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A B S T R A C T   

Typically, film formation in a rotary lip seal is explained by microscopic effects, but here it will be explained from 
a macroscopic point of view. When the nominal parallelism between the shaft and the seal is lost, the contact 
area is distorted leading to a skewed sealing profile. The resultant slanted gap between the shaft and the seal 
presents a macroscopic wedge profile in the direction of rotation, hence constituting a source of hydrodynamics. 
An elastohydrodynamic model is developed predicting the implications of operating a rotary lip seal under 
misalignment. It is concluded that the non-concentric operation of rotary lip seals leads to a bidirectional fluid 
migration from the back to the spring side of the seal and vice versa.   

1. Introduction 

In the 1950s a degree of hydrodynamic action was observed carrying 
some or all of the radial load of rotary lip seals [1]. The lack of an 
apparent wedge profile in the direction of the velocity, i.e. in the 
circumferential direction, means there is no driving force for hydrody-
namic lubrication in the circumferential direction. Since the success or 
failure of a rotary lip seal was shown to be tightly coupled to the surface 
roughness of the contact, researchers relied on microscopic-scale hy-
drodynamics to explain the operation of rotary lip seals. The nowadays 
widely accepted theory is based on the micro-hydrodynamic pressure 
bumps generated between the seal and the asperities on the shaft. This 
allows the load to be carried, wholly or partially, in the seal-shaft con-
tact [2]. Additionally, most rotary lip seals present an inherent pumping 
direction towards one side of the seal; this is known as the reverse, 
upstream or back pumping mechanism [3]. Still on the microscopic 
level, this effect is explained by the distortion of the seal asperities due to 
the shearing forces resulting from the shaft rotation (see Fig. 1). The seal 
asperities deform in micro-ridges or vanes resembling a screw pump, a 
visco-seal or a herring-bone bearing, hence with the ability of pumping 
fluid towards one of the sides of the seal [4]. This approach assumes 
perfect concentricity between the seal and the shaft. However, under 
real operating conditions nominal parallelism is hardly ever achieved 
[5]. 

Jagger [1] tested fully-immersed rotary lip seals. The lubricants on 
each side of the seal were dyed a different colour. He observed that after 
few minutes the lubricants mixed on both sides of the seal, hence no 
effective liquid separation could be achieved. Kalsi [7] showed that 
O-rings installed at a slant show a lower running temperature, a greater 
flow rate and a lower wear rate. Horve [8] observed the same behaviour 
as Kalsi on canted rotary lip seals. In addition to better lubrication, the 
cooling of the contact area of skewed seals is improved by spreading the 
friction heat over a wider area [9]. Müller [10] and Gawlinksi [11] 
realized that, under dynamic radial misalignment, the axial motion of 
the tip of the seal resembled a reciprocating seal. They concluded that 
the tip oscillation further promoted the reverse pumping capability of a 
seal. Horve engineered a smart setup capable of replicating the oscil-
lating motion of the seal tip while preventing the drag of lubricant in the 
circumferential direction [12]. Almost no leakage developed because of 
the sole reciprocating motion of the seal tip. 

Arai [5] studied the initial reverse pumping by observing the 
seal-shaft interface from the spring side. He noted that the first droplets 
appeared at single positions of the contact instead of as a film uniformly 
distributed along the whole shaft perimeter. The points at which leakage 
was spotted varied periodically. According to Arai, the inevitable 
whirling of the shaft when turning shifts the position of the wider con-
tact zone along the seal path, resulting in a periodic liquid migration 
towards the spring side. Mokhtar [13] tested U-type rotary lip seals 
under traditional operating conditions, i.e. oil in the spring side and air 
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in the back side. He showed that the leakage on a failing seal decreases 
with angular misalignment while the leakage increases with radial 
misalignment. Sinzara [14] tested stern tube seals under radial 
misalignment, showing that the maximum admissible offset before 
leakage decreases with the shaft velocity. Sinzara observed that the 
contact temperature decreased with seal-shaft eccentricity while the 
torque was kept fairly constant for the offsets he tested. That can be 
explained by the better seal contact cooling mechanism when mis-
aligned [2]. On the other hand, Maoui showed that the frictional torque 
decreased when the seal was radially offset [15]. 

