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Abstract

Floating ring seals offer an opportunity to reduce leakage flows significantly in rotating machinery. Accordingly,
they have been applied successfully to rotating machinery within the last several decades. For rocket turbopump
applications, fundamental behavior and design philosophy have been revealed. However, further work is needed to
explore the rotordynamic characteristics associated with rotor vibrations. In this study, rotordynamic forces for floating
ring seals under rotor’s whirling motions are calculated to elucidate rotordynamic characteristics. Comparisons between
numerical simulation results and experiments demonstrated in our previous report are carried out. The three-dimensional
Reynolds equation is solved by the finite-difference method to calculate hydrodynamic pressure distributions and the
leakage flow rate. The entrance loss at the upstream inlet of the seal ring is calculated to estimate the Lomakin effect.
The friction force at the secondary seal surface is also considered. Numerical simulation results showed that the
rotordynamic forces of this type of floating ring seal are determined mainly by the friction force at the secondary seal
surface. The seal ring is positioned almost concentrically relative to the rotor by the Lomakin effect. Numerical
simulations agree quite well with the experimental results.
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1. Introduction

Rocket engine turbopumps that operate at high-speed, high-pressure, and high-power conditions suffer from various
rotordynamic instability problems. In particular, the lateral vibration of the rotor’s whirling motion can cause unwanted direct
contact with the rotor surface because of the small clearances of some turbopump components, which can result in severe damage
to the turbopumps. Furthermore, rotordynamic fluid forces due to small clearances have a significant impact on rotordynamic
stability.

The shaft seal system of a liquid oxygen (LOX) turbopump is one of the critical components of liquid rocket engines. Japanese
H-11A and H-11B main rocket engines (LE-7A) and a cut-away model of the LE-7 LOX turbopump are shown in Fig. 1. Since the
turbine-driven gas is mostly composed of enriched H, gas, it must be separated completely from LOX by the seal system in order
to prevent hydrogen-oxygen explosions. The schematic of the shaft seal system of an LE-7A LOX turbopump is shown in Fig. 2.
Three floating ring seals are used to reduce fluid pressures and leakage from upstream high-pressure regions in the turbopump. A
floating ring seal is a non-contact-type rotating shaft seal [1]. It consists mainly of three components: a seal ring floated against a
rotor surface, a secondary seal surface, and a spring. These can reduce leakage significantly because of the small gap between
their rotors and their seal ring surface compared with conventional annular seals. Accordingly, they have been applied
successfully to rotating machinery within the last several decades. The schematics of a floating ring seal for the rocket turbopumps
are shown in Fig. 3.
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Fig. 2 Shaft-seal system of LE-7A LOX turbopump [2]  Fig. 3 Schematic of a floating ring seal for a rocket turbopump

A number of studies of rotordynamic instabilities in classical annular seals have been reported [3] [4]. On the other hand, the
fundamental characteristics of rotordynamics of floating ring seals have not been fully researched. Further work is needed to
explore the rotordynamic characteristics associated with rotor vibrations. In recent studies, the dynamic characteristics of floating
ring seals under circular synchronous whirling motion of the rotor have been investigated theoretically and experimentally [5] [6].
However, as far as the authors are aware, few studies have investigated the effect of the relationship between the rotor’s spinning
speed and the rotor’s whirling frequency on the rotordynamic characteristics of floating ring seals.

In our previous report [7], fundamental rotordynamic characteristics of floating ring seals for rocket turbopumps were
investigated experimentally. A novel rotordynamic test stand [8] was constructed to measure rotordynamic forces under non-
contact state conditions without the influence of other measurement components. The rotor’s spinning speed, whirling frequency,
and whirling direction can be controlled independently in the test stand.

