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Abstract: Gas film floating ring seals are extensively utilized in aircraft engines, and precise analysis
of gas film performance is crucial for ensuring reliable seal design. For this reason, this paper proposes
the Reynolds—-Bernoulli small-perturbation (RBSP) model to analyze the performance of the gas film
based on the conservation of mechanical energy. Through experimental verification and comparison
with other analytical models, the results of the RBSP model calculations are both reliable and more
broadly applicable. Analyses using the finite element method revealed that the differential pressure
effect of Poiseuille flow and the dynamic pressure effect of Couette flow are the primary factors
enabling the floating ring to overcome resistance and establish a non-contact seal. Additionally, an
appropriate sealing clearance and an increased width of the floating ring could significantly enhance
the dynamic performance of the seal. The research findings offer a dependable performance analysis
method for designers of gas film floating ring seals.

Keywords: dynamic analysis; flow of gases; small perturbation; numerical analysis; seals

1. Introduction

The floating ring seal is a combination seal that features a small radial clearance as
the primary sealing mechanism and axial contact as the secondary sealing mechanism [1].
Due to the wedge clearance between the floating ring and the rotor, the media flow creates
a Poiseuille flow pressure difference. Simultaneously, the dynamic pressure effect from
the Couette flow, caused by the rotor’s rotation, enables the floating ring to overcome the
friction of the secondary sealing surface as well as its own weight. This allows the rotor
and the floating ring to maintain concentric alignment, resulting in a non-contact seal.
Consequently, this design is particularly well-suited for extreme operating conditions, such
as those found in compressors, high-speed helicopter engines, and hydrogen turbopump
seals in liquid rocket engines.

The sealing clearance is a key parameter of the gas film floating ring seal. Maintaining
a stable and appropriate sealing clearance is crucial for ensuring the safety and reliability of
the sealing state during operation. By selecting appropriate sealing materials and structural
parameters, researchers have achieved stable control of the sealing gap [2]. However, due
to the limitations of the gas film performance analysis method, further in-depth research
is required to determine the optimal value of the sealing gap concerning its dynamic
performance. Due to the significant axial flow velocity of the floating ring seal, the pressure
loss at the inlet boundary cannot be overlooked. Current calculation methods fail to
accurately depict the pressure distribution of the film flow, which complicates the precise
analysis of the seal’s dynamic performance. Therefore, it is crucial to establish a reliable
and accurate method for analyzing the performance of the gas film.

Scholars have conducted numerous studies on the performance of floating ring seals
using various methodologies. Zhang [3] derived the leakage equation for floating ring
seals from the Reynolds equation. Chen [4] modified the empirical leakage equation for
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floating ring seals through finite element numerical simulation. Hu [5,6] and Anbarsooz [7]
analyzed the leakage characteristics of floating ring seals based on the Reynolds equation.
Duan [8] employed the Bulk-Flow model to examine the overall flow of the seal. Wang [9]
examines the analysis of sealing leakage characteristics in relation to viscosity effects.
Tokunaga [10] and Song [11] employ the inlet pressure loss calculation method proposed
by Hori [12] for their analysis. The results indicated that leakage increased with the rise in
eccentricity, radial clearance, and pressure drop, while the effect of the axis’s rotation speed
was negligible. However, due to the substantial errors in the calculation method for the air
film floating ring seal mentioned above, Fukui et al. [13] investigated turbulent lubrication
theory and proposed a correction factor for the Reynolds equation. Their research indicates
that employing the corrected Reynolds equation for calculations can enhance both accuracy
and efficiency. The studies mentioned above provide valuable insights for the analysis of
thin film flow based on the conservation of mechanical energy, as proposed in this paper.

In order to ensure safe and reliable sealing operations, the study of seal dynamic
performance has become a top priority. As early as 1978, scholars began researching the
dynamic characteristics of floating ring seals. They proposed that to prevent the floating
ring from making contact with the shaft, it is essential to consider the motion laws of the
floating ring under the influence of fluid forces, allowing the floating ring to follow the
movement of the shaft. To enhance the dynamic performance of the floating ring seal,
researchers have employed finite element methods to analyze its dynamic characteristics
and have conducted comprehensive studies on the flow field characteristics [14]. The
research results indicate that the dynamic performance of sealing improves to some extent
with an increase in sealing width. Additionally, micro-textures can effectively enhance the
performance of floating ring seals; however, they may also lead to increased leakage [15,16].
In 2016, Mariot [17] conducted the first experimental validation of the numerical analysis
model for the floating ring seal. Subsequently, Joon Hwan [18] performed related dynamic
tests, which showed good agreement with the theoretical comparisons. The development
of an accurate thin film flow analysis method not only provides a reliable theoretical
foundation for seal performance analysis but also informs the precise design of the seal.

