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the adaptive mesh is employed to ensure the proper y +.

Table 1 gives the boundary conditions defined for the test seal. An adiabatic boundary
condition is applied for the stationary wall and the rotational rotor surface, and all walls in the
model have a no slip boundary condition. The calculation assumes the fluid to be an ideal gas (air)
and the entire flow to be turbulent. The RNG k-& model is used for the turbulent compressible
flow. The momentum equations, the continuity equation, and the turbulence model equations are
solved by the SIMPLE pressure-velocity coupling algorithm. Second-order upwind discretization
is employed for the momentum and energy equations, and the pressure is discretized with the
second-order scheme. The fluid-induced force can be obtained by integrating the uneven pressure
acting on the rotor surface.

Outlet

Rotor surface

a) Global mesh density b) Local mesh density
Fig. 4. Mesh distribution for experimental labyrinth seal

The rotating frame of reference is applied at a specific rotational speed with various whirl
speeds to get the dynamic characteristic coefficients. For the present model, the effect of inertia
can be neglected. And the dynamic coefficients can be derived as:

E.
S =-K-qc

e (1)
“=k-QcC

6 J

where K, k denote the direct and cross-coupled stiffness coefficients, C, ¢ denote the direct and
cross-coupled damping coefficients, F,., F; denote the fluid induced forces in the radial and
tangential directions, () denotes the whirl speed, and § denotes the eccentricity.

Since a direct comparison of the coefficients, such as cross-coupled stiffness and direct
damping, does not show any clear stability advantage/disadvantage or the overall effect of a
change in different structural dimensions and boundary conditions, the non-dimensional whirl
frequency ratio has been frequently adopted by many researches to describe the system stability
due to the labyrinth seal [6, 31]. It is defined as:
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where w is the angular rotor velocity, w = 2N /60 (rad/s), N is the rotational rotor speed.

Whirl frequency ratio is the ratio of the destabilizing influence of the cross-coupled stiffness
and the stabilizing influence of direct damping. From a stability viewpoint, a minimum whirl ratio
is desirable.

3. Results and discussion

3.1. Influence of tilting rotor on the fluid-induced force and leakage characteristics of
Hirano’s seal

Hirano’s compressor eye seal was firstly performed to analyze the influence of tilting rotor on
the static and dynamic characteristics. On the other side, it was employed to verify the present
numerical method used in this paper.

Fig. 5 shows the fluid-induced force varying with the increasing tilt angle for different
rotational speeds in case of E = 0 (8, = 0). For the radial fluid-induced force, it increases linearly
as the tilt angle increases for all rotational speeds. Rotational speeds have little effect on the radial
fluid-induced force. In the tangential direction, the fluid-induced force shows different increasing
tendencies. The fluid-induced force is zero when the rotational speed is zero. While the rate of
increment becomes more and more significant as the rotational speed increases. This is caused by
a high speed on the rotor surface due to the increasing rotational speed.

I 250
—0-N=0 rpm
-500} -2 N=5000 rpm
z 200 —0—-N=11097 rpm|
Z -1000} 4 &
<
= 1500 \ 2 150
3 -1500 z
g g
£ 000 g
5 2000 "\ £ 100
L=] @
£ 2500 E” / /A/fs
—0-N=0 rpm \ = 50 A
-3000{{ -2 N=5000 rpm
—0-N=11097 rpm| \r
-350 . o
2270.0 0.5 1.0 1.5 (i) 0.5 1.0 15
Tilt angle §/deg Tilt angle d'deg
a) Radial fluid-induced forces vs. tilt angles b) Tangential fluid-induced forces vs. tilt angles

Fig. 5. Fluid-induced force changes with increasing tilt angle (E = 0)
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Fig. 6. Leakage flowrate changes with increasing tilt angle (E = 0)
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Fig. 6 shows the change of the leakage flowrate as the tilt angle increases for different
rotational speeds in case of E = 0 (6, = 0 mm). The leakage flowrate decreases with the
increasing tilt angle for all rotational speeds. With the increasing rotational speed, the leakage
flowrate shows a slight decrease. From an efficiency viewpoint, a bigger tilt angle of the rotor is
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desirable.

Fig. 7 and Fig. 8 shows the fluid-induced force and leakage flowrate varying with the
increasing tilt angle for different rotational speeds in case of E = 0.1 (6, = 0.0292 mm). The
results demonstrate a good agreement with the Hirano’s published paper. The results show almost
the same tendency with that in case of E = 0. However, both the fluid-induced force and leakage
flowrate in case of E = 0.1 (§, = 0.0292 mm) become greater than that in case of E = 0. It means
the eccentricity existence is not beneficial to the seal performance.
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Fig. 7. Fluid-induced force changes with increasing tilt angle (E = 0.1)
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Fig. 8. Mass flowrate changes with increasing tilt angle (E = 0.1)

It was well known that the magnitude of fluid-induce forces cannot reflect the inherent stability
of the labyrinth seal comprehensively. To analyze the combined influence of rotor eccentricity
and tilt angle on the static and dynamic characteristics of labyrinth seals further, the dynamic
parameters, such as stiffness coefficient, damping coefficient, whirl frequency ratio, etc., are
performed in next sections based on our previous test seal. Also, the rotational speed and inlet
pressure are analyzed.

3.2. Influence of eccentricity ratio on dynamic characteristics of test seal

Our previous test seal was further performed to analyze the influence of the tilting rotor on the
dynamic characteristics for labyrinth seals.

