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Dynamic behaviour of rotary lip seal
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Abstract. We report on the dynamic behavior of a rotary lip seal by considering the interaction between lip,

film and shaft roughness assumed to have a periodic form. The nonlinearities of stiffness and viscosity of the
film are taken into account in a mass-spring-dumper model. Using the harmonic balance method, analytical
prediction of the lip displacement is obtained, the frequency response is provided and the effect of the shaft
undulation on the amplitude jumps of the lip displacement and on the film thickness fluctuations are discussed.
The results have direct applications in reducing leakage that may occur between a smooth lip seal and a rough

shaft.

1 Introduction

Lip seal device is the simplest and most widely used for
sealing rotating shafts. Its role is to prevent leakage
without causing wear. To study the thin film between
shaft and lip surfaces, a Viscoelastohydrodynamic
(VEHD) approach was proposed. In addition to the
elasticity of the elastomer, the dissipative characteristic
(viscoelastic) of the material was considered. An original
study that addresses the dynamic of the lip seal was
proposed in [1], showing a high correlation between the
viscoelastic behavior of the material and the creation of
the thin film. This approach is based on resolving
Reynolds equation, coupled with lip mechanical
behavior, by using Finite Element Analysis (FEA). In
contrast, no analytical study has considered the effect of
roughness of the shaft surface on the dynamics of the lip
behavior and the film thickness.

In this work, we propose an analytical study on the
dynamic of lip seal and squeezed film in interaction with
rotating rough and rigid shaft, by considering a mass-
spring-dumper model and taking into account the
hydrodynamic behavior of the thin film and the
dissipative characteristic of the seal. The Maxwell model
is considered to describe the viscoelastic behavior of the
seal. By assuming the rotary lip seal as a short bearing,
the condition of squeeze film between the shaft and the
seal can be reformulated, and therefore, the equivalent
stiffness and damping coefficients to squeezed film can
be determined [2,3].

2 Mechanical characterizations

In order to characterize the viscoelastic law of the rotary
lip seal, we propose to simulate the dynamic behavior by
adopting “Proney” Series as described in [1], using FEA
(Figure 1).

Seal radius : Rj=34.9mm

Shaft radius : Rs=35mm

Figure.1. Finite Element Analysis with “Abaqus”

According to Stakenborg model [1], the parameters used
in FEA simulation are chosen as follow: p (elastomer
density) = 1,46.10°Kg/m’, Moony Rivlin” model (long
term) C;=-2.746MPa, C,=4.597MPa, and Proney series
(instantaneous) g,=0.999 and 1,=0.003s. Shaft radius is
Rs=35mm, seal radius Rj=34.9mm, the contact width
b=0.07mm and the maximum contact pressure
ps=4.7MPa.

The equation of motion for the FEA equivalent analytical

model (Figure 2) is given by:

{mz (Zy + Zp) + Ki(zy +22) + Mz, = £(1)
Koozl = nZZ
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where z; is the elastic displacement of elastomer, z, is the
damping displacement, m, is the equivalence mass of lip
seal, K, is the equivalent stiffness of elastomer, 1 is the
damping factor, K, is the equivalent spring stiffness, and
f(t) is the dynamic force applied to system.

We define Laplace transformation of function g(t) by

+oo
G(s) = J- g(®).e 5tdt 2)
By using I:aplace transformation and z=z,+z,, we deduce:
F(s) nmys® + Komys? + (K, + Ky)s + KoK, 3
Z(s) Ky +1s ®
such as: s=jo, j*=-1 and o is the pulsation.

Figure.2. Rotary lip seal analytical model

Thus, the stiffness modulus and argument are given by

F(s)
7
_ (K + Ko)w —nm,yw®)? + (KoK — Kompw?)?
- Ko® + n%w? )
F(s) (K, + Kep)w — nm,w®
Arg <m> = Arctan( KoK, — Koy >
nw
— Arctan (K> 5

By comparing the analytical results and FEA simulation
(Figure 3), we can identify the Maxwell parameters of the

rotary lip seal.
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(a) Stiffness modulus by FEA simulation
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(b) Stiffness modulus with analytical model
Figure.3.Comparison between analytical and FEA model

Thus, we conclude the equivalent lip seal mass
m,=0,55.10°Kg, the spring stiffness K,=34.106N/m, the
elastomer stiffness K,=71,4.106N/m and the dumper
elastomer coefficient n=108N.s/m.

In order to verify the numerical results, we have
confirmed in Figure 4 the spring and elastomer
mechanical characterizations by comparing the stiffness
argument of each model.
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Figure.4. Stiffness argument by using FEA and analytical
model

As shown in Figure 4, there is a good correlation between
the analytical model and the numerical results obtained
using FEA.