The current calculation methods struggle to accurately simulate the gas film pressure
distribution, and the dynamic analysis methods for floating ring seals are not yet fully
developed. This results in high experimental and time costs, which hinder the rapid
advancement of floating ring seals. Based on previous research and considering the
differences in circumferential pressure distribution of the gas film due to wedge clearance,
this paper presents a solution method for gas film pressure. This method is derived from
the conservation of mechanical energy by associating Reynolds’ equation with Bernoulli’s
equation. On this basis, the dynamic performance analysis method of the gas film is derived
using the small-perturbation method. The accuracy and reliability of this analysis method
are validated through experiments and compared with the results from Mihai [19]. In this
article, the RBSP model is further employed to investigate the working principle of the
floating-ring seal and to analyze its sealing performance.

2. RBSP Model
2.1. Structure and Working Principle

The floating-ring seal structure, illustrated in Figure 1, comprises a carbon floating
ring, a mounting floating ring, a gasket, a wave spring, a pressing plate, and a casing. The
carbon floating ring and the mounting floating ring are engineered to create an interference
fit, which forms the floating ring. The wave spring applies pressure to the floating ring,
establishing a primary clearance seal with the rotor and a secondary contact seal with
the casing.



Machines 2024, 12, 860

30f18

Secondary Pressing Wawve Mounting
seal plate  spring Gaskets floating- ring
Carbon
- 7 floating-ring
L /|
Casing
Main seal

LA e Rotor

Clearance AN

i
¥ Main Secondary
X Z seal seal

Figure 1. Sketch of floating ring seal structure.

As illustrated in Figure 2, there is an eccentricity between the floating ring and the
rotor, resulting in a wedge-shaped clearance. The axial flow of the medium creates a differ-
ential pressure effect, while the circumferential flow generates a dynamic pressure effect.
Consequently, the floating ring can counteract gravity and the friction of the secondary
sealing surface, allowing the floating ring and the rotor to align concentrically, thereby
establishing a non-contact dynamic pressure seal. Relative eccentricity is defined as the
ratio of eccentricity to the seal radial clearance:

w=¢e/C 1)

where e is the eccentricity, e = 4/ x% + y%, mmy; C; is the sealing radial clearance, Cr = R — r, mm.

Rotor

Carbon
floating-ring
Mounting X
MNoating- rin,

Figure 2. Schematic diagram of wedge clearance.

The non-contact critical gas film thickness is denoted as /.. When the minimum gas
film thickness hpin = Cr — e is greater than /., the floating ring forms a non-contact seal
with the rotor. The non-contact critical gas film thickness /. is defined as

he =30 ()

where ¢ represents the combined standard deviation of the contact surfaces, and &7 and
o7 denote the standard deviations of the surface roughness at the contact locations of the

carbon floating ring and casing, respectively, then o = /07 + 02.

2.2. Reynolds—Bernoulli Gas Film Control Equation

The Reynolds equation, derived from the equations of motion and continuity, serves
as the fundamental control equation for the gas film floating ring seal. The pressure
distribution of the gas film is determined by solving the Reynolds equation within the flow
regimes. The Reynolds equation is expressed in the Cartesian coordinate system [3]:

3 3
0 (BRI, 2 (BRI _ 20l 1y 2001 o
U ox 0z \ y 0z

dx ox ot
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where P is the gas film pressure, p is the density at each position of the gas film, ¢ is the
time, U is the velocity, & is the gas film thickness, and y is the air viscosity.