In this report, rotordynamic forces of floating ring seals under rotor’s whirling motions are calculated to elucidate
rotordynamic characteristics. Comparisons between results of numerical simulations and experiments demonstrated in our
previous report are carried out. The three-dimensional Reynolds equation is solved by the finite-difference method to calculate
hydrodynamic pressure distributions and leakage flow rate. The entrance loss at the upstream inlet of the seal surface is calculated
to estimate the Lomakin effect [9]. The friction force at the secondary seal surface is also considered.

2. Numerical Calculation

2.1 Rotordynamic Fluid Force

The rotordynamic fluid force caused by the floating ring seal can be decomposed into force in the radial direction F,, and force
in the tangential direction F;, as shown in Figs. 4 and 5. The positive direction of F, is defined as the direction outward from the
center of the rotor, and the positive direction of F, is defined as the rotational direction of the rotor. The rotor moves with whirling
motion during rotation. The equation of motion and the rotordynamic fluid forces for the floating ring seals can be expressed using
the friction force at the secondary seal surfaces:
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Fr and F, are calculated with the following equations:

F = F.cosg+F, sing
F =-Fsing+F cosg¢

)

@

The friction forces at the secondary seal surface F, and F,, are calculated with the closing force W; of the floating ring seal at

the secondary seal surface:

F . =W, zcosq|
F, =Wf,u|sin a|

where the friction’s acting angle o on the floating ring is:

o = tan ™ JA8s

XABS
The closing force at the secondary seal surface W is:

W, = AR, —R)/2+W,
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Fig. 6 Stribeck curve approximated by experimentally measured results.

The friction coefficients x at the secondary seal surface are determined by the Stribeck curve [10] approximated by
experimentally measured results in our previous report [7]. The assumed Stribeck curve is shown in Fig. 6. The measured friction
coefficients indicate that the floating ring seal contacts the housing at the secondary seal surface mainly in the boundary and the
mixed lubrication regions, as shown in Fig. 6. The duty parameter G is calculated by the next equation:

27eQ)

6
W, 8 ©)

G=n

In the case of friction coefficients in the hydrodynamic lubrication regions, there are few experimental data. Therefore, a
constant friction coefficient of 0.01 is applied in the calculation for the hydrodynamic lubrication region. In general, the friction
coefficients for hydrodynamic lubrication can be between 0.001 and 0.1; the assumption of 0.01 for the hydrodynamic lubrication
is therefore reasonable.

2.2 Pressure distribution
The hydrodynamic pressure distributions at seal surfaces are calculated by solving the Reynolds equation for turbulent flows
with the finite-difference method:

3 3
0 Gaph P, g0 Gzph ap | _RU 9(ph)  oph) @
00\ " 12n 00 oz\ “12nez) 2 o0 o

where, Gyand G, are turbulent coefficients proposed by Aoki and Harada [11] [12]:

=1+0.00116R,***°
(8)
=1+0.00120R, ***

O||—‘ %O||—\

z

In this study, the seal surface of the seal ring is assumed to be a flat cylindrical surface without any grooves. Therefore, the seal
clearance distributions can be described as follows:

h=C{l+&cos(6-¢)} 9)

The conditions for numerical calculations are shown in Table 1. A cylindrical coordinate system is applied for the calculations.
The numbers of calculation grids in the axial and circumferential directions are 100 and 150, respectively. Other conditions are
determined by experimental conditions.
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Table 1 Numerical calculation conditions

! L |
Working fluid Water @ 51degC — _0| 7=40 |
Spinning speed w 1500 rpm
Upstream pressure Py, 0.5, 0.75, 1.0, 1.25 MPaG P, _
Downstream pressure P, 0 MPaG \"> P Jh > 7
Rotor diameter 55.0 mm Rlotor :
Radial seal clearance C 40 pm
Axial length of seal ring L 7.0 mm —
Whirling frequency ratio Q/w 12 ~ 1.2 S

Fig. 7 Schematics of the coordinate system at the seal
surface

2.3 Inlet pressure loss

The schematics of the coordinate system at the seal surface are shown in Fig. 7. The inlet pressure losses at the upstream edge
of the floating ring seal are calculated with the following equation [12] [13]:
2
] (10)
z=+0

where ( is calculated by the next equation approximated from experiments [12][13]:

' 1+ h* oP
F% = FL —-g—iigég:kf);;z'[(az ;52‘

— Ry
¢ = 2000
(If Ry<1000, ¢ is const.)

