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Abstract. Considering the tilt of the seal ring, the transient vibration response analysis model of
the non-contact mechanical seal is presented. The model is consisted of the transient Reynolds
equation, the equation of motion and the equation for solving the high order nonlinear dynamic
coefficients of seal. The relative error of the high order nonlinear film force to the linear film force
is also obtained. With Euler method, the characteristic parameters of the transient vibration
response are obtained, which include the axial vibration displacements and the angle-swing of the
static ring. The 14 nonlinear force and 14 nonlinear overturning moment dynamic coefficients for
the non-contact mechanical seal are calculated. The results show that the influence of the damping
effects of the sealed fluid between the seal gap on the axial vibration displacements and the
angle-swing is linear. The film thickness distribution changes with the axial vibration of seal,
which will lead to static ring swing, and the swing also can cause the axial vibration of the seal.
With the increase of the nonlinear order, the relative error of the nonlinear film force decreases.
All of the nonlinear film forces, the non-linear stiffness coefficient and damping coefficient
decrease with the seal film thickness increases.

Keywords: mechanical seal, transient, non-linear vibration, response.
1. Introduction

As the key parts of important equipment, the non-contact mechanical seal is widely used in
aerospace, energy, petrochemical and other fields, such as the petrochemical pump, turbine pump
etc. [1-4]. Under the extreme working conditions, due to the axial vibration or shock, the
mechanical face seals often occur transient deformation or destruction of the sealed surface, which
will lead to the seal failure [2, 5, 6]. So, study on the vibration characteristics with the nonlinear
factors (under the axial vibration or shock conditions) in transient process is one of the main
contents of design a non-contact mechanical seal, the research results will provide the theoretical
guide to assure the stable operation of the seal. However, most of the existing studies based on the
commercial software are to analyze the steady state performance of the seal, mainly include seal’s
static lubrication characteristics, such as the thickness of the film, the average temperature rise,
heat distortion, etc. Such as Zhang Guoyuan carried out the sealing static performances [1], the
non-contacting mechanical seal transient start-up separated speed [2] and the seal controllable [7].
Brunetiere N. studies steady-state hydrostatic model and thermal effect of the mechanical face
seals [4, 8]. The studies on the nonlinear vibration response of the mechanical seal are few. The
dynamics behavior of the seal in the rotor system has the great influence on the response of the
system, and more and more researchers are engaged in developing the related model. Such as
Zhang Wanfu developed a three-dimensional computational fluid dynamics model of a seal and
investigated the influence mechanism of combined effects between bearings and seals on the
dynamic characteristics of the rotor-bearing-seal system [9].

However, these studies have not considered the nonlinear dynamic characteristic under the
condition of tilting and swing of seal. As the mechanical seal is applied in the harsh conditions,
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such as the rocket engine shaft seal discussed in this paper, the nonlinear dynamics problems of
the seal caused by the axial vibration or shock of shaft are becoming more common. Moreover,
the axial excitation originated from the vibration or shock is of the typical time-varying and
dynamic characteristics. So, in order to better access to the seal dynamic characteristics, it needs
to study its nonlinear transient response characteristics. But, the full nonlinear dynamics model of
the seal and its solution are very complex, and the iteration steps are massive. For example, the
axial force of shaft effects the vibration which leads to the seal gap changes; the changes of gap
will cause the changes of the force and other static characteristics parameters.

As described above, due to the high order and nonlinear time-vary characteristics, the process
of the full model solution is very time-consuming and difficult convergence. It is nearly impossible
to obtain the full static and dynamics characteristics parameters in the limited time stage, which
will lead the controllable of the seal is poor. Hence, it is necessary to simplify the existing complex
models to get the nonlinear transient vibrations and meet the requirement of designing the
controllable seal and obtaining the dynamic characteristics of the seal. Two methods are often
applied in solving the high order nonlinear model. One is to reduce the high orders by the POD
method [10] or the series expansion, the other is to build the database. The series expansion only
included the previous orders is a rapid method for the transient solution, and the time-cost is short
and the accuracy of this method also have higher. So, in this paper, the error of the full nonlinear
models’ results and the series expansion results is analyzed. With the special case, the errors of
the force and dynamic coefficients of the seal are obtained, the accuracy will be verified. The
series expansion method for simplifying the full nonlinear model will help to obtain rapidly the
transient response results and guide the design of the controllable seal [2].