The flow field of the floating ring seal comprises Poiseuille flow resulting from an
axial pressure drop and circumferential Couette flow induced by rotor rotation [13]. The
axial flow velocity of the film flow is expressed as follows:

h* dp

Up = — 25 dz 4)

Due to the significant clearance in the gas film floating ring seal and the pressure drop,

a substantial axial flow velocity is generated. This results in the conversion of pressure

energy from the high-pressure cavity into kinetic energy, leading to pressure loss. The

presence of eccentric working conditions causes considerable variation in inlet pressure

loss across different film thicknesses of the gas film. The pressure distribution of the gas

film under actual working conditions is derived by applying the Bernoulli equation to

calculate the pressure loss at the boundary of the thin film flow. The association of the

Reynolds equation with the Bernoulli equation is referred to as the Reynolds—Bernoulli

(R-B) gas film control equation. Neglecting the effects of gravity, the boundary pressure of
the film flow is as follows:

Pr=Pu— (5 +9)udp

P
P, =Py (5)
1y = P I
P ™ o0z 12u

where u,, represents the Poiseuille flow rate due to pressure in the clearance, i denotes
the gas film thickness, P; indicates the film inflow port pressure, P, refers to the film flow
downstream pressure, Pjq signifies the high-pressure side chamber pressure, Py, represents
the low-pressure side chamber pressure, and ¢; is the inlet pressure loss coefficient, which
is taken as 0.5.

2.3. Dynamic Characteristic Equations Based on the Small-Perturbation Method

The dynamic Reynolds equation is derived by introducing a perturbation term to the
steady-state Reynolds equation:

0 [ pmh3, 0Pm 0 (pmhd, 0Pm\ . 9(pmhm) 9(omhm)
aac(yf)ac+az vz ) M TR

(6)

The dynamic variables Py, hm, om are combinations of stabilization and perturbation
terms. By substituting the decomposed physical quantities into the dynamic Reynolds
equation, one can solve for both the time-independent steady-state properties and the
time-dependent dynamic properties.

The position of the rotor and the floating ring is illustrated in Figure 3. The rotor
exhibits a whirl motion relative to the floating ring, characterized by an eccentricity e
and a whirl frequency (). Normal mode theory is utilized to describe the perturbation
displacements and velocities of the rotor axes in the orthogonal coordinate plane:

x(t) = [Ax|e™t

y(t) = ‘Ay|ewtl 7)
x(t) = iv|Ax|e®t = ivx(t)

y(t) = iv|Ay|e™ = ivy(t)

By expanding the pressure expression using Taylor’s formula and retaining a small
amount of first-order perturbation, the perturbation gas film pressure becomes a function
of both perturbation displacement and perturbation velocity. We can derive the following;:

Pm: rn,0+Prln (8)
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where P, is the dynamic film pressure, Py,  is the steady film pressure, and P}, is the
perturbation film pressure (Pa). The perturbation pressure can be expressed using the
following equation:

0Py
B =5

0

9Py ™ o UBPm o vaPm (10)
Pxr = o Opyr = dy Ole Y Opyl = W |y
whirling
orbit rotor
regumes
Figure 3. Relative motion of the floating ring and rotor.
Equation (9) can be expressed as follows:
Pin = (Par + i) X(t) + (pyr +ipyi)y (1) (11)

The relationship between the component forces in the x and y directions and the
pressure P, can be expressed in polar coordinates as follows:

{Fx = fol 027'[ PR cos 0d6dz (12)

Fy= [y & PmRosin d6dz

By substituting Equations (8) and (11) into Equation (12) and subtracting the stabilizing
term, the following expression for the excitation force is derived:

1 21 | . .
F. :/0 /0 [parx(£) + pyry(t)] Ro cos()d()dz—i—/o /0 E[px,-x(t)+pyiy(t)]R0cos(9d9dz (13)

, I r2r . I r2mq ) ) .
F, = /0 /0 [parx(£) + pyry(t)] Ro sin 0d0dz + /0 /0 > [pxix(t) + py,-y(t)] Rosinfdodz  (14)

Based on the theory of small-perturbation method, the gas film excitation forces, F,,
and Fé, can be expressed linearly in terms of the gas film dynamic characteristic coefficients
and small perturbation quantities as follows:

gl | R e
v =
Fy ny Kyy Y ny ny
where F, and Fé represent the fluid excitation forces along the x and y axes, respectively,
caused by changes in clearance. Ky, Ky, and Ky, Kyx denote the direct stiffness coefficient

and cross stiffness coefficient of the gas film, respectively. Cyy, Cyy and Cyy, Cyx refer to the
direct damping coefficient and cross damping coefficient of the gas film, respectively. X