+2.57 (11)

The inlet pressure boundary conditions considering inlet pressure losses at the upstream edge are:

p=PR, at z=+0 (12)
p=h at z=L
The average axial velocity at the upstream inlet of the seal surface wy is:
h> . oP
= G

Wo=—— % 13
12 ez )

z=+0

The magnitude of the Lomakin effect is estimated by calculating the inlet pressure losses at the upstream edge of the seal surface.
The leakage flow rates are calculated by the next equation;

Q:l‘ 127 GZE

27| 3
{_ Rh® _ 6P }d@ 14
z=L

By solving these equations, the rotordynamic forces for floating ring seals, including the friction force at the secondary seal
surface, are calculated and compared with experimental results.

3. Results

3.1 Sealing Characteristics

The sealing performance of floating ring seals is investigated theoretically and compared with experimental results. Seal
clearance can be deformed by the pressure difference between the outside of the seal ring indicated by (a) in Fig. 4 and the radial
seal surface indicated by (b). Therefore, the deformation of the seal clearances at each differential pressure is calculated by FEM
analysis in advance. The leakage flow rates are then calculated using seal clearances containing deformations derived from the
differential pressures.

The relationship between the spinning speed and leakage rate is shown in Fig. 8. The experimental results indicate that the
leakage rate of the floating ring seal is not affected by the spinning speed or the whirling eccentricity. On the other hand, the

198



Forward: —=—e=40pum —=—e=80um —e=120um 0 Q=0Hz +Q=15Hz ©Q=25Hz +Q=35Hz

Backward: <~e=40um ——e=80um ——e=120pm 0.2
0.2 Calculations
0.15 »
""Q :J‘l
0.1 Calculations g .
-] . —
iy AN \
]
-
- 0.05 temras i X ) Experiments
Experiments 0.0
0 1 2
0
0 1000 2000 3000 Square root of the differential pressure dP!>
Spinning speed, rpm Fig. 9 Relationship between the square root of the
) ) ) o differential pressure and leakage flow rate
Fig. 8 Relationship between the spinning speed and (w= 1500 rpm, e = 0.12 mm, forward whirling motion,
leakage flow rate (4P = 0.5 MPaG, ©= 15 Hz) AP = 0.5, 0.75, 1.0, 1.25 MPaG)

calculation results of the leakage flow rate show gradual reduction as the spinning speed is increased. The leakage reduction may
be caused by increasing flow velocity at the sliding surface. The large flow velocity causes turbulent flow and increases the
friction coefficient of the flow. As a result, the reduction of leakage flow rate can be induced. This can be explained similarly by
the equations. The large fluid velocity increases the local Reynolds number Ry. From Eq. (8), the turbulent coefficient in the axial
direction G, is decreased. Therefore, from Egs. (13) and (14), the leakage flow rate Q is also decreased by decreasing the G,
values. A possible reason for constant leakage flows in the experimental results may be derived from the difference between the
assumed turbulent coefficients for these calculations and the actual state of the turbulent flows. However, since the effect of the
spinning speed w on the reduction of the leakage flow rate is small and limited, as shown in Fig. 8, the current model could still be
reasonable for discussing the fundamental leakage characteristics of floating ring seals.

The relationship between the pressure difference and the leakage rate is shown in Fig. 9. The leakage flow rate increases
depending on the increase of the pressure differences. Both the experimental and the calculation results indicate that the leakage
flow rate of the floating ring seal is not affected at all by the whirling frequency.

