydraulic rod seal (Yang, 2010). In Fig. 7a, 
the rod speed is low and the pressure in the case of 
n=0.8 fluctuates near 0.1 MPa (atmospheric pressure) 
with a small amplitude, while there is a relatively 
large amplitude for n=1.0 or 1.2. Furthermore, the 
fluid film pressure goes to zero over-large portions of 
the sealing zone closer to the air side for n=1.2, in-
dicating a cavitation. In Fig. 7b, when the rod speed is 
higher, the maximum value of the film pressure is 
greatly enhanced and the cavitation occurs in the case 
of n=1.0, indicating a strong hydrodynamic effect. In 
Fig. 7c, when the rod speed is the highest among the 
three cases, the hydrodynamic effect is further en-
hanced, and the cavitated fraction of the sealing zone 
for n=1.0 becomes the largest. Note that cavitation 
can restrict the flow of fluids through the sealing zone 
and inhibit the leakage of fluid, so that a better sealing 
performance of the seal can be achieved with more 
cavitation during the outstroke. During the instroke, 
the direction of the rod speed is opposite to that of the 
fluid pressure difference. For a low rod speed, i.e. 
|U|=0.03 m/s in Fig. 7a, the pressure profiles for n=0.8 
and n=1.0 are concave, while it is convex for n=1.2. 
With |U|=0.1 m/s in Fig. 7b, the pressure firstly shows 
a valley then increases with a parabolic profile in the 
case of n=1.2, which can satisfy mass conservation. 
For a high rod speed, i.e. |U|=0.3 m/s in Fig. 7c, the 
maximum value of the fluid pressure for n=1.2 is 
more than double that shown in Fig. 7b, and the 
pressure profile for n=1.0 changes to convex. The 
above results show that the non-Newtonian power 
law fluid has a significant effect on the hydrodynamic 
effect; the dilatant fluid has a positive effect, while the 
pseudoplastic fluid has a negative effect compared to 
the Newtonian fluid. 

The mechanism of the hydrodynamic effect with 
different power law indexes (i.e. n=0.8, 1.0, and 1.2) 
can be explained by examining the velocity profiles of 
the fluid film on the rod-seal interface. These are 
shown in Fig. 8 for n=0.8, 1.0, and 1.2 when the rod 
speed |U|=0.3 m/s during the instroke, since the fluid 
film pressure distributions differ greatly in this cir-
cumstance (Fig. 7c). Note that the bottom layer 
(hT=0) and the upper layer of the fluid are on the rod 
and seal surfaces, respectively. In addition, the impact 
of the sealed pressure disturbance on the velocity 
distribution at the inlet and outlet of the sealing zone 
is not considered here. From Fig. 8 we can see that the 

trends of the velocity distributions are similar at dif-
ferent power law indexes n. At any location in the 
x-axis, the velocity of the fluid film decreases from 
0.3 m/s to 0 m/s as the value of hT increases. The 
pressure gradient along the direction through the film 
thickness has not been taken into consideration, so the 
velocity of the fluid varies with the average truncated 
film thickness hT in a linear fashion, which can be 
judged from Eq. (4a). From Figs. 8a–8c, it is difficult 
to make an intuitive judgment as to which of these 
power law indexes (i.e. n=0.8, 1.0, and 1.2) has a 
larger fluid velocity distribution because its film 
thickness in the sealing zone is also different. The 
fluid velocity profiles in the sealing zone at hT= 
0.4 μm are shown in Fig. 8d. Clearly, the case of 
n=1.2 has the largest fluid film velocity distribution 
among the three cases, and n=0.8 has the smallest, 
indicating a higher viscous shearing of the fluid with 
increasing n since the rod surface speed always equals 
0.3 m/s, which can also be determined by Eq. (1). In 
addition, the film thickness for n=1.2 is also larger 
than that of the other two cases. Thus, there is no 
doubt that the hydrodynamic effect due to the viscous 
shearing of the fluid for n=1.2 is the strongest, while 
the case of n=0.8 is the weakest among the analyses, 
which is consistent with that shown in Fig. 7. We 
conclude that variation in the power law index of 
non-Newtonian fluids or the fluid rheological prop-
erty alters the flow behavior of the lubricant, espe-
cially the fluid film velocity profile, which is respon-
sible for generating the fluid hydrodynamic pressure. 