X

N (15)

and Y indicate the rotor whirl motion displacements in the x and y directions, while X and
Y represent the rotor whirl motion speeds in the x and y directions.
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According to the definition, by comparing Equations (13)—(15), the gas film stiffness
and damping can be determined as follows:

I r2m
{Kxx ny] - [ {P”COSG PWCOSB]ROdedz (16)
0 J0

Kyx Ky pxrsing  pyrsin®

I rm2r . :
[cxx ny} 1 [ [Pw cost  py; Cf’sﬂ Rododz (17)
Cype Cyyl o Jo [pxisin® pyising

2.4. Dynamic Pressure Control Equations
The steady-state thickness of the gas film can be expressed as

B0 = Cr — em cos(6 — ) (18)

The expression for the gas film dynamic film thickness is

B = B 4y = Cr — (empo + x(t) cosa + y(t) sina) cos G_N_y(t)costx—x(t)smzx (19)
, ) Yy

€m,0

Under perturbation, the perturbed film thickness can be approximated by subtracting
Equation (18) from Equation (19) and omitting higher-order small quantities:

W, = —x(t) cos 6 —y(t)sin6 (20)

where e, o represents the steady-state eccentricity distance, mm; « denotes the steady-state
eccentricity angle, rad; C; indicates the radial clearance of the floating ring seal under
working conditions, mm; and h!, refers to the dynamic film thickness, mm.

The change in gas density is proportional to the magnitude of pressure as the film
thickness varies. Therefore, the dynamic density of the fluid film can be expressed as
follows:

M
Pm = Pm,o + p;n = ﬁ (Pm,O + Prln) (21)
where pm, pm 0, and pj, represent the dynamic, steady-state, and perturbation gas densities,
respectively; M denotes the average molar mass of the gas; R is the molar gas constant; and
T is the operating temperature.
Bring Equations (8), (19), and (21) into Equation (6) and expand. Ignore the small quan-

tities above the second order, and then subtract the stability term. The micro-perturbation
equation can be obtained:

3 | ( Pmolo aP) MPyIS 0 9Pmyo 30m,0/t 0/tin 9Prmyo
o o ox T\ TR e )T m o

_i_@ Pm,Ohiq,o oPL + Mprnhiq,o 9Pmo + 3Pm,0h12n,0h;n 9P (22)
0z u 0z RTu ox u 0z

MP. I, MP! I
= 6U .2 (pmolim + “ ™ ) +12 (pmoh’ + “ T2 )

Then, substitute Equations (11) and (20) into Equation (22) and take the derivative of
the resulting equation. Since the real part of the complex equation is equal to the real part,
and the imaginary part is equal to the imaginary part, we can derive the perturbed Reynolds
equation in the x and y directions. Here, v represents the excitation angular frequency:

J Pm/Uh?n,O apxr Mpxrhrsn,() apm,O — cos 93pm,0h12r\,0 aPrn,O 4
u ox RTu ox U ox

Mpxrhgno 9P 3Pm,0h3n0 9P 23
o TR ar — cosO— 0 (23)
9
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9 mO 3le + Mpﬂh 0 aPmO + Pm, Oh ,0 3sz + Mpxih?n,o 9Pmo
ax ;4 " RTu az U RTu oz (24)
M Mpyrh
=6U2 { pl’ngo} + 121/(7’]1’;}““’0 — Pm,0 COS 9)
8 |:Pm Ohmo pyr + Ml’wh?n,o Pmo 93pm/0h12n,0 aPm,O:| +
ox RTu ox U ox
Kl Om,/ OhmO apw Mpyrh?nlo apm,() — sin 93pn’\,0h1%n,0 aPm,O (25)
oz RTu 0z U 0z
Mpyh Mp,ihm
=6U ai{ pmosm9+m} 7121/(%)
3 | Pmolao Opyi Mpyihgn,o 9P L2 Pm ol Apyi 4 Mpyil3 5 3P
ox ,u “ox RTu ox 0z U 0z RTu 0z (26)
M Mpyrh .
=6l ai [ p{{’TmO} +12v <7p1y{Tm’0 — Pm,0 SiN 9)