In this paper, a model with considering the tilt of the seal ring is developed, and the transient
vibration response based on this model by the series expansion is studied. The model is consisted
of the transient Reynolds equation, the equation of motion. The coupled equations are solved and
the second and higher order nonlinear dynamic coefficients of seal are obtained. In order to study
the response characteristics of the seal induced by the external axial force (or the axial displace),
the nonlinear response, the stiffness and damping coefficients of the noncontact mechanical face
seal are obtained. Besides, the high order nonlinear terms (the relative error of each order of the
nonlinear oil film force, nonlinear stiffness and damping coefficient) with the different axial
displaces is also calculated.

2. Model of transient vibration response of the non-contact mechanical face seal
2.1. Transient Reynolds equation

For the non-contact mechanical seal, according to the N-S equation and continuity equation
based on the fluid mechanics, the dimensionless Reynolds equation can be obtained under the
condition of the corresponding hypothesis as follows [7, 11]:

d (7h30p +1a h3op _6_aﬁ+12_fl W
or\ 7 o) "Foe\gae)” g T T

where, the dimensionless parameters h=h/h,, F=r/(r,—1)=1/B, [@=u/u,
p = ph2,/(uoQB?), h = h/(Qhy,), 11, 1, and B are respectively seal ring outer, inner diameter
and radial length, and subscript h,, are identified as the thickness of the oil film under the static
equilibrium position or the initial position of the non-contact mechanical face seal.

The dimensionless boundary conditions show as following:
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(p= Polr=r,,

op

% = 0|F=F2; (2)
p = Olrr,,

where, [} indicate the seal filler entrance, I, indicate other boundary in addition to I'j, T indicate
all the boundary.

2.2. Transient motion equation

According to the second law of Newton dynamics, the dynamic equations and the equilibrium
equations of the rotor and stator of the seal can be set up, as:

MAZ + K,Az + K,AZ = F(t), 3)
JAG + K yAp + KyAd = N(2), )

where, M indicate the sealing ring’s mass; K,, K, respectively indicate the stiffness and damping
coefficients of the oil film; F(t) is external axial load (at static equilibrium position, F(t) = 0); J
indicate the inertia of rotor; and Ky, K, respectively indicate the torque stiffness and damping
coefficients of the oil film; N(t) is the external torque on the rotor (i.e. overturning moment).

From the Egs. (3-4), we can conclude that the sealing rings (the rotor and stator) moment is
independent of the tilting. Actually, that’s not true. The vibration effect of the seal will lead to the
oil film thickness distribution, and the pressure distribution of the oil film is changed. As the result,
the sealing ring is tilt because of the overturning moment. The same reason that the axial vibration
will be caused by the sealing ring swing. These will be analyzed in the following section.
However, the linear analysis is unable to solve the relationship between the movement and the
swing of the sealing ring.

2.3. The sealing gap equation and the axial load with considering the tilting of seal
Seal gap control equation is shown as following:
h = h, +rsin(6, — 6) - sing, 5)

where, h indicate oil film thickness, h,, indicate the oil film thickness under the static equilibrium
position, 8, indicate the circumferential angle of the tilting status, ¢ indicate the tilt angle of the
stator.