The followability of seals, understood as the capacity of a seal to 
follow the shaft motion, has also been a subject of research. Ishiwata 
[16] assumed that a rotating shaft has – indispensably – dynamic 
eccentric motion. He showed the loci of displacements of singular points 
at the tip of the seal under various angular velocities, seal-shaft in-
terferences (or fittings) and dynamic eccentricities. Ishiwata reported 
that eccentric seals leaked even when the lip followed the shaft accu-
rately. Sansalone [17] and van der Vorst [18] modelled the followability 
of viscoelastic seals when subjected to radial misalignment. Sansalone 

and van der Vorst ignored the role of the lubricant film, considering 
instead the failure of the system when the contact pressure between the 
seal and the shaft becomes zero [19]. Arai [5] tested dry and lubricated 
seals and concluded that a better followability was obtained when the 
seal-shaft interface was lubricated. He attributed the difference in fol-
lowability to the fact that the cavitation of the lubricant film compen-
sates partially for the viscoelasticity of the seal. Stakenborg [20] 
observed cavitation at the seal-shaft interface and, together with van 
Leeuwen [21,22], based the visco-elastohydrodynamic (VEHD) lubri-
cation theory on the inability of the seal material to follow the shaft. As a 
result, convergent macroscopic wedges develop on the contact, leading 
to hydrodynamic action. Schuck [23] tested rotary seals running on 
shafts with a circular profile and shafts with triangular polygonal-profile 
cross sections. The noncircumferential shaft profiles showed a lower 
frictional torque; however, they leaked at the lowest shaft velocities. 

In a former publication by the authors, the variation of the contact 
pressure and contact area of a lip seal when misaligned was investigated 
[24]. The consequences of operating with a non-uniform contact pres-
sure profile in the circumferential direction were approached via the 

Nomenclature 

ε Radial misalignment (offset) ½m�
vshaft Shaft liner velocity ½m=s�
x;y;z Cartesian coordinate system ½m; m; m�
r;z; φ Cylindrical coordinate system ½m; m; rad�
n; t Normal and tangential directions to the seal contact ½m;

rad�
vn=t Linear velocity in the normal and tangential directions ½m=

s�
vz=φ Linear velocity in the axial and circumferential directions 

½m=s�
vxa=b Linear velocity in the x direction of surfaces a and b ½m= s�
vya=b Linear velocity in the y direction of surfaces a and b ½m= s�
vza=b Linear velocity in the z direction of surfaces a and b ½m= s�
η Dynamic viscosity of the lubricant ½Pa ⋅s�
h Fluid film thickness (gap between the seal and the shaft) 

½m�
hmin Minimum film thickness between the seal and the shaft ½m�
p Hydrodynamic pressure ½Pa�
pc Cavitation pressure ½Pa�
ρc Density of the lubricant in the cavitation region ½kg= m3�

κ Bulk modulus of the lubricant ½Pa�
ξ Dimensionless cavitation variable ½ � �
g Cavitation index ½ � �
B Contact width ½m�
α Angle on the back side when misaligned ½rad�
β Angle on the spring side when misaligned ½rad�
α0 Angle on the back side when aligned ½rad�
β0 Angle on the spring side when aligned ½rad�
Λ Rotation of the hinge model ½rad�
A;  B;C Constitutive points of the hinge model ½m�
L Distance from point A to point B of the hinge model ½m�
T Distance from point B to point C of the hinge model ½m�
qs→b Flow rate from the spring side to back side of the seal ½m3=s�
qb→s Flow rate from the back side to spring side of the seal ½m3=s�
dr Displacement in the radial direction ½m�
Cr Radial direction compliance matrix, N� N (N ¼ number of 

nodes) ½m=Pa�
i;k Indices used in the compliance matrix method (pi;  Cri;k  ;