2.5. Dynamic Boundary Conditions Based on the R-B Equation

Compared to a conventional dynamic pressure seal, the floating ring seal features
a larger clearance and higher flow velocity, resulting in a more pronounced boundary
pressure loss effect. Unlike previous studies, this paper utilizes the Reynolds—Bernoulli
equation to derive the boundary conditions for gas film inlet pressure perturbations. The
axial dynamic flow rate induced by Poiseuille flow is decomposed into a steady-state flow
rate and a perturbation flow rate:

hZ, dP,
_ I m m
Upm = Up + Uy = —@ e (27)
By substituting Equations (8) and (19) into Equation (27), subtracting the stabilizing
term, and omitting higher-order small quantities, we can take the derivative of the resulting
equation to obtain the velocity of the perturbation as follows:

u _ th,O cos 6 dpm/g _ hfni,odpx,
pxr = 712;4 iz u dz
u R mO dP,a
pxi — T 12u d
e ) (28)
P 2hmosind dPmg Mo dPyr
pyr = T 12p T dz 12 dz
- I dPyi
pyi = T 12p dz
The boundary dynamic pressure is expressed by the following equation:
3 2
Pim =P = JUp mPm (29)

By bringing Equations (21) and (27) into Equation (29), subtracting the stabilizing term,
and omitting higher-order small quantities, the perturbation pressure boundary condition
is derived as follows:

3
Pl = —E(Zupu;pm,o + u%pin) (30)

Derivative operations are applied to Equation (30), and the gas film perturbation pres-
sure boundary conditions are derived by incorporating the perturbation velocity as follows:

/3 2 MP. ;3 2 MP,

P, = —Z(Zupupx,pmlo +up ) Pyr = —f(ZuPupyrpmo + up ) 1)
/3 2MPi\ pr _ 3 2 MPy;

Pl = =3 (upttpripmo + up "gr" ), Py = =3 (2upttpyipm,o + p ")
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3. Analytical Models and Calculations
3.1. Analytical Modeling

Based on the control equation of the R-B gas film and the derived dynamic Reynolds
equation, Comsol finite element analysis software was employed to develop a model for
analyzing the characteristics of film flow, as illustrated in Figure 4. Equation (5) represents
the pressure boundary condition for the steady-state gas film. Equation (31) defines the
boundary pressure condition on the high-pressure side of the dynamic gas film, while the
perturbation pressure on the low-pressure side is set to 0 Pa. The pressure and velocity
distributions of the film flow are obtained by solving the aforementioned equations within
the basin, and the dynamic characteristic coefficient of the film can be determined by
integrating the dynamic pressure.

YA

Rt

Mesh generation

Clearance

Pressure

T inlethr

outlet P2

Figure 4. Analysis model mesh generation.

The structural model analyzed by Mihai [19] serves as an example, with structural
dimensions D = 90.58 mm, C; = 30 um, i, = 2.1 um, and L = 4 mm. The geometry of
the floating ring seal is illustrated in Figure 5. The working medium is air, the operating
conditions are Py; = 900 kPa, P; = 300 kPa, the operating temperature is 300 °C, the
operating speed is 43,000 rpm, and the attitude angle is « = 0°.

Figure 5. Floating ring seal geometry.

The model is constructed using a triangular mesh, and the results of the mesh inde-
pendence validation are presented in Table 1. Ultimately, the fluid domain consists of 1776
cells, with a minimum cell mass of 0.7. The mesh configuration satisfies the requirements
for computational accuracy.

Table 1. Grid independence verification.

Number of Grids 472 900 1776 2836
Kyx/ % 10 N/m 1.797 1.802 1.804 1.804
Cyx/ X 102 N/m 1.146 1.146 1.146 1.146

3.2. Analysis of Calculation Results

The steady-state pressure distribution, based on the R-B gas film control equation
and solved for various eccentricities, is illustrated in Figure 6. When the eccentricity
is small, the gas film pressure exhibits a uniform circular distribution, and the flow is
primarily Poiseuille flow induced by the axial pressure drop. Distinct from the previous
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calculations, an increase in eccentricity resulted in a noticeable high pressure on one side
of the gas film, while the opposite side exhibited a low-pressure phenomenon. As the
eccentricity continued to rise, the dynamic pressure effects of the gas film disrupted the
Poiseuille flow pressure distribution, leading to a significant non-uniform distribution
of the gas film. Figure 7 illustrates the dynamic pressure distribution obtained through
the small-perturbation method. It is evident that the dynamic pressure effect of the gas
film due to Couette flow is negligible when the eccentricity is small. In this case, the
differential pressure effect of Poiseuille flow is the primary factor that overcomes the
resistance of the floating ring, facilitating the formation of a non-contact seal. Conversely,
when the eccentricity is large, the dynamic pressure effect from Couette flow becomes the
dominant factor.