By integrating the pressure of the oil film load region in the sealing gap, the axial load capacity
of the oil film can be obtained as follows:

2

_ Os T2 hm
F=J- f p - 7dirdf = F - . 6)
o Jr P HoQLB* (

According to the tilt of the mechanical seal, the overturning moment should also be
considered as:

2

Os T2 hm
N= f f p - 7%sin(8, — 8)drdd = N - : @)
0o Jr : HoQ2B>
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2.4. Second order nonlinear dynamic characteristics model
2.4.1. Second Order film gap thickness

Film thickness can be expressed under the disturbance condition as [11]:
h = hy + Ah = zy + rsin(8, — 0)sing, + Az + rsin(0, — 0)cospyAp

1 . . 2 ®
—Ersm(Gp — 6)singy(Agp)*,
where, z, indicates the oil film thickness at the central point of the compensation unit, ¢,
indicates the tilting angle of the static seal ring under the steady status, Az indicates the
incremental of z, or hy, A¢ indicates the incremental of ¢,,.
Under transient conditions:

% = —rcos(8, — 8)sing, — rcos(6, — 0)cospAp + %rcos(@z, — 0)singy(Ad)?, ©)
Oh _0(A2) o _@g 0P _ inco. — B)sind. (Ag) LD
= ot + rsin(8, — 8)cosg, — rsin(8, — 8)sing,(A¢) R (10)

= Az + rsin(6, — 0)cospAd — rsin(8, — 6)sing, (Ap) (Ag).
2.4.2. Second order seal opening force and overturning moment

Matrix of the transient oil film force under the sealing gap disturbance condition is shown as
following:

Az
eh i < .o (OF OF OF OF\[Az
(h, by = Fo 0z’ 0z’ 9¢’ ag )\ AP

A

[19%F  10%F 1 09%F 1 9%F ]
2022 20207 2020 20z0¢
10%F 10%F 109%F 1 0%F |z
2070z 2072 20709 20z0¢ ||Az
1 9%F 10?°F 10°F 1 0°F ||A¢
2000z 2090z 2092  203pa|LAP
1 0%F 1 0%F 1 9%°F 10°F
2040z 2090z 2d¢dp 20¢2 |
+0(Az3,423,A9°,A¢3).

an

+(Az, Az, Ap, Ad)

Matrix of the transient oil film overturning moment under the sealing gap disturbance
condition is shown as following:

740 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2017, VOL. 19, ISSUE 2. ISSN 1392-8716



2352. STUDY ON THE NONLINEAR TRANSIENT RESPONSE FOR THE NON-CONTACT MECHANICAL FACE SEAL.
Y AO CHEN, GUOYUAN ZHANG, WEIGANG ZHAO, FENG J1

Az
: dN 0N aN oN\ [ Az
N =+ (55 )|
Ap
102N 10N 19*N 192N
2022 20207 20209 20204
10°N 19N 19°N 10°N | a, (12)
, .| 2020z 2022 20z0¢ 20:0¢ |[Az
Tz 82808001 gy 10w 10en 1 o2 || A0
2040z 2040z 2042 20¢d¢ | Ao
102N 102N 19N 192N
2043z 2093z 20¢dp 20p?
+0(Az3,423,A¢%,A%).

2.4.3. Second order nonlinear dynamic characteristic coefficients

The matrix form of the force-stiffness damping coefficients of the oil film can be expressed as:

Az
. Az
F(h, h) = F() + (KZ!KZ'IK(I)!K(i)) A¢
Ad
1 1 1 1
/E K, EKZZ' EKZ(P EKZd)\
1 1 1 1 Az 13)
) . EKz'z EKZ'Z' EKw o hz¢ | |Az ¢
+(Az, Az, Ap, Ad) 1 1 1 1 A
Koz Kpz 5Kps SKop ||ag
Kl 1
2

+0(Az%, 023, A¢3, A?).

With the Eq. (6), (11), (13), the nonlinear force-dynamic coefficients of the seal under the
transient oil film disturbance condition can be obtained, as

Linear stiffness coefficients: K, = I1[P,], Ky = I1[Py];

Linear damping coefficients: K; = I;[P;], Ky = L,[P4];

Second order nonlinear stiffness coefficients: K,, = I;[F,,], Kyp = I1[Ppgl;

Second order nonlinear cross stiffness coefficients: K,, = K, = I1[P,,];

Second order nonlinear damping coefficients: K;; = I1[P;;] = 0, Kg¢, = [1{Pg¢] = 0;
Second order nonlinear cross damping coefficients: K, = Ky, = I1[Py;] = 0;

Nonlinear stiffness damping coupling coefficients:

Ky = K;z = II[PZZ']» qub = Kq'bz = Il[PZ(Z)]a Kz'q') = K(IJZ = 11[P2-¢], qud) = Kgbqb = 11[P¢gb];
To all the above formula, the following formula is defined, as:

L[] = foesf:[]rdrde.