 dri) ½ � �
Δn; Δt Resolution of the grid in the normal and tangential 

directions ½m; m�
ts Time ½s�

Fig. 1. Reverse pumping mechanism. Based on [6].  
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EHL theory. It was also shown that when the contact becomes slanted an 
effective wedge is generated in the direction of motion. Horve [12] 
presented an analytical model based on the hydrodynamic action 
resulting from operating under misaligned conditions. Horve assumed 
that the flow rate along a rotary seal derived exclusively from the seal 
misalignment, i.e. the liquid dragged by the shaft in the circumferential 
direction. Although the seal was considered skewed, Horve’s model 
assumes that both the contact pressure profile and the contact width are 
uniform along the circumferential direction and equal to the concentric 
static case. 

Stern tube seals are one of the largest kinds of rotary lip seals. As 
shown in Fig. 2, several sealing rings are assembled in-line to avoid the 
spillage of lubricant to the environment while preventing the ingress of 
water to the stern tube. The middle seals operate with lubricant on both 
sides while the outermost and innermost seals operate against a water- 
oil and an oil-air interface respectively. All the seals operate under 
fully flooded conditions on both the spring and the back sides except for 
the one facing the engine chamber. Generally, rotary lip seals pump 
liquid towards the spring side. Consequently, if this were the case with 
stern tube seals, the two outer-most seals would constantly force the 
lubricant out of the stern tube. In reality, a constant spillage of lubricant 
develops [25], often combined with the ingress of water to the stern 
tube. In that case, a water-in-oil emulsion forms in the chamber between 
seal #1 and #2, impacting the rheology of the lubricant and at the same 
time challenging its hydrolytic stability [26]. In this study, only the fluid 
viscosity is used to characterize a lubricant. The pressures reached in the 
rotary lip seal application rarely overcome few MPa [2] and hence the 
viscosity variation with pressure is usually neglected. 

Although the literature on the misaligned running of rotary lip seals 
is scarce and often contradictory, special seal designs are readily avail-
able in the market: these boost the lubrication of the contact by pro-
moting a slanted contact profile [8], e.g. Waveseal® [2], Gerromatic® 
[9] and Kalsi® seals. In these types of seals the initial seal geometry 
already presents a convergent wedge profile in the circumferential di-
rection, favouring a hydrodynamic lift-off. 

This study analyses the flow rates resulting from operating with a 
slanted contact profile caused by misalignments. While the followability 
of the viscoelastic seal limits its range of operation [18], misalignment 
impacts the seal before the contact pressure between the shaft and the 

seal becomes null [19]. Building on Horve’s early model [12], a 
macroscopic elastohydrodynamic lubrication model has been developed 
that is capable of predicting the misalignment-induced hydrodynamic 
pumping of the seal on a macroscopic level. The model assumes full film 
lubrication and both the seal material viscoelasticity and the surface 
roughness are ignored. The focus is placed on the hydrodynamics arising 
from operating with a slanted contact profile, which is disregarded by 
the extensively used micro-EHL models [27] that assume the nominal 
parallelism between the seal and the shaft. 

2. Materials and methods 

Previously [19], analysed the displacement of the lip seal used in this 
study to various misalignments by modelling half a seal and applying 
symmetry boundary conditions at its ends. However, this simplification 
is not feasible when including hydrodynamics by solving the Reynolds 
partial differential equation (PDE) [28], i.e. 
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The film thickness gradients ∂h
∂y along the circumferential direction 

are not symmetric and therefore a full three-dimensional seal model is 
required. 

Experimental analyses showed that the versatility of a full three- 
dimensional seal model was limited due to the large number of ele-
ments required. Fig. 3 shows an example of a pressure distribution ob-
tained with a full three-dimensional finite element model. The section 
view shown in the same figure allows for a better understanding of the 
macroscale hydrodynamics that develop in a misaligned rotary lip seal. 