Wil

)V V

w=0.1  w=0.5 w=0.88 w=0.94

Figure 6. Steady-state pressure distribution.

w=0.1 w=0.8 w=0.88 w=0.94

Figure 7. Dynamic pressure Py, distribution.

It is important to note that when the eccentricity is large, the dynamic pressure effect
causes the gas film pressure to exhibit a symmetric distribution of high and low pressures
on either side of the contact point. This results in a significant moment in the floating ring,
which may lead to a hula-hoop type of oscillatory motion [20].

Under the same structural and working condition parameters, we compared the
dynamic characteristic parameters calculated using the R-B equation with the analysis
results from Mihai. The comparison diagram of the dynamic characteristic coefficients of
the gas film is presented in Figures 8 and 9.

210 — 12 .

= Mihai's results Kxx = Mihai's results Kxy

o gt Mihai's results Kyy o 8 Mihai's results Kyx

X resent analysis Kxx X resent analysis Kxy

= 6} resent analysis Kyy 2 ar resent analysis Kyx

(o] o

é 4l é or

[ (]

g g

%) w4

£ £-8f

a L L L L & L L L L

0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03

e/mm e/mm

Figure 8. Stiffness comparison.
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[
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S =) L

a0 £ -5

£ of £

£ -0t

. 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
e/mm e/mm

Figure 9. Damping comparison.

Comparing the calculation results of Mihai, the direct stiffness K calculated in this
paper is larger under conditions of small eccentricity. It decreases gradually with an
increase in eccentricity, reaching a minimum value at an eccentricity distance of 0.025 mm,
after which it rises more rapidly. This phenomenon elucidates the transition of gas film
stiffness, which shifts from being primarily influenced by the differential pressure effect of
Poiseuille flow to being dominated by the dynamic pressure effect of Couette flow. The
remaining stiffness damping, as eccentricity increases, exhibits a trend that parallels Mihai’s
calculations. Although the results of these calculations are comparable, they change at a
faster rate than Mihai’s results at high eccentricity.

It has been analyzed that the discrepancy in calculations arises from the use of the R-B
gas film control equation in this paper to determine the pressure distribution. This approach
results in a more pronounced differential pressure effect of Poiseuille flow, which accounts
for the variation in the calculation results. Overall, the calculation method presented in this
paper is reliable and has a broader range of applications.

4. Floating Ring Seal Performance Analysis
4.1. Dynamic Performance Analysis

From the analysis results presented above, it is evident that the direct stiffness and
direct damping are significantly greater than the cross-stiffness and cross-damping. This
observation highlights the predominant influence of direct stiffness and direct damping on
the dynamic performance of the gas film. Consequently, the following discussion primarily
focuses on the analysis of direct stiffness and direct damping in the gas film.

Figures 10 and 11 analyze the influence of floating ring width on the dynamic per-
formance of the gas film. It is evident that as the width of the floating ring increases, the
dynamic performance of the gas film improves. Additionally, the dynamic pressure effect
becomes more sensitive to film thickness, indicating that the floating ring can generate
a dynamic pressure effect at greater film thicknesses. This characteristic effectively re-
duces the steady-state eccentricity of the floating ring seal, thereby optimizing the sealing
performance and minimizing the risk of collision between the floating ring and the rotor.
However, this also increases the likelihood of the floating ring exhibiting hula hoop-type
oscillatory motion, which can lead to significant wear on the secondary sealing surface of
the floating ring.

The effects of the sealing radial clearance on gas film stiffness and damping are
illustrated in Figures 12 and 13. When the minimum film thickness exceeds 0.005 mm,
the direct stiffness initially increases and then decreases as the sealing radial clearance
increases, while the direct damping remains largely unaffected. When the radial clearance
is between 0.02 mm and 0.03 mm, the gas film exhibits higher stiffness under conditions
of small eccentricity. At this point, the flow pressure difference effect of Poiseuille is at its
strongest, allowing it to more effectively counteract rotor vibrations.
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When the minimum film thickness is less than 0.005 mm, the dynamic pressure effect
of Couette flow is enhanced, leading to a significant increase in both stiffness and damping
as the minimum film thickness decreases. The results indicate that an appropriate sealing
gap can optimize gas film stiffness under conditions of small eccentricity. Furthermore, the
dynamic pressure effect is observed only at very small film thicknesses, regardless of the

radial clearance.
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The effects of operating pressure and rotational speed on the dynamic performance
of the gas film are illustrated in Figures 14 and 15. The gas film stiffness coefficient and
damping coefficient increase with rising pressure across all operating conditions.