The matrix form of the overturning moment-stiffness damping coefficients of the oil film can
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be expressed as:

Az
. . . Az
N(h,h) = N(zo + Az, 2y + Az, o + A, po + AD) = Ny + (V, V3,V V) A

Ag
1 1 1 1
/E Vo2 EVZZ EVZQH EVZ(i’
1,1, 1, 1| (14)
. | 2722 Va2 HVie 5 z2¢ Az ) .
+(8z,42,00,09) | | 1 1 1 Ap +0(Az3,023, 9%, 0%).
Yoz SVer Vs Ve | \ag
1 1 1 1
Vo 3Ve: Voo Voo

With the Eq. (7), (12) and (14), the linear and nonlinear overturning moment dynamic
coefficients of the oil film are obtained, as

Linear stiffness coefficients: V, = L,[F,], V, = [;[F,];

Linear damping coefficients: V; = L [P;], V, = [Py ];

Second order nonlinear stiffness coefficients: V,, = [,[F,,1Vy = I[Ppyl;

Second order nonlinear cross stiffness coefficients: V,,, =V, = L,[P,,];

Second order nonlinear damping coefficients: V,; = I,[Ps;] = 0, Vi, = [[Ppg] = 0;

Second order nonlinear cross damping coefficients: Vg, = Vi, = I[Pe] = 0;

Nonlinear stiffness damping coupling coefficients:

Var = Vaz = L[P2:), Vog = Vg = L[P1g], Vig = Vz = L[Pigl, Vg = Voo = [P el

To all the above formula, the following formula is defined as:

Os 12
L[] = f J- [1r%sin(6, — 6)drde.
0 T

By the Eq. (13-14), with the given conditions, the number of the force and the overturning
moment dynamic characteristic coefficients is 20, and considering the symmetric coefficients, the
number of the respectively coefficients is 14. Besides, the following conclusions can be obtained
as,

(1) The nonlinear damping coefficients are equal to 0. That means that the effect of oil film
damping on sealing swing are linear relations. It is because that the transient term dh/dt in the
transient Reynolds equations is a first-order.

(2) The seal axial vibration affects the oil film thickness distribution, and the oil film pressure
distribution, which will lead to the sealing ring swing. The converse is also true, seal swing will
also cause the axial vibration.

2.4.4. The second order nonlinear transient motion equation
Considering the inertia of the sealing ring, the stiffness and damping coefficients are

substituted into the Eq. (3) and (4), the second order nonlinear non-dimensional axial vibration
equation of the sealing ring can be obtained as:

MAZ + K,A% + KyAd + K,,AZ07 + K5 AZ0¢ + K5 AZ0( + Ky APAD

N T (15)
+K,AZ + Ky A + EKZZAZZ + EK¢¢A¢2 + K,¢AZA$ = 0,
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where, M indicates the non-dimensional mass of the seal ring, M = MQh3, /(uyB*).
The second order nonlinear dimensionless motion equations under the oscillating condition:

JAG + V,AZ + VyAd + V,,AZAZ + U,y AZAG + V,yAZAD + Vg APAD
_ o 1- o 1_- (16)
+V,AZ + VyAdp + - V,,AZ* + §V¢¢A¢>2 + V,$AZAp = 0,

where, Jindicates non-dimensional rotational inertia of seal ring, ] = JQh3,/(1oB®).

So, the schematic diagram of the mathematical model is shown in Fig. 1. The model includes
the transient Reynolds equation, the transient motion equation and the sealing gap equation. Based
on the existing softwares [1, 10], the model is solved. The results of the higher (second, third, and
fourth) order film gap thickness, seal opening force, overturning moment, dynamic characteristic
coefficients will be obtained.