As shown in Fig. 3, the shaft misalignment leads to a sinusoidal 
contact profile [8] and this presents a macroscopic wedge profile in the 
circumferential direction. For the particular case of radial misalignment, 
two convergent gaps are formed, one at the spring side and the other at 
the back side. Analogously, two divergent gaps are formed. The 
morphology of both gaps depends greatly on the seal design and the 
amount of misalignment. As the gap is symmetric, the pressure 

Fig. 2. Stern tube seal of a ship.  
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distribution is mirrored when the direction of the shaft is reversed. 
Consequently, the flow rate from spring-to-back and back-to-spring sides 
is independent of the direction of rotation. 

To gain insight into this phenomenon, a finite differences model has 
been developed in MATLAB® solving the Reynolds equation along the 
contact profile. Instead of using the axial and circumferential directions, 
the coordinate system is placed on the contact line in agreement with 
[12]. By using this alternative reference system shown in Fig. 4, the 
contact becomes a straight line making the discretization of the gap and 
the results trivial. Consequently, the shaft velocity is decomposed in the 
normal and tangential directions as shown in Fig. 4. The squeeze term 
and the shaft velocity in the z-direction are considered null. The stretch 
term of the Couette component of the Reynolds equation is also ignored 

since the tangential velocity hardly varies along the tangential direction 
∂vt
∂t � 0 because the length in circumference direction is greater than the 
axial displacement. 

In this study, an analytical expression is prescribed for the seal-shaft 
separation, i.e. the gap. This facilitates the analysis of the misalignment- 
induced lubrication mechanism. In non-pressurized radially misaligned 
situations, the deformation of the seal was shown to be minimal [19] 
and the displacement experienced by the seal tip is basically a rigid body 
rotation as shown in Fig. 5. In agreement with seminal lip seals theory 
which defines a hinge point as a design parameter of lip seals [2], the 
simplified gap model shown in Fig. 6 is used. 

While the convergent gap profile in the axial direction is self-evident, 
the wedge in the circumferential direction is not. The distance from the 

Fig. 3. Sketch of the hydrodynamic pressure build-up resulting from operating with a slanted contact profile.  
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hinge point (point A) to the shaft liner is constant only when the 
misalignment is null (α0 and β0). The seal-shaft contact angles α and β 
vary along the circumferential direction according to the hinge rotation 
Λ as in 

Λ¼ α0 � α¼ α0 � asin
�

sinðα0Þþ
ε
L

cosðφÞ
�
; 2  

where Λ is determined by the amount of radial misalignment ε from 
geometrical considerations. The three points A, B and C shown in Fig. 6 
are described according to 

Aðn; rÞ¼
n

� L cos
�

asin
h
sinðα0Þþ

ε
L

cosðφÞ
i�
; L sin

�
asin

h
sinðα0Þþ

ε
L

cosðφÞ
i�o

;

3  

Bðn; rÞ¼ f0; 0g; 4  

and 

Cðn; rÞ¼ fT cosðβ0þΛÞ; T sinðβ0þΛÞg; 5  

respectively. Eq. (3) and (4) and 5 are obtained by applying a rotation Λ 
to the seal-shaft concentric position, i.e. the relative angle between the 
spring wall and the back wall is constant along the circumferential di-
rection. The tip of the seal (point B) is smoothed using the expressions 
proposed by van Bavel [29]. Interestingly, the film thickness profile 
resembles the work of Hirani on misaligned bearings [30]. Notice that 
the radial misalignment influences the angles α and β. The colourmap in 
Fig. 6b uses elevation fringes so the points at the same height are easily 
identified. 

The gap profile shown in Fig. 6 shows both convergent and divergent 
wedges in the direction of velocity. For instance, between 0 and 180�, a 
hydrodynamic pressure build-up is expected at the back side of the seal 
(A� B), while cavitation is expected at the spring side (B� C). The Rey-
nolds PDE shown in Eq. 1 does not account for the liquid cavitation and 
physically impossible negative pressures can be predicted. Cavitation 
plays an essential role in rotary lip seals [5] and hence an alternative 
form of Eq. 1 is required to properly incorporate it. 