Figs. 9a and 9b present the film thickness and 
contact pressure distributions in the sealing zone 
during both the outstroke and instroke, respectively, 
for n=0.8, 1.0, and 1.2 at |U|=0.3 m/s. These figures 
show more detailed information on the rod-seal in-
terface, which is in agreement with the results shown 
in Fig. 7c. Clearly, the greatest proportions of the 
sealing zone for the seal during both the outstroke and 
instroke are in a mixed lubrication, since the ratio of 
film thickness to RMS surface roughness is less than 
3. During the outstroke, the film thickness distribu-
tion has a parabolic shape and is asymmetric about the 
x-axis, and the curve of the contact pressure distribu-
tion shows a bell-shaped profile. At x=0.057 mm, the 
film thickness begins to increase and the contact 
pressure reaches its maximum value. During the in-
stroke, the trends of the film thickness and contact  
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Fig. 9  Film thickness (a) and contact pressure (b) distributions with different power law indexes (|U|=0.3 m/s, σ=0.5 μm, 
and ps=5.0 MPa) 

Fig. 8  Fluid film velocity distribution with different power law indexes (instroke, |U|=0.3 m/s, σ=0.5 μm, and ps=5.0 MPa)
(a) n=0.8; (b) n=1.0; (c) n=1.2; (d) Fluid velocity profiles at hT=0.4 μm 
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pressure distributions are similar to those during the 
outstroke. However, the mixed lubrication region is 
larger than that during the outstroke, indicating a 
relatively poor lubricating condition. At x=0.057 mm, 
the film thickness decreases to its minimum value and 
the contact pressure becomes maximum. In addition, 
when the value of the power law index becomes 
larger, the film thickness increases and the contact 
pressure decreases. During the outstroke, the film 
thickness and contact pressure distributions of the 
seal are almost identical due to a very small fluid 
pressure difference. During the instroke, the film 
thickness in the case of n=1.2 is obviously larger than 
that in the case of n=0.8 or 1.0, and there is a corre-
spondingly lower contact pressure. 

The above results illustrate that the hydrody-
namic effect due to the viscous shearing of the fluid is 
enhanced for a dilatant fluid, but is weakened for a 
pseudoplastic fluid, compared to a Newtonian fluid 
under the same conditions. They also mean that a 
dilatant fluid or a relatively large flow index is rec-
ommended for the application of a hydraulic recip-
rocating seal, and the use of a pseudoplastic fluid 
should be avoided since the excessive poor lubricat-
ing condition will result in a high risk of failure due to 
wear.  

3.3  Effects of U, ps, and σ on sealing performance 

Fig. 10 shows the effect of the rod speed U on 
sealing performance. From Fig. 10a we can see that 
the volumetric flow rate q is above 0 and linearly 
increases with increasing U for different n during the 
outstroke, indicating a leaked condition. Note that the 
hydrodynamic effect becomes stronger with increas-
ing U because a greater viscous shearing stress of the 
fluid is generated in the lubricant. As a result, more 
fluid tends to flow into the gap between the rod sur-
face and the seal lip surface, leading to an increased 
leakage rate. The leakage rates during the outstroke 
are very similar for n=0.8, 0.9, 1.0, and 1.2 when 
U<0.2 m/s. When the power law index increases, the 
hydrodynamic effect due to the viscous shearing of 
the fluid increases, as discussed in Section 3.2. This 
results in decreased leakage because cavitation is 
occurring, restricting the flow. During the instroke, q 
almost decreases with increasing U for different val-
ues of n due to the enhanced hydrodynamic effect. For 

the case when n=0.9, 1.0 or 1.2, q is negative with 
increasing U, indicating that the leaked fluid is 
pumped back into the cylinder. It is generally con-
sidered that the characteristics of the fluid film 
forming during the outstroke are different from those 
during the instroke. Limiting the outflow of the fluid 
and drawing back the fluid adhering to the rod surface 
are two key features of a successful reciprocating seal 
(Nikas, 2010). A zero leakage rate is normally con-
sidered to have been achieved when the flow rate 
(must be negative value) of the seal during the in-
stroke is not less than that during the outstroke. Under 
the conditions simulated, the minimum rod speed 
with zero leakage rate is about 0.388 m/s for n=1.0, 
and 0.041 m/s for n=1.2 (Fig. 10a).  

Fig. 10b shows the friction force on the rod 
surface with different values of U for n=0.8, 0.9, 1.0, 
and 1.2, during both the outstroke and instroke. Under 
the mixed lubrication condition, the generation of 
frictional force is governed by the combined effect of 
the viscous shearing and the asperity contact. With 
increasing U, the friction force increases linearly 
during the outstroke and decreases during the in-
stroke. This is caused mainly by increasing viscous 
shearing stress and decreasing asperity contact fric-
tion, respectively. The friction force is much larger 
during the instroke than during the outstroke, except 
in the case n=1.2 with U>0.26 m/s under the condi-
tions simulated. This is because, on the one hand, the 
contact width during the instroke is larger than that 
during the outstroke due to the increased sealed fluid 
pressure, which indicates much greater generation of 
asperity contact friction. On the other hand, for the 
case of n=1.2, the oil is a dilatant fluid and has a shear 
thickening property. The oil film in the sealing zone 
forms more easily under a larger pressure difference 
and a higher rod speed (Fig. 9a), thus creating a smaller 
friction force. These findings for the case n=1.0 (i.e. 
the Newtonian fluid) are in accordance with previous 
studies (Yang, 2010; Yang and Salant, 2010). 