Input Data: seal geometry parameters, operating
parameters, solution time 7, Z,, axial load 17, etc

-
-

Y
Dimensionless parameters, solute the
transient oil film thickness

A
Solute the Reynolds Equation, obtain the
distribution of film pressure

Y

Obtain the relation of the oil film thickness
and Z, the axial load and overturning moment

A
Solute the high order film gap thickness, seal
opening force and overturning moment

y
Solute the high order nonlinear
dynamic characteristic coefficients

Y
Solute the high order nonlinear
transient motion equation

No

If time arrive 7' ?

End

Fig. 1. Schematic diagram of the mathematical model
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2.4.5. Error estimation of the higher order nonlinear terms

From the Eq. (13), the higher order components of the oil film force is neglected and the
truncation error of the transient oil film force occurs. So, in order to understand the accuracy of
the transient oil film force, it is necessary to analyze the influence of the truncation error and the
high order nonlinear terms on the transient oil film force. The influence degree can be determined
by the relative error of the accurate value of the oil film force to the transient oil film force:

F— F

AF, = X 100 %, a7

where, F is the oil film force accurate value calculated by solving Eq. (6), F,, is the transient oil
film force, AF, is a function of Ah as shown in Eq. (11). n denotes the high order number, which
could be determined according to the oil film thickness and the relative error.

Refer the Eq. (13), the transient oil film force F,, is a function of the displacement and velocity
of the sealing ring. When the seal system is disturbed, the higher order nonlinear oil film force
can be expanded by Taylor Function as follows:

oF 10%*F 10%F 1 9'F oF
Fm=FO+—Az+——Az2+——Az3+——Az4+---+—_Az
0z 2 0z° 6 023 24 9z* 0z (18)
62 ) ZF 3 ) 4 s
Sy Ve S AzA AZ2A7 + = AZ3Az
F 9 A G A g g AT e e AL

Or as follows:

1 1 1 1
F=F,+K,Az+ EKZZAZZ + EKZZZAzs + ﬁKZzzzAZ4 + 4+ KAz + EKZ_Z_AZ-Z + o )
1 1
+K,;AzAZ + EKZZZAZZAZ + EKZZZZ-AZ3AZ' + -

where, F;, indicates the oil film force under steady state; K,, indicates the n-order linear and

nonlinear dynamic characteristic coefficients, n can be z, zz,... , Z, ZZ,..., ZZ, zzZ, ZzZzZ and:
oF 0°F d03F 04F oF
KZ = Eﬂ Kzz = ﬁ' Kzzz = ﬁr Kzzzz = ﬁ' KZ = g' (20)
0%F 0%F d3F 0*F
Ko =95 Ko =7 M =5z M =G0

The n-order non-dimensional nonlinear transient oil film force F,, can be expressed as
following:

_ - _1_ o 1_ . 1_ o 1_
E,=Fy+K,Az+-K,,AZ*> + —K,,,AZ3 + —K,,,,AZ* + - + K;,AZ + =K, ;AZ* + -
) 2 61 24 2 1)
+K,,AZAZ + EI?ZZZ-AZ_ZAZT +e K,,:0Z307 + - = K,,AZ + K,,,Az,

where, K,,, indicates the dimensionless nonlinear stiffness coefficient of oil film force:

. 1_
Knz = Kz + K207 + 5 K, 0Z% + 6KZZZZAZ oo : (22)

K, indicates the dimensionless nonlinear damping coefficient of oil film force:
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1_ 1_
=K,,;AZ%? + gKmZ»Af + o . (23)

an‘ = RZ + RZZAZ_-l_ 2

The dimensionless quantity of the higher order stiffness and damping coefficient of oil film
force is shown as following:

_ uUI?B _ uWUI?B _ uUI?B _  uUL?B
K, =K, 3 Ky, = Kz i Kz22 = Kzzz s K222 = Kz222 ho
3p 3p 3p 3g 24
_ ul°B — uL°B —  ul’B — ul®B
Kz’ =Rz 3 Kzz‘ = Kzz‘ 4 Kzzz = Kzzz 5 Kzzzz' = Kzzzz 6
hin hin hin hin

3. Case study
3.1. Research object and results of the stiffness and damping coefficients

The geometrical parameters of the mechanical seal are shown in Table 1.
The dimensionless values of the nonlinear dynamic characteristic coefficients are calculated

as shown in Table 2.