I
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Figure 15. Damping for different working conditions.

However, the influence of rotational speed on the dynamic performance of the gas
film is complex. When the eccentricity is small, a higher rotational speed results in greater
direct stiffness K, while the other coefficients remain largely unaffected by the rotational
speed. Conversely, when the eccentricity is large, the speed significantly impacts the direct
stiffness Kyy. As the speed increases, Ky increases rapidly, Cyy decreases slightly, while K,
and Cy, remain nearly unchanged by the speed.

The results of the analyses indicate that the engine start-up method, which involves
increasing the pressure first, can effectively float the floating ring. This is achieved by
utilizing the Poiseuille flow differential pressure effect within the wedge clearance to create
a non-contact seal. Consequently, this approach helps to prevent the oscillating motion of
the floating ring that is typically caused by the dynamic pressure effect of Couette flow.

Assuming that the rotor moves in a circular path around the Z-axis with an eccentricity
of 0.7, Figure 16 illustrates the impact of rotor whirl frequency on gas film stiffness and
damping. From the figure, it is evident that the stiffness and damping oscillate twice during
a complete cycle of whirling. The direct stiffness and direct damping reach their peaks at
the 0-degree and 90-degree positions, while the cross stiffness and cross damping peak
at the 45-degree and 135-degree positions. It is important to note that the direct stiffness
and direct damping coefficients are consistently positive, whereas the cross-stiffness and
cross-damping coefficients exhibit alternating positive and negative variations. As the
perturbation frequency continues to increase, the direct stiffness coefficient of the gas
film rises; the cross stiffness initially decreases and then increases while the damping
coefficient declines.
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Figure 16. Perturbation frequency analysis.

4.2. Steady-State Performance Analysis

Figure 17 illustrates the pressure distribution of the film flow, with the seal structure
and operating conditions remaining consistent with the previous discussion. When the
eccentricity is 0.01, the pressure loss at the film inlet is approximately 45 kPa. In contrast,
when the eccentricity increases to 0.94, the circumferential pressure distribution of the film
becomes uneven, resulting in a maximum pressure loss of about 266 kPa.
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Figure 17. Pressure distribution.

The results of the Reynolds number calculations are presented in Figure 18. When
the eccentricity is small, the gas film exhibits laminar flow. However, as the eccentricity
increases, the gas film maintains laminar flow on the side with minimal clearance while
transitioning to a transitional state on the side with greater clearance. The Reynolds number
is calculated as follows:

Re = pvh/u
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Figure 18. Reynolds number distribution.

Figure 19 analyzes the effect of radial clearance and floating ring width on the leakage
flow rate of the seal. With each increase of 0.01 mm in radial clearance, the leakage flow
rate increases significantly, demonstrating an approximately proportional relationship. In
contrast, the floating ring width has a minimal effect on the leakage flow rate of the seal.
Therefore, establishing an appropriate minimum radial clearance is the primary solution
for controlling the leakage flow rate of the seal.

Figure 19. Effect of structural parameters.

Figure 20 examines the influence of pressure drop and downstream pressure on
leakage flow rate. It is evident that both pressure drop and downstream pressure are
approximately proportional to the leakage flow rate. To ensure accuracy, the pressure on
both sides of the seal should be measured separately during the test.

=3

0

Figure 20. Effect of pressure on leakage.

Figures 21 and 22 analyze the effect of rotational speed and temperature on the
seal mass leakage rate at different eccentricities when the pressure drop is 600 kPa. The
results indicate that rotational speed does not directly influence seal leakage performance.
Additionally, an increase in temperature results in a decrease in leakage flow rate, while
there is a slight increase in the mass seal leakage rate with increasing eccentricity.
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Figure 21. Rotor speed analysis.
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Figure 22. Temperature analysis.
4.3. R-B Model Test Validation

The pressure distribution of the gas film influences the flow velocity distribution within
the film, and the reliability of the pressure distribution calculation is directly reflected in
the accuracy of the seal leakage flow rate calculation. Since eccentricity has minimal impact
on the seal leakage flow rate, this article employs static testing to validate the R-B model.

