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Abstract: Much research and practical experience have shown that the utilization of textures has
an enhancing effect on the performance of dynamic seals and the dynamic pressure lubrication of
gas bearings. In order to optimize the performance of floating ring seals, this study systematically
analyzes the effects of different texture shapes and their parameters. The Reynolds equation of the
gas is solved by the successive over-relaxation (SOR) iteration method. The pressure and thickness
distributions of the seal gas film are solved to derive the floating force, end leakage, friction, and
the ratio of buoyancy to leakage within the seal. The effects of various texture shapes, including
square, 2:1 rectangle, triangle, hexagon, and circle, as well as their parameters, such as texture depth,
angle, and area share, on the sealing performance are discussed. Results show that the texture
can increase the air film buoyancy and reduce friction, but it also increases the leakage by a small
amount. Square textures and rectangular textures are relatively effective. The deeper the depth of
the texture within a certain range, the better the overall performance of the floating ring seal. As
the texture area percentage increases, leakage tends to increase and friction tends to decrease. A
fractal roughness model is developed, the effect of surface roughness on sealing performance is
briefly discussed, and finally the effect of surface texture with roughness is analyzed. Some texture
parameters that can significantly optimize the sealing performance are obtained. Rectangular textures
with certain parameters enhance the buoyancy of the air film by 81.2%, which is the most significant
enhancement effect. This rectangular texture reduces friction by 25.8% but increases leakage by 79.5%.
The triangular textures increase buoyancy by 28.02% and leakage increases by only 10.08% when the
rotation speed is 15,000 r/min. The results show that texture with appropriate roughness significantly
optimizes the performance of the floating ring seal.

Keywords: floating ring seal; surface texture; surface roughness; Reynolds equation; successive
over-relaxation (SOR)

1. Introduction

A floating ring seal is a non-contact fluid seal installed on a rotor, which separates two
chambers with a high-pressure drop by a high-pressure fluid film formed by high-speed
rotation of the rotor and eccentric operation of the floating ring [1,2]. Its excellent reliability
and high sealing efficiency are of great significance for the safe operation of rotating
machinery. Floating ring seals are typically installed within steel or titanium supporting
rings to minimize the sealing clearance and avoid rubbing with the rotor. However, the
non-contact seals that are installed on the rotor are constrained by the balance between
achieving optimal sealing clearance and minimizing the risk of rotor rubbing.
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With the operating environment of rotating machinery becoming increasingly complex,
the stability and service life of the sealing system are subject to higher demands. In response,
researchers have undertaken extensive studies on the mechanisms of floating ring seals
and the diverse factors that influence their sealing performance. Lee et al. [3] proposed
a numerical method for calculating the static and dynamic characteristics of floating ring
seals. By using the finite difference method, they solved the bulk-flow model under
eccentric conditions and researched the influences of rotating speed and pressure drop on
the performance of the floating ring seal. Bae et al. [4] used numerical analysis to evaluate
the friction on the front end of the floating ring of a turbopump oxidation pump, and
researched the effects of rotor vibration on the radial force acting on the floating ring and
the flow characteristics around the floating ring seal. Furthermore, they researched the
effects of rotational speeds and clearance dimensions on the leakage of the floating ring
seal, and utilized the findings to optimize the performance. The experimental results are
in good agreement with the numerical analysis. Shi et al. [5] established a calculation
method for the working clearance of gas floating ring seals. By selecting appropriate insert
ring materials, the sealing clearance of the floating ring can be kept stable. By using the
“micro-variable clearance” design method to calculate the ideal floating ring material, better
results can be achieved. Anbarsooz et al. [6] conducted computational fluid dynamics
simulations on the floating ring seal of a carbon dioxide centrifugal compressor. They
studied the effect of the annular clearance on the sealing performance and found that the
leakage rate significantly increased with increase in the clearance. The leakage function
remained almost unchanged with increase in the inlet total pressure and temperature.
The results also showed that the minimum flow velocity required to block the leakage
significantly increased with increase in the clearance. Their works provide guidance for
improving the performance of the floating ring seal.