3 Equation of motion

The simplified mechanical system with 2 degrees of
freedom that models the movement of the lip seal is
shown in Figure 5. The equations of motion can be
written as

{mz(il + 22) + Kr(Zl + Zz) + T]ZZ = th + leh (6)

Koz = N2,

where h(t) is film thickness, K, is the equivalent stiffness
of squeeze film, 1, is the damping factor equivalent, U is
shaft velocity, R is shaft radius and ® is shaft rotation
speed.
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Figure 5. Analytical model of rotary lip seal

We consider the nonlinear case by introducing the non-
linear rheological model of the fluid as in [3]. In this case
the coefficients of stiffness and viscosity of the fluid can
be written as

2uRb3e. w
2 = (CZ _ez)z N2 =

uRb3m

3
2(c2 —e?)2

(7)
where
c=e+8, 8§=12,+2, h=e(l+cos(wt))+8 (8)

such as eis the shaft misalignment and 6 is total lip
displacement. The nonlinearity of the rheological model
comes from the results given in [3]. By considering
z =27, + 2, and developing K, and m, to order 3, we
obtain

K, = Kyo — Kp1(z — 1) + Kyp(z — €7)?
—Ky3(z—e)® +0((z—¢)%) (9.1)

N2 = M2 —MN21(Z =€) + Npa(z — €)% =3z — )3

+o((z—e,)%) (9.2)

where
Ky = Ko (10.1)

207 (€2 + 2e,e)? '

4K,(e +e;)
= 10.2
217 (€2 + 2e,e)® (10.2)
—4K 24K, (e + e;)?

K,, 0 ol 1) (10.3)

- (e + 2e,e)3
_ 192Kp(e +e,)°

(e + 2e,e)*
72K,(e +e;)

= — 10.4
BT (€2 +2e0)5 (e +2ee)t (104
n
N2p = ————— (10.5)
(e? + 2e.e)2
3no(e +ey)
= 7 10.6
N1 (e? + 2e,€)5/2 (10.6)
-3 15n,(e + e;)?
Nap = Mo _+ Mo 1)7 (10.7)
(e? + 2e,e)2  2(ef + 2e,e)2
105n,(e + ;)%  30n,(e +e;)
N2z = 2 : 19/2 T (a2 - ;/2 (10.8)
2(ef + 2eqe) (e + 2eq€)
K, = 2uRb%e.w,n, = pRb3n (10.9)
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in which e, is the displacement of Taylor series verifying
|z-e;| <<1. By using the harmonic balance method, we
assume that

{z =710 + 211 cos(wt) + z;, sin(wt) (a1

ZZ = ZZO + ZZl COS((Dt) + Zzzsin ((l)t)
Thus Equation (5) becomes:

(myZ + Kz + Mz, = {Kyp — Kpq(z — 1) + Kpp(z — ;)2
—K,3(z — e1)%}(z + e(1 + cos[wt])) +

M20 —M21(z —e1) + Mz - 91)2 =123z — 91)3} (12)

(z — e. w.sin[wt])
k KooZ = niz + KOOZZ

where wy = K,./m, . (13)

4 Validation of the analytic approach

In order to validate the analytic model, the result was
compared to simulations made in [1]. By adopting the
same mechanical characteristics of the lip and lubricant,
the minimum and maximum film thickness of each
approach give a good concordance with a marginal gap
about 2% and 15% as shown in Figure 6.
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Figure 6. Comparison between current model and
Stakenborg approach [4]

In this section, we focus on the dynamic of the lip seal in
lubricated rough contact with shaft surface. Note that in
[1] it was assumed the roundness and misalignment of
smooth shaft. Practically, the lashing effect is about
100Hz as excitation frequency instead of 10GHz for
roughness effect. Because of numerical limitation no
study was proposed to explain the influence of shaft
roughness on lip performance.

The similarity between misalignement case and
roughness shaft is shown in Figure 7. By using the
following assumptions, we perform the calculation of lip
displacement (Figure 8) and deducing the film thickness:
h is shaft amplitude roughness instead of eccentricity in
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misalignment case, Q = 2rwU/A is roughness pulsation
and A is the wavelength of shaft roughness.

(@) h=e(1+ cos(wt)) +z

(b) h=h(1+cos(Qt)) + z
Figure 7. Comparison between film thicknesses in
bearing squeezed film assumptions and current model

Figure 8 shows the effect of shaft undulation on the lip
displacement and film thickness. It can be seen that the
amplitude of the roughness of the shaft and the excitation
has a significant influence on the amplitudes of the jumps
of the lip deformation in the direction of start and stop
and on the location of the jump. Indeed, we conclude that
as the roughness is increased, the jump in starting regim
Hs decreases and shifts toward higher frequencies.
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Figure 8. Lip displacement by varying shaft roughness
amplitude

5 Conclusions

We have studied the dynamic behavior of lip
displacement in interaction with squeezed film excited by
shaft. This problem has been treated in [1,4,5,6] by
assuming the viscoelastic behavior of the elastomer with
Proney series and considering the excitatory effect of
shaft misalignement or roundness. The effect of the shaft
roughness as a source of high frequency excitation of the
thin film was not analyzed.

This study proposed an original analytical treatment
taking into account the nonlinearities in stiffness and
viscosity of the squeeze film. Thus, with the proposed
model, our results have been validated by comparing to
Stakenborg approach and considering shaft misalignment
excitation. Analogically, a shaft undulation perturbation
was studied. The results have shown the effect of shaft
roughness on the jumps phenomenon of the lip
displacement which influences the squeezed film and
leakage.
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