Fig. 9 gives the dynamic coefficients varying with the increasing eccentricity ratio. The direct
and cross-coupled stiffness coefficient as well as direct damping coefficient become smaller and
smaller as the eccentricity ratio increases. While the absolute value of cross-coupled damping
coefficient increases with the increasing eccentricity ratio. It is difficult to see the overall effect of
the varying eccentricity ratio. While the whirl frequency ratio shows an increase with the
increasing eccentricity ratio, as shown in Fig. 10. It denotes a minor eccentricity of the rotor is
desirable. Fig. 11 shows the pressure distribution in the circumferential direction of seal cavities
for different eccentricity ratios. The pressure fluctuation changes more and more drastically as the
eccentricity ratio increases, especially for cavity 1 and cavity 3.
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3.3. Influence of rotational speeds on dynamic characteristics of test seal

Fig. 12 gives the dynamic coefficients varying with increasing rotational speeds when the rotor
is in the tilting condition (6 = 0.05 mm, 6 = 0.8 deg). Except for the direct stiffness coefficient,
both the stiffness coefficient and damping coefficient increase as the rotational speed increases.
As shown in Fig. 13, however the whirl frequency ratio shows a decrease with the increasing
rotational speed. It means the higher rotational speed will be beneficial to the stability
improvement when the rotor is in tilting conditions. This conclusion is contrary to the results of
previous publications in which the rotor tilt is not taken into account. Fig. 14 shows the pressure
distribution in the circumferential direction of seal cavities for different rotational speeds.
Although the pressure fluctuation becomes more significant with increasing rotational speeds, the
peak pressure shifts at the same time. As the rotational speed increases, the angle of maximum
pressure changes from about 270° to 315°. The fluid induced force tends to weaken a forward
whirling motion of the rotor. As a result, the tilting rotor has a better stability performance for
higher rotational speeds.
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Fig. 11. Pressure distribution in circumferential direction of seal cavities
for different eccentricity ratios (P, = 1.2 atm, N = 3000 rpm, 6 = 0.8 deg)
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Fig. 12. Dynamic coefficients change with increasing rotational speed
(P =1.2atm, E = 0.1, 6 = 0.8 deg)
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3.4. Influence of inlet pressure on dynamic characteristics of test seal

Fig. 15 shows the dynamic coefficients varying with the increasing inlet pressure when the
rotor is in the tilting condition (6 = 0.05 mm, 8 = 0.8 deg). Except for the cross-coupled damping
coefficient, both the stiffness coefficient and damping coefficient increase as the inlet pressure
increases. As shown in Fig. 16, the whirl frequency ratio also shows a decrease with the increasing
inlet pressure. It means the higher inlet pressure tends to improve the stability when the rotor is in
tilting condition. Likewise, when the rotor tilt is not taken into consideration, this conclusion is
contrary to former results. Fig. 17 shows the pressure distribution in the circumferential direction
of seal cavities for different inlet pressures. It can be seen that the pressure fluctuation in each
cavity shows a more uniform distribution with the increasing inlet pressure. Consequently, the
resultant fluid force becomes smaller and smaller. The tilting rotor shows a better stability
performance for the higher inlet pressure.
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3.5. Influence of tilt angles on dynamic characteristics of test seal

Fig. 18 shows the dynamic coefficients varying with the increasing tilt angle (6 = 0.05 mm).
All the stiffness coefficients and damping coefficients increase as the tilt angle increases. As
shown in Fig. 19, the whirl frequency ratio also shows an increase with the increasing tilt angle.
It means the rotor tilt tends to reduce the stability. Fig. 20 shows the pressure distribution in the
circumferential direction of seal cavities for different tilt angles. Greater pressure fluctuation can
be found for the bigger tilt angle.
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4. Conclusions

This paper analyzed the influence of tilting rotor on the characteristics of fluid-induced
vibration for labyrinth seals by the CFD method. Two labyrinth models were employed to verify
and analyze the inherent characteristics of fluid-induced vibration. Different models with varying
boundary conditions were performed based on our previous test seal. The following points
summarize the obtained results:

1) Based on a Hirano’s compressor eye seal, the numerical results demonstrated a good
agreement with that in the Hirano’s published paper. Rotational speeds have a little effect on the
radial fluid-induced force. While the tangential fluid-induced force increases seriously as the
rotational speed increases. Both the radial and tangential fluid-induced forces show an obvious
increase when the rotor is in tilt conditions. From an efficiency viewpoint, a bigger tilt angle of
the rotor is desirable. And the eccentricity existence is not beneficial to the seal performance.

2) Based on our previous test seal, the direct and cross-coupled stiffness coefficient as well as
direct damping coefficient become smaller and smaller as the eccentricity ratio increases. While
the absolute value of cross-coupled damping coefficient increases with the increasing eccentricity
ratio. The whirl frequency ratio shows an increase with the increasing eccentricity ratio. A minor
eccentricity of the rotor is desirable.

3) When the rotor tilt is not taken into consideration, several conclusions are contrary to former
results. Except for the direct stiffness coefficient, both the stiffness coefficient and damping
coefficient increase as the rotational speed increases in case of the tilting condition (6§ = 0.05 mm,
6 = 0.8 deg). The whirl frequency ratio shows a decrease with the increasing rotational speed.
The higher rotational speed will be beneficial to improve the stability when the rotor is in tilting
conditions.

4) Except for the cross-coupled damping coefficient, both the stiffness coefficient and
damping coefficient increase as the inlet pressure increases. The whirl frequency ratio also shows
a decrease with the increasing inlet pressure. The higher inlet pressure tends to improve the
stability when the rotor is in tilting conditions.

5) All the stiffness coefficients and damping coefficients increase as the tilt angle increases.
The whirl frequency ratio also shows an increase with the increasing tilt angle. It means the rotor
tilt tends to reduce the stability. The efforts of this paper provide a useful insight to clearly
understand the effects of tilting rotor on the static and dynamic characteristics of labyrinth seals,
which are beneficial to improving the design of annular seals.
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