Fig. 11 shows the influence of the sealed pres-
sure ps on sealing performance with different n. The 
net fluid transport per cycle Q, as defined in Eq. (24) 
and used to characterize the seal property with a 
steady simulation (Yang and Salant, 2010), and the 
average friction force Fave (i.e. the average value of 
friction force during both the outstroke and instroke) 
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increase with increasing ps. Yang and Salant (2010) 
proposed the above phenomenon for a Newtonian 
fluid (i.e. n=1.0) and gave a clearly explanation of 
why this happens. But for a non-Newtonian fluid, 
there are some significant differences in sealing per-
formance due to the different rheological properties 
(Fig. 11). When n=0.8 or n=0.9, the oil is a pseudo-
plastic fluid and the fluid transport (leakage) is much 
greater than when n=1.0, due to the weaker hydro-
dynamic effect. When n=1.2, the oil is a dilatant fluid 
with a shear thickening property, and the value of the 
net fluid transport falls below 0 with increasing U 
because more fluid is pumped back, and the seal 
achieves zero leakage (Fig. 11a). In addition, the net 
fluid transport of the seal for |U|=0.03 m/s is greater  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

than that for |U|=0.1 m/s. This is reasonable because 
the leaking time is long under a low rod speed condi-
tion with a constant stroke length, and has a dominant 
influence compared to the hydrodynamic effect 
caused by viscous shearing of the fluid. The average 
friction force on the rod surface when n=0.8 or n=0.9 
is very similar to that when n=1.0 and seems to be 
independent of U under the conditions simulated. 
This characteristic can be explained by Fig. 10b, since 
the friction force varies little with the rod speed dur-
ing both the outstroke and instroke. For the case 
n=1.2, the increasing trend of the average friction 
force with increasing ps is very different from the 
other two cases, since the hydrodynamic effect is 
strong and available at low rod speeds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11  Effect of ps on sealing performance (σ=0.5 μm) 
(a) Net fluid transport per cycle; (b) Average friction force

0 5 10 15 20

0.000

0.004

0.008

0.012

0.016

0.020

0.024
 n=1.2, |U|=0.03 m/s

 n=1.2, |U|=0.1 m/s

Q
 (

cm
3 /c

yc
le

)

p
s
 (MPa)

 n=0.8, |U|=0.03 m/s

 n=0.8, |U|=0.1 m/s

 n=0.9, |U|=0.03 m/s

 n=0.9, |U|=0.1 m/s

 n=1.0, |U|=0.03 m/s

 n=1.0, |U|=0.1 m/s

(a) 

0 5 10 15 20
10

14

18

22

26

F
a

ve
 (

N
)

p
s
 (MPa)

 n=0.8, |U|=0.03 m/s

 n=0.8, |U|=0.1 m/s

 n=0.9, |U|=0.03 m/s

 n=0.9, |U|=0.1 m/s

 n=1.0, |U|=0.03 m/s

 n=1.0, |U|=0.1 m/s

 n=1.2, |U|=0.03 m/s

 n=1.2, |U|=0.1 m/s

(b) 

Fig. 10  Effect of U on sealing performance (σ=0.5 μm and 
ps=5.0 MPa): (a) leakage rate; (b) friction force 
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Fig. 12 presents the influence of the RMS 
roughness of the seal lip surface σ on sealing per-
formance with different n. According to Salant et al. 
(2010), both the net fluid transport per cycle and the 
average friction force increase with increasing 
roughness, which is identical to the observed trend 
and provides a validation of the results shown in 
Fig. 12 for the case n=1.0 (i.e. the Newtonian fluid). 
In the case n=0.8 or n=0.9, the net fluid transport 
increases exponentially with increasing roughness, 
and the average friction force shows a slightly in-
creasing trend. In this circumstance, the seal is gen-
erally in the leaking state. In the case n=1.2, the av-
erage friction force increases sharply when σ<0.7 μm 
and then increases gently with increasing RMS 
roughness σ of the seal surface. In addition, the value 
of the net fluid transport varies relatively little with 
increasing σ compared to a Newtonian fluid, and the 
seal appears to be in a state of zero leakage. This is 
also a consequence of the hydrodynamic effect due to 
the viscous shearing of the fluid. According to the 
results shown in Fig. 12b, we also find that among the 
four cases of n=0.8, 0.9, 1.0, and 1.2, the average 
friction force for n=1.2 is minimum when σ<1.0 μm, 
and becomes maximum when σ>1.2 μm. This is be-
cause, when the RMS surface roughness σ is small, 
the fluid for n=1.2 shows a shear thickening property, 
the hydrodynamic effect is strong, and thus the as-
perity contact friction is greatly reduced. When the 
RMS surface roughness σ is high, the asperity contact 
friction dominates and the total friction force in-
creases slightly with increasing n with the effect of 
the viscous shearing of the fluid. In addition, the ef-
fect of the surface roughness on the sealing perfor-
mance with different n for ps=5 MPa is very similar to 
that of ps=15 MPa, which agrees with the laws shown 
in Fig. 11. 