The Elrod-Adams algorithm [31] allows to resolve the full film zone 
and the cavitation zone in a mass conservative way in a single equation. 
Instead of p, the Elrod-Adams algorithm solves the partial differential 
equation for a dependent universal variable 

ξ¼
ρ
ρc

6  

where ρc is the density of the liquid at the cavitation region. Together 
with a switch function g, the full film and the cavitation regions are 
specified as follows: 

full film zone
�

ξ > 1
g ¼ 1 cavitation zone

�
ξ < 1
g ¼ 0 7 

The model relates the lubricant pressure and density through the 
fluid bulk modulus κ ¼ ρ ∂p

∂ρ. Therefore, relating to ξ, within the full film 
region this relation can be written as 

gκ¼ ξ
∂p
∂ξ
: 8 

After integrating 8, this becomes 

p¼ pc þ gκ lnðξÞ: 9 

When substituting Eq. (9) into Eq. 1 and considering the velocity v 
only in the x direction, the stationary Elrod-Adams partial differential 
equation reads 

Fig. 4. Decomposition of the shaft speed in normal and tangential components.  

Fig. 5. Rotation of the seal head when assembled.  
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Fig. 6. Radially misaligned shaft-seal gap based on a hinge point.  

Fig. 7. Assembly of the compliance matrix by the linear perturbation method. Note that the resolution of the grid is reduced in this Figure.  
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Ultimately, algorithm was solved using the following dimensionless 
variables 

x¼
x
B
; y ¼
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L
; h ¼

h
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6μuB
κσ2 ; 11  

rendering to 
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The model was validated against the results presented by Giacopini 
[32] and Almqvist [33]. Note that the viscosity is left constant within the 
computational domain. The developed model assumes full film lubri-
cation disregarding surface roughness and consequently 
micro-hydrodynamics. In other words, the model assumes that a 
continuous separation exists between the seal and the shaft. Since the 
minimum separation between the seal and the shaft is an input, the 
results must be read qualitatively and not quantitatively. 

The seal material is soft and quickly deforms under hydrodynamic 
action, i.e. soft-elastohydrodynamic lubrication (soft-EHL) [28]. EHL 
models need a double direction coupling between the hydrodynamic 
and deformation algorithms. The use of a full three-dimensional finite 
elements seal model was shown to be inefficient, so the radial defor-
mation of the seal is computed using the influence coefficient approach 
[27,34]. The compliance matrices are obtained through the linear 
perturbation method. This technique consists of assembling a compli-
ance matrix Cr by iteratively applying single unity loads to the surface 
nodes of the seal contact [35] as shown in Fig. 7. All the nodal dis-
placements resulting from each unity loading constitute the columns of 
the compliance matrix. According to the principle of superposition, the 
overall deformation of the seal can be predicted according to 

ðdrÞi¼
XN

k¼1
ðCrÞikðpΔnΔtÞk: 13 

For simplicity, the concentric three-dimensional model of the 
assembled seal is used. In the model it is thus assumed that the micro- 
hydrodynamic lubrication carries the radial force between the seal 
and the shaft and therefore no solid-solid asperity contact is present. In 
this specific case, where the model is axisymmetric, it is possible to apply 
the nodal loads to a single section of the seal as the displacement would 
be the same when applied to any of the other sections. Furthermore, as 
both the seal and the loading are symmetric, a half seal model with a 
symmetry boundary condition can be used, as in Ref. [24]. The axial and 
circumferential displacements were hereby ignored, as they contribute 
very little to the hydrodynamic action of a perfectly smooth seal. Notice 
that the resolution of the hydrodynamic computational domain shown 
in Fig. 4 is determined by the number of nodes considered when building 
the compliance matrix Cr. 

This elastohydrodynamic model is used to study the main variables 
governing the misalignment-induced lubrication induced by the nor-
mally oriented velocity component resulting from a slanted contact 
profile. 

3. Results 

The hydrodynamic model described above predicts the pressure 
distribution and consequently the flow rates on a misaligned seal-shaft 
gap profile. The model makes it possible to study the individual 
contribution of the shaft radial offset ε, the seal angles α and β, the shaft 
liner velocity vshaft and the lubricant dynamic viscosity η to the operation 
of a rotary lip seal under radial misalignment. As an example, a sinu-
soidal (hence symmetric) gap profile is input to the model, leading to the 
results shown in Fig. 8. 