Altogether, the effect of spinning speed on the leakage flow rate is smaller than the effect of the differential pressure. The
calculation results in both Figs.8 and 9 are slightly larger than the experimental results. This may be caused by the difference
between the assumptions in calculations and the actual conditions of seal clearance, fluid temperature, or turbulent coefficients in
experiments. However, the fundamental characteristics of the calculation results agree quite well with those from experiments.

3.2 Rotordynamic Characteristics

The rotordynamic characteristics of the floating ring seals can be evaluated by the force maps of the tangential force F; and the
radial force F, acting on the rotor during whirling motion. In the case of the tangential force F,, the negative F, acting on the rotor
with forward whirling motion can suppress the rotor’s whirling motion (D in Fig. 10). For the same reason, the positive F acting
on the rotor with backward whirling motion can also stabilize the rotor (A in Fig. 10). On the other hand, the positive F; acting on
the rotor with forward whirling motion (B in Fig. 10) and the negative F; acting on the rotor with backward whirling motion (C in
Fig. 10) have a destabilizing effect and accelerate the rotor’s whirling motion. In the case of the radial force F,, negative F, can
reduce the whirling eccentricity (F in Fig. 10), which can stabilize the rotor. On the other hand, positive F, (E in Fig. 10) can
increase the whirling eccentricity, which can increase the rotor instability.
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Fig. 10 Schematics of rotordynamic force maps of tangential force F, and radial force F,
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3.2.1 Effects of Differential Pressure

The increase of differential pressure causes the increase of the friction force at the secondary seal surface. The large friction
force at the secondary seal surface may act as a resistance force to suppress the rotor’s whirling motion. At the same time, the
large friction force prevents repositioning behavior of the seal ring against the rotor. It may cause direct contact of the seal ring
with the rotor surface. Therefore, the differential pressure and the friction force at the secondary seal surface could be key factors
in determining the rotordynamic characteristics of floating ring seals.

A series of numerical calculations are carried out to investigate the effects of the differential pressure on rotor stability. Figure
11 shows the relationship between the whirling ratio £2wand the tangential force F; with differential pressures of 0.5, 0.75, 1.0,
and 1.25 MPaG. This figure shows that the absolute values of the tangential force F, are increased depending on the increase of
differential pressures. The experimental results show same trend as the calculation results.

On the other hand, Fig. 12 shows the relationship between the whirling ratio £2wand the radial force F, with differential
pressures of 0.5, 0.75, 1.0, and 1.25 MPaG. The F, shows a very small negative value close to zero. Therefore, although F, has a
slight stabilization effect, its value is too small to suppress the rotor’s whirling motion.

From these results, although the absolute values of the rotordynamic forces F, and F, show slight differences between
experimental and numerical calculation results, the trends agree quite well.
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Fig. 11 Rotordynamic force maps of tangential force F; (w= 1500 rpm, e = 0.04 mm)
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Fig. 12 Rotordynamic force maps of the radial force F, (@ = 1500 rpm, e = 0.04 mm)

3.2.2 Effects of Whirl Eccentricity

The rotor’s whirling velocity is determined by the eccentricity of the whiling motion and the whirling frequency. Figure 13
shows the relationship between the whirling ratio 2w and the tangential force F; or the radial force F, with different whirling
eccentricities of 0.04, 0.08, 0.12, and 0.16 mm. In the case of F,, the results show that the absolute values of F; are decreased by
increasing the whirling eccentricity. Larger whirl eccentricity provides higher sliding velocity at the secondary seal surface. The
increase of sliding velocity at the secondary seal surface can induce hydrodynamic lubrication derived from the larger duty
parameter G, reducing the friction force at the secondary seal surface. As a result, the absolute values of F; could be reduced by
hydrodynamic lubrication. On the other hand, F, shows a very small negative value close to zero. Therefore, although F, has a
slight stabilization effect, its value is too small to suppress the rotor’s whirling motion. From these results, the trends of the
numerical calculation results for the rotordynamic forces F, and F; agree quite well with the experiments.
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3.2.3 Seal Ring Behavior