Table 1. Geometrical parameters of the mechanical seal

Items Value
Inside diameter r; (m) 0.125
Outer diameter r, (m) 0.21

The lilting angle of the static ring 6 (rad) 0.45
The tilting circumferential angle 8, (rad) 0.26

Fluid viscosity g (Pa‘s) 0.04315
Fluid Density p (kg/m?) 998
Sealing rotatory speed () (r/min) 3500
Seal axial load W (kg) 18000
Table 2. Dynamic characteristic coefficients
Dynamic characteristic Dimensionless Dynamic characteristic Dimensionless
coefficient of force value coefficient of moment value
K -1.312 |/ —0.001
K; —6.161 v, —0.044
K, 12.608 V, —0.142
K, —0.049 Ve —0.734
K,, 2.485 V,, —0.016
K, 17.568 V,; 0.006
K, -35.972 Vo 0.871
K, —0.036 V2o 2.001
K, 0.000 Vs 0.000
K 0.042 Vi 2.843
K, 0.000 Vip 0.000
Ky 0.314 Vipo -5.911
Koy 2.839 Voo —0.058
29 0.000 09 0.000

3.2. Results of transient vibration response

In this paper, the Euler method is used to solve the Egs. (15-16), and the dimensionless
transient vibration response with time is obtained, which as shown in Fig. 2 and 3. The initial
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conditions are AZ = 0.3, A¢p = 0.0. The dimensionless linear and nonlinear increment of the oil
film thicknesss (AZ) in the situation of the static ring central point with the time are shown in
Fig. 2. The changes of the linear and nonlinear tilting angle of the static ring with the time are
shown in Fig. 3. From Fig. 2, the displacement of the sealing ring decreases with time because
that the damping of the oil film acting on the sealing ring is over damped. From Fig. 3, the
maximum amplitude of the static ring swing quickly reach, then a non-periodic exponentially
peristalsis occur, so the static ring motion is also the over damped motion.

When the initial conditions are AZ = 0.0 and A¢ = 1.0E — 3, the results of the transient
vibration response is shown in Fig. 4 and 5. The displacement of the sealing ring is fast to reach
the maximum amplitude, and then is a non-periodic creep in the exponential law, and shown in
Fig. 4. The amplitude of the static ring is gradually decreased with time, as shown in Fig. 5. The
motion of the sealing ring and the static ring are also the damping motion. The results shown that
the vibration of the seal ring can cause the static ring swing, the static ring can also cause the seal
ring vibration.

04, 12
Linear
. Non-linear Linear

o3ph e Non-linear
1Y 02

0.1

0.0 T T ;

60 80 100 80 100

AT
Fig. 3. Swing response (AZ = 0.3, A¢ = 0.0)

AT
Fig. 2. Axial vibration response (AZ = 0.3, A¢p = 0.0)

6 3.0
Linear Linear
Non-linear 25+ Non-Linear
2.0
s
< 15
I ]
< 1.0f
05
0.0 n n
- 80 100 60 80 100
AT AT
Fig. 4. Axial vibration response Fig. 5. Swing response
(Az = 0.0, A$ = 0.001) (Az = 0.0, Ad = 0.001)
3.3. The high order non-dimensional nonlinear transient oil film force
The 4 order non-dimensional nonlinear transient oil film force F is:
= 1 _ 1 _ 1 _
F =0.173 — 1.312(AZ) + = (2.458)(A2)? — = (3.229)(A2)3® + — (17.150)(AZ)*

—6.161(AZ) + (17.568)(AZ)(AZ) — — % (2.450)(AZ)2(AZ) + % (9.734) (A2)3 (AZ).