Fig. 8. Results with a sinusoidal gap profile (ε ¼ 1 mm, hmin ¼ 1 μm, v ¼ 3 m=
s; η ¼ 50 mPa⋅s, κ ¼ 107 P). 
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Fig. 8b and c show that the initial gap profile is distorted as a result of 
the given hydrodynamic pressure bumps developing in each side of the 
seal plotted in Fig. 8a. The resultant gap profiles and pressure distri-
bution in each direction are almost identical. Consequently, the resul-
tant flow rate in each direction, back to spring sides qb→s and spring to 
back sides qs→b, is the same, leading to a null net flow rate ðqb→s � qs→b ¼

0Þ. The initial minimum film thickness largely determines the magni-
tude of the pressure build-up, hence the distortion of the gap. As 
mentioned before, the results presented must be read qualitatively 
rather than quantitively. 

The sole influence of the wedge profile on the back side of the seal is 
investigated and the results are shown in Fig. 9. The gap profile is 
therefore fixed, i.e. rigid, and the influence of having a more aggressive 
or a softer back side angle ⍺ is analysed. The width of the computational 
domain B (in the axial direction) is adjusted to a maximum film thick-
ness of 50 μm. 

Fig. 9 shows that, resembling a tilting-pad thrust bearing, the gap 
profile strongly influences the magnitude of the hydrodynamic pressure 
generation and therefore the load-carrying capacity of the lubricant 
film. The maximum pressure generated by the flow from the spring side 
(φ ¼ 270�) was shown to be fairly independent of the pressure generated 
at the other side. 

Ultimately, using the hinge point model the gap profile obtained in 

Ref. [19] under non-pressurized conditions is replicated and the results 
are shown in Fig. 10. Once more, an elevation colourmap is used for 
Fig. 10b so the microscopic distortion of the lip profile is clearly shown. 

The original and distorted gap profiles are plotted in Fig. 10c, 
showing that the two hydrodynamic bumps lead to a local deformation 
of the tip of a few micrometres at φ ¼ 90�. As a result, the model predicts 
a net flow rate towards the spring side of the seal. 

4. Discussion 

The main difference between the microscopic viscous seal theory and 
the misalignment-induced macroscopic theory presented in this study is 
the bidirectionality of the fluid migration. It was shown in Fig. 3 that a 
radially misaligned lip seal leads to two convergent and two divergent 
wedge profiles in the circumferential direction. When the shaft rotates, 
two hydrodynamic pressure build-up and two pressure-decreasing re-
gions develop. Consequently, the flow rate develops in both directions, i. 
e. spring-to-back and back-to-spring sides. When the hydrodynamic film 
formation conditions are not symmetric, i.e. different α and β angles or 
when sealing liquids of different viscosities, the flow rate in one direc-
tion becomes greater than the flow rate in the other one. The migration 
of fluid still occurs in both directions; however, a net flow rate is found 
towards one of the sides. The bidirectionality of the flow due to 

Fig. 9. Results with a various rigid gap profiles (ε ¼ 1 mm, hmin ¼ 2 μm, v ¼ 3 m=s; η ¼ 50 mPa⋅s, κ ¼ 107 Pa).  
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misalignment explains the inability of rotary lip seals to effectively 
separate two liquids [1,10,36]. 

Successful rotary lip seals present a steeper angle on the spring side 
than on the back side [2]. The angle of the back side α generally presents 
better characteristics than the spring side angle β for generating a hy-
drodynamic pressure increase (and decrease). The consequent distortion 
of the lip leads to an asymmetric flow rate. Hence, although the 
migration of lubricant simultaneously occurs in both directions, the net 
flow rate is directed towards the spring side of the seal. Notice that, 
according to the model developed, the flow rate in each direction is 
independent of the direction of rotation. Stakenborg [20] observed the 
seal-shaft interface through a transparent rotating shaft. He described 
the occurrence of bubbling on the back side of the seal when the shaft 
rotated beyond a particular velocity. When the velocity of the shaft was 
further increased, cavitation also appeared on the spring side. Stake-
nborg’s observations can be explained by the macroscopic 
misalignment-induced lubrication theory presented in this study. 