The seal ring behavior under the rotor’s whirling motion is one of the most important factors affecting significantly not only
the stability of the rotor but also the sealing characteristics. Changing the seal clearance during the rotor’s whirling motion can
cause fluctuation of seal leakage flow. Therefore, the floating ring seal should maintain the initial controlled clearance even under
the rotor’s whirling motion in order to provide adequate leakage control. The calculation and the experimentally measured results
for seal ring behavior under the rotor’s whirling motion are shown in Fig. 14. The assumed differential pressure AP is 1.25 MPaG,
the frequency ratio 2 wis +1.2, and the whirling eccentricity e is 0.16 mm. The calculated results at the center of the rotor and the
seal ring are similar to the experimental results. Moreover, the results indicate that the seal ring is positioned almost concentrically
relative to the rotor.
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Fig. 14 Orbits of the whirling rotor and the seal ring Fig. 15 Rotordynamic force maps of tangential force F and
(4P = 1.25 MPaG, Jw=+1.2,e =0.16 mm) radial force F, regardless of the friction forces at the
secondary seal surfaces (@ = 1500 rpm, 4P = 1.25 MPaG)
4. Discussion

4.1 Effects of the Friction Force at the Secondary Seal Surface

According to the results of Fig. 11, the differential pressure affects the rotordynamic characteristics of floating ring seals. Since
the friction force at the secondary seal surface is proportional to the differential pressure as indicated in Egs. (3) and (5), the
friction force at the secondary seal surface is an important factor for rotordynamic forces. In order to elucidate the effects of the
friction force at the secondary seal surface on rotordynamic forces, a numerical calculation ignoring the friction force at the

201



secondary seal surface is performed. The calculation results are shown in Fig. 15. As a result, both the tangential force F, and the
radial force F, become very small (close to zero). Therefore, other factors apart from the friction force, for example, the mass of
seal ring m, do not affect rotordynamic stability in this case. This result means that the mass of the seal ring for rocket turbopumps
is too small to affect the rotordynamic stability. On the other hand, the large-size floating ring seals [14], such as those applied to
power generators in electric power plants, the effect of the mass of the seal ring should be considered.

In any case, for floating ring seals with small mass of seal ring in rocket turbopumps, it is clearly indicated that one of the key
factors affecting rotordynamic stability is the friction force at the secondary seal surface. The friction forces tend to act as
damping forces to suppress both forward and backward rotor whirling motions.

In order to increase the damping force to stabilize the rotor, the increase of the friction force at the secondary seal surface may
be effective. This can be controlled easily by changing the structure of the seal ring. However, this is still challenging because of
the difficulty of avoiding direct contact of the seal ring with the rotor surfaces. In addition, thermodynamic effects should be
considered when the floating ring seal is operated in cryogenic conditions [15]. Moreover, other parameters such as the mass of
the seal ring and the length of the surface structure (e.g. surface texturing, grooves, etc.) should be investigated to propose optimal
floating ring seal structures in future studies.

4.2 Contribution of the Lomakin Effect

In order to investigate the contribution of the Lomakin effect to seal ring behavior, a numerical calculation ignoring inlet
pressure losses is carried out. The assumed differential pressure AP is 1.25 MPaG, the frequency ratio Y w is +1.2, and the
whirling eccentricity e is 0.16 mm. The calculation result is shown in Fig. 16. The whirling orbit of the seal ring ignoring inlet
pressure losses is not the same orbit as for the rotor’s whirling motion. The seal ring is no longer positioned concentrically with
the rotor. This result clearly demonstrates that strong repositioning behavior of the floating ring seal can be caused by the Lomakin
effect.