The floating ring-sealing test device is illustrated in Figure 23. The air intake port
8 is connected to a flowmeter, while interface 2 measures the pressure and temperature
on the high-pressure side. Outlet ports 6 and 9 are used to measure the pressure on
the low-pressure side. The inlet gas flow is adjusted until the pressure drop reaches the
specified value. At this point, the pressure and leakage flow rate on both the upstream and
downstream sides of the seal are recorded. The structural dimensions of the test piece are
as follows: D =163 mm, C; = 73.75 um, L = 6.6 mm. The working conditions are detailed

in Table 2, with the temperature set to room temperature and the rotational speed at 0 rpm.

Table 2. Calculated working conditions.

Upstream pressure P11/kPa 17 33 52 71 95

31 45

Downstream pressure Py/kPa 7 13 22

The pressure drop was adjusted from 10 kPa to 50 kPa at room temperature, and the
measured test data are presented in Figure 24. When the pressure is low, the action of
gravity causes the eccentricity of the floating ring to approach 1 in the initial state. As the
pressure increases, the inlet pressure loss of the Poiseuille flow at positions with small film
thickness remains minimal, resulting in the gas film pressure being greater than that on the
side with a larger gap. The differential pressure effect of the Poiseuille flow overcomes the

resistance, causing the floating ring to deviate from maximum eccentricity and leading to a
decrease in the leakage flow rate.



Machines 2024, 12, 860

16 of 18

—
'\§
L\

Local diagram

\

1,5- Oil injection 2- Temperature and pressure
measurement ports 3- Rotors 4- Floating ring
seal test assembly 6- Air outlet/ pressure
measurement port 7.9-Oil return 8-Air inlet

Figure 23. Floating ring seal test rig.
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Figure 24. Validation of test results.

The comparison of the experimental data confirms the preceding analysis. The leakage

flow rate at 10 kPa is close to the calculated value for a leakage flow rate with an eccentricity
of 0.99. As the pressure increases, the leakage flow rate approaches an intermediate value.
The maximum error in the leakage flow rate is less than 7%, which verifies the reliability of
the calculation method.

5. Conclusions

The study proposes a method for analyzing the dynamic performance of the RBSP

gas film based on the conservation of mechanical energy. The computational method is
validated by comparing experimental and analytical results. The following conclusions are
drawn using finite element analysis:

@

@)

®)

The differential pressure effect of Poiseuille flow and the dynamic pressure effect of
Couette flow are the two primary factors that enable the floating ring to overcome
resistance and establish a non-contact seal. Additionally, the uneven distribution
of pressure in Couette flow may be responsible for the oscillating motion of the
floating ring.

When the minimum film thickness is greater than 0.005 mm, the pressure difference
effect of Poiseuille flow dominates, and as the eccentricity increases, the dynamic
pressure effect of Couette flow is significantly enhanced. A sealing radial clearance of
0.03 mm and a larger floating ring width exhibit better dynamic performance of the
gas film.

Enhancing the differential pressure effect of Poiseuille flow and improving the pres-
sure distribution of Couette flow are key focuses for further improving the sealing
performance of the floating ring.
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Nomenclature
C= damping coefficient [Ns/m]
C = radial clearance [mm)]
D= diameter of gas film [mm]
e= eccentricity [mm]
h = film thickness [mm]
he = critical film thickness [mm]
Ninin = minimum film thickness [mm]
K= stiffness coefficient [N/ m]
L= Width of gas film [mm]
M= average molar mass of the gas
P = film pressure [Pa]
P = inlet pressure [Pa]
P = upstream pressure [Pa]
b, = outlet pressure [Pa]
Py = downstream pressure [Pa]
R = molar gas constant
Ry = radius of gas film [mm]
t= time [s]
u= velocity [m/s]
up = axial flow velocity [m/s]
w= relative eccentricity
Ax,Ay = vibration in the X, y direction
X,y = perturbation displacements
X,y = perturbation velocities
n = attitude angle
U= air viscosity [Pa - s]
v= excitation frequency [Hz]
o= combined standard deviation
o= standard deviations of carbon
0y = standard deviations of casing
Q= whirl frequency [Hz]
¢1= pressure loss coefficient

= density [kg/m?]
Re = Reynolds number
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