This study focuses on the flow in the normal direction as in Ref. [12], 
while the flow in the tangential direction is disregarded. However, in a 
similar fashion as in Ref. [24], the variation of the distance between the 
seal and the shaft due to misalignment (Fig. 6), together with the 
deformation of the gap due to hydrodynamics (Fig. 10), distort the 
nominal parallelism between the seal and the shaft in the tangential 
direction. This constitutes an additional source of hydrodynamics on a 
macroscopic level. 

Furthermore, the misalignment-induced bidirectional flow rate may 
explain the early mixing of water and oil in the outermost chamber of a 
stern tube (seal #1 in Fig. 2). Note that when sealing a water-oil inter-
face the liquids present different viscosities which, together with the 
different angles α and β of the seal, results in different flow rates from the 
back to spring side and vice versa. The increased viscosity of a water-in- 
oil emulsion, for example, may change the net flow rate of a rotary lip 
seal. The role of the meniscus was not included in this study. However, 
as shown in Fig. 3, when sealing against an air interface, the meniscus 
will limit the availability of lubricant at the back side of the seal and 
therefore the flow rate. Additionally, the misalignment-induced lubri-
cation mechanism presented may contribute to the replenishment of the 
meniscus. When lip seals are pressurized, an increase of the contact load 
and a further deformation of the seal tip develop [19]. Therefore, to 
apply the model to a pressurized seal, both the pressure boundary 
conditions and the morphology of the gap profile must be updated. 
Special seal designs vary the direction of the pumping rate according to 
the pressurization level [2]. 

It is clear that the macroscopic hydrodynamic pressure resulting 
from the shaft radial misalignment does not lead to a uniform load- 
carrying capacity that is able to bear the seal radial load. Alterna-
tively, when operating with a wobbling shaft, i.e. dynamic misalign-
ment, the location of the pressure bumps because the misalignment 
periodically varies around the shaft. Depending on the magnitude of the 
misalignment-induced hydrodynamic load, part of the seal may 
(temporarily) operate under boundary, mixed or even full film lubrica-
tion. Consequently, although ignored in the presented model, the 
lubricant shear stress varies along the circumferential direction and may 
further slant the seal. The lubrication mechanism presented ignores any 
roughness effect, which has been proven to be key when it comes to 
directional pumping [3,37–39]. Therefore, the misalignment-induced 
flow rate is thought to contribute to the already existing microscale 
lubrication theory rather than replacing it. It is likely that various 
operating mechanisms are present in the operation of rotary lip seals 
[40] and the one investigated may become more significant in mis-
aligned seals. 

5. Conclusions 

An elastohydrodynamic model able to predict the behaviour of ro-
tary lip seals under misalignment has been presented. Once the contact 

Fig. 10. Hydrodynamic pressure build-up the spring side gap profile between 
the seal and the shaft. (ε ¼ 0:5 m, hmin ¼ 2 μm, v ¼ 3 m=s; η ¼ 50 mPa⋅ s, κ ¼
107 Pa). 
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profile is not in line with the perimeter of the shaft, part of the shaft 
velocity becomes normal to the sealing line, hence the fluid is dragged 
along a convergent wedge, inevitably leading to a hydrodynamic pres-
sure build-up. Consequently, a bidirectional migration of lubricant de-
velops when the nominal parallelism between the seal and the shaft is 
lost. Building on the work of Horve [12], the model presented predicts 
the flow rate of the seal as a function of the specific seal design, the 
lubricant rheology and its operating conditions. When two liquids of the 
same viscosity are sealed with a symmetrical seal-shaft liner profile, the 
model predicts equal flow rates in each direction, hence a null net flow 
rate develops. 
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