The above parametric analysis reveals that, for a 
pseudoplastic lubricant with a shear thinning proper-
ty, the hydrodynamic effect is relatively weak com-
pared to that of a Newtonian fluid, and leads to 
leakage and a high friction force, especially under 
conditions of low rod speed, high sealed pressure, and 
large RMS surface roughness of the seal. For a dila-
tant lubricant with a shear thickening property, the 
hydrodynamic effect is greatly enhanced. It seems 
that the seal becomes sensitive to the operating pa-
rameters and presents a low leakage or even zero 

leakage state under a high rod speed and a small RMS 
roughness condition. The friction characteristics of 
the seal can also be improved because more fluid 
tends to share the load when n>1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Conclusions 
 

In this study, a mathematical model was devel-
oped for a hydraulic reciprocating rod seal to analyze 
the effect of non-Newtonian fluids on the seal be-
havior. A modified Reynolds equation that takes the 
effects of roughness, fluid cavitation, and non- 
Newtonian fluid properties into consideration was 
derived based on the power law fluid model and JFO 
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Fig. 12  Effect of σ on sealing performance (|U|=0.1 m/s) 
(a) Net fluid transport per cycle; (b) Average friction force
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cavitation theory, and was solved using the SUPG 
weighted residual finite element method. A mixed- 
lubrication soft EHL numerical model that considers 
coupled fluid mechanics, asperity contact mechanics, 
static contact mechanics, micro-deformation me-
chanics, and thermal analysis was presented to sim-
ulate the seal behavior of a step seal under steady 
conditions. This study concentrated primarily on the 
effect of non-Newtonian fluid properties, especially 
the power law index, on the seal behavior. The in-
fluences of the rod speed and the sealed pressure, as 
well as the RMS surface roughness of the seal under 
four fluid lubrication conditions (i.e. n=0.8, 0.9, 1.0, 
and 1.2) were also investigated.  

Results showed that the non-Newtonian fluid 
effect has a significant influence on the film forming 
between the sealing interfaces, and on the sealing 
performance. The rheological properties of the hy-
draulic oil influence the viscous shearing stress of the 
fluid, resulting in a change in the hydrodynamic 
pressure. The hydrodynamic effect due to the viscous 
shearing of the fluid increases with the power law 
index. For a dilatant fluid, the hydrodynamic effect is 
strong due to the shear thickening rheological prop-
erty, resulting in a seal with low friction and zero 
leakage. But for a pseudoplastic fluid, the lubrication 
condition in the sealing zone is relatively poor, and it 
is very difficult for the seal to achieve zero leakage 
under the conditions simulated. According to the 
analysis of the influence of the operating parameters 
on sealing performance, the non-Newtonian fluid 
effect of hydraulic oil on a reciprocating seal is not 
negligible, since the predicted values for both the 
leakage and friction force for the case n=0.8, 0.9 or 
1.2 are substantially different from that of the case 
n=1.0 (i.e. a Newtonian fluid commonly used in  
calculations). 
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中文概要 
 

题 目：基于幂律流体模型的非牛顿流体对斯特封密封行

为影响的仿真研究 

目 的：研究润滑油的非牛顿流体行为对液压往复活塞杆

的斯特封密封性能的影响，为密封设计提供理论

参考。 

创新点：1. 基于幂律流体模型和 JFO 空化理论，推导出同

时考虑粗糙度、流体空化和非牛顿流体效应的修

正雷诺方程；2. 建立非牛顿流体的混合润滑软弹

流模型，探究流体流变属性对斯特封密封行为及

性能的影响。 

方 法：1. 通过理论推导，建立混合润滑条件下非牛顿流

体的软弹流仿真模型；2. 对比分析不同工况条件

下假塑性（n<1）、膨胀型（n>1）两种典型非牛

顿流体和牛顿流体（n=1）对斯特封密封行为影

响的区别，揭示假塑性和膨胀型两种非牛顿流体

的密封机理。 

结 论：1. 非牛顿流体效应对液压往复斯特封密封性能具

有重要影响：幂律指数越大，流体的动压效应越

强，密封性能越好。2. 相比于牛顿流体，膨胀型

流体润滑条件较好，密封具有低摩擦低泄漏的优

点；假塑性流体润滑条件较差，密封摩擦力较大，

不易实现零泄漏。 
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