The 4 order non-dimensional nonlinear steady oil film force E, is:

746
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_ 1 1 1
E, =0.173 — 1.312(A2) + 5(2.485)(Az‘)2 - 3(3'229)(AZ_)3 + ﬁ(17.150)(Az‘)4,
m=1,..,4

(26)

The dimensionless nonlinear stiffness K,,, and damping coefficient K, of the steady state oil
film force are respectively as follows:

_ 1 1

K,, = 1.312 — 2.485(A2) + 3 (3.229)(A2)? — 3 (17.150)(A2)3,
27)

_ 1 1 (

K,; = 6.161 — 17.568(AZ) + 3 (2.450)(A2)? — 3 (9.734)(A2)3.

Fig. 6 is the relative error of the high order (first, second, third and fourth order) nonlinear oil
film force to the accurate value of the oil film force. As shown in Fig. 6, the relative error of the
nonlinear oil film force change with the change of the oil film thickness AZ and rotor motion speed
Az: as the number of the order increase, the error decreases. The increase of oil film thickness and
the rotor speed leads the error increase, which shows that the nonlinear characteristic of the
nonlinear oil film force is very obvious.
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4 80r _oo 004
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0.0
Az Az
a) First order error b) Second order error
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¢) Third order error d) Fourth order error

Fig. 6. The relative error of the high order nonlinear oil film force

Fig. 7 is the curve of the relative error of the high order relative errors of the nonlinear oil film
force with the change of the oil film thickness. Fig. 8 is a curve of the different higher-order
dimensionless nonlinear oil film force with the change of the oil film thickness. From Fig. 7 and
Fig. 8, we can see that with the increase of the order number, the relative errors of the oil film
force decrease. With the increase of oil film thickness, the nonlinear oil film force decreases.

For the relative error value of the 4 order AF, just only is 4.8 % on the condition of Az = —0.4.
Therefore, the 4 order nonlinear oil film force can be used to meet the requirements of high
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precision. The second order nonlinear force can be used if the accuracy requirement is not more
than 10 % when the change of the film thickness AZ is no more than 30 %. The error of the first
order linear oil film force to the fourth order nonlinear force is larger when the oil film thickness
is more far away the static equilibrium position.

100 0.8
0.6} —Oo—1st

- O-2nd

K --a-- 3rd

BN - 4th

AF (%)

P
e ~.$'—'-'-'-:%-—-—‘V
0.2 0.4
Fig. 7. The relative error of the oil film force Fig. 8. Oil film force curve
with the change of oil film thickness with oil film thickness

Fig. 9 is the dimensionless nonlinear stiffness coefficient K, and damping coefficient K,;
curve with the change of the oil film thickness increment.

As shown in Fig. 8 and Fig. 9, with the increase of oil film thickness, the nonlinear oil film
force, nonlinear stiffness coefficient and damping coefficient decrease.

15 15
—0—1st

12} -0-2nd 121 —o—1st
--4--3rd

. 0.0 L L
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4

Az Az
a) Dimensionless nonlinear stiffness coefficient b) Non-dimensional nonlinear damping coefficient
Fig. 9. Variation curve of the damping coefficient of the steady state oil film force
with the increment of oil film thickness

4. Conclusions

1) The transient nonlinear vibration response model of the non-contact mechanical seal
considering the tilt of the seal ring conditions is proposed. The model includes the transient
Reynolds equation, the equation of motion and the equation for solving the high-order nonlinear
dynamic (stiffness and damping) coefficients of seal.

2) With the Euler method, the performance parameters of the transient vibration response are
obtained, which include the axial vibration displacements and the swing-angle of the static ring.
The 14 second order nonlinear force and 14 second order nonlinear overturning moment dynamic
coefficients for the non-contact mechanical seal are calculated.

3) A special case is analyzed. The results show that the influence of the damping effects of the
sealed fluid between the seal gap on the axial vibration displacements and the angle-swing is
linear. The film thickness distribution changes with the axial vibration of seal, which will lead to
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static ring swing. With the increase of the order number of the nonlinear oil film force, the relative
error of the oil film forces decrease. With the increase of the film thickness, the nonlinear oil film
force, nonlinear stiffness coefficient and damping coefficient decrease.
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