Calculation: ~ ——Rotor —Floating ring
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0.05
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-0.05

-0.1
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-0.2 -0.1 0 0.1 0.2
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Fig. 16 Calculated orbits of the whirling rotor and the seal ring regardless of the Lomakin effect
(4P =1.25 MPaG, Qw=1.2,e=0.16 mm)

5. Conclusion

The rotordynamic forces of floating ring seals under rotor whirling motions were calculated to elucidate rotordynamic
characteristics. Comparisons between the results of numerical simulations and experiments demonstrated in our previous report
were performed. The results of this work are summarized as follows:

1. The effect of spinning speed on leakage flow rate is smaller than the effect of differential pressure. The calculation results
are slightly larger than experimental values. This may have been caused by the difference between the assumed seal
clearance, fluid temperature, or turbulent coefficients in calculations and the actual conditions in the experiments.
However, the fundamental characteristics of the calculation results agree quite well with those of the experiments.

2. In the case of floating ring seals with small mass of seal ring in rocket turbopumps, it is clearly indicated that one of the
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key factors affecting rotordynamic stability is the friction force at the secondary seal surface. The friction forces act as
damping forces to suppress both forward and backward rotor whirling motions.

3. The calculated orbits of the center of the rotor and the seal ring are similar to those in the experimental results. The results
indicate that the seal ring is positioned almost concentrically relative to the rotor. On the other hand, the whirling orbit of
the seal ring without considering inlet pressure losses is not the same orbit as for the rotor’s whirling motion. As a result,
the seal ring is no longer positioned concentrically with the rotor. This result clearly demonstrates that strong repositioning
behavior of the floating ring seal can be caused by the Lomakin effect.
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Nomenclature

A Pressurized area of secondary seal surface [m?] Q Leakage flow rate [m*/s]
B Working width in the sliding direction [m] oz Cylindrical coordinates
C Radial seal clearance [m] R Rotor radius [m]
C« Cy,  Direct damping coefficient term Ry, Local Reynolds number (=Uh/v)
Cy,Cyx  Cross-coupled damping coefficient term Ro Reynolds number for axial flow(=wgh/v)
e Absolute whirling eccentricity of rotor [m] t Time [s]
€FRrs Eccentricity of the floating ring [m] U Sliding velocity [m/s]
Fy, Fy Rotordynamic fluid forces [N] W Flow velocity in the axial (z) direction [m/s]
Fux F,  Friction force at the secondary seal surface [N] W; Closing force at the secondary seal surface [N]
F, Normal fluid force in the radial direction [N] Wsp Spring force [N]
Fi Tangential fluid force in the forward whirling direction  x,y, z Rectangular coordinates

[N] XERs, Relative rectangular coordinates of floating ring
G Duty parameter YrRs from the center of the rotor
Gy, G, Turbulent coefficients XaBS, Absolute rectangular coordinates of floating ring
h Film thickness [m] Yags
Ko Ky,  Direct stiffness coefficient term a Friction acting angle on the floating ring [rad]
Ky, Ky Cross-coupled stiffness coefficient term u Friction coefficient
L Axial seal length [m] o 0 Eccentric angle of the floating ring [rad]
My M,,  Direct added fluid mass coefficient term P Eccentric angle of the rotor [rad]
My, My, Cross-coupled added fluid mass coefficient term n Viscosity coefficient [Pa ]
m Mass of the seal ring [kg] ST L _

e v Dynamic viscosity coefficient (=7/p)

P Fluid film pressure [Pa] £ Eccentricity ratio (= errs/C)
Ph Fluid pressure at the upstream side of the seal ring [Pa] nlet | y Hicient FRS
P, Fluid pressure at the upstream side of the seal ring 9 nie ?ss coetticien

containing the inlet pressure loss [Pa] 2 Rotor’s whirling frequency [Hz]
P, Pressure at the downstream side of the seal ring[Pa] @ Rotor’s spinning spged [HZ]
AP Differential pressure between Py, and P, [Pa] P Fluid density [kg/m"]
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