Surface texture technology is an emerging and effective means of achieving lubrication
and friction reduction. By changing the micro-surface morphology of the shaft sleeve
in fluid sealing systems, significant achievements have been realized in improving the
fluid dynamic pressure effect of the lubricating surface and avoiding surface adhesion.
It has now become a research hotspot in the field of advanced sealing technology [7-9].
Zhang et al. [10] have established an analysis model of oil film force for floating ring seals
considering the influence of the axial pressure gradient. They studied the influence of
groove geometry size on dynamic response and analyzed the stability of the floating
ring. The analysis model is based on the Reynolds equation for oil lubrication and the
assumption of short bearings [11], with consideration of the Lomakin effect of the fluid.
Adjemout et al. [12] studied the influence of surface textures on the mechanical sealing per-
formance using numerical analysis. They investigated the local and global effects of various
texture shapes, directions, area ratios, and depth ratios on the fluid mechanics performance
of mechanical seals, providing valuable guidance for enhancing the performance of floating
ring seals through textures. Pei et al. [13] used a deterministic lumped-parameter thermal
model to estimate the performance of floating ring bearings (FRBs), and systematically
studied the effects of nine types of textures on the performance of the bearing. The results
showed that textures can significantly increase side leakage. Shi et al. [14] compared the
effects of micro-grooves and micro-dimples on the performance of the mechanical gas seal.
Both micro-grooves and micro-dimples can generate a positive effect on the fluid dynamic
performance of the seal under different conditions. In engineering practice, micro-grooves
with a depth of 3 pm may be the best choice for enhancing the performance of the mechani-
cal gas seal. Wang et al. [15] studied the directional effect of rectangular textures on the
performance of floating ring seals. By selecting the texture direction angle judiciously, the
performance of the floating ring gas film seal can be effectively optimized. He et al. [16]
studied the effects of six different shapes of textures as well as their area ratio, depth ratio,
and angle on the dynamic lubrication performance of rigid bearing rotors. Their study of
textures is very detailed and has significance for the study of texture sealing systems. In
addition, they also considered the influence of surface roughness on bearing performance.
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They modeled a Gaussian rough surface for the bearing surface, and the results showed that
the distribution of pressure peaks in gas bearings with rough surfaces was more dispersed,
with significantly higher pressures at the bearing ends. Zhang et al. [17] proposed a new
fractal roughness model to predict the wear performance of the end face of floating ring
seals. The model’s predictions of wear rate are consistent with experimental results. The
above research has found that factors such as rotational speed, pressure, and floating ring
size can affect the performance of floating ring seals. However, in operating conditions,
when a floating ring seal is in stable operation, most of the working conditions are fixed
and cannot be adjusted to optimize the performance of the floating ring seal. Reducing
the sealing clearance or increasing the eccentricity can improve the sealing performance to
a certain extent, but it also increases the contact and wear, making the system tend to be
unstable and shortening the life of the sealing system. What is more, the above literature
and numerous studies [18-20] have shown that suitable surface textures have a positive
effect on improving the performance of sealing and rotor dynamic systems.

In this paper, a Reynolds equation model for the floating ring seal is constructed. A
floating-leakage ratio is used to judge the performance of the floating ring seal, and the
effects of various shapes of textures, texture area ratio, texture depth, and angles on the
performance of the floating ring seal are analyzed. Finally, optimal texture parameters for
optimizing the performance of the floating ring seal are obtained. In addition, a fractal
surface roughness model is developed, and the optimization of the floating ring seal by
texture under surface roughness is discussed.

2. Theory Model
2.1. Working Principle

A floating ring seal, as illustrated in Figure 1a, primarily consists of a check ring, a
gasket, a wave spring, a floating ring, and a shell. Initially, the floating ring is in touch
with the outer wall of the shaft, with the maximum eccentricity between the ring and the
shaft. As the seal operates, the dynamic pressure due to the wedge effect at high rotational
speeds causes the floating ring to float upwards, creating a rigid fluid film between the ring
and the shaft, which serves as the main sealing surface. Additionally, the high-pressure gas
and the wave spring generate a force making the floating ring’s end face against the shell,
forming a sub-sealing surface.

Shell Structure

heck Spring
Wave Spring Floating Ring
asket

nd Cover

Floating Rin;
Sub-sealing Surface

Main Sealing Surface

(a)

Figure 1. Schematic diagram of floating ring seal structure: (a) Three-dimensional structure of floating
ring seal; (b) Diagram of eccentricity.
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Adding texture holes on the outer surface of the shaft is an effective way to enhance the
dynamic pressure effect of the floating ring seal. When the sealing equipment is working
normally, the gas on the high-pressure side is brought into the texture hole by the pump
suction effect. The medium gas is continuously compressed at the edge of the micro-hole,
and a significant dynamic pressure effect is generated in the surrounding area, forming a
thin and stiff air film between the dynamic ring and the static ring, thereby improving the
performance of the floating ring seals.

This paper simplifies the floating ring seal as a rigid radial gas bearing, and uses the
following Reynolds Equation (1) to solve the performance of the floating ring seal:

1 90 30p 0 39p\ _ 6ul 0
R280<ph 89> +aZ(Ph %) T R a—g(ph) 1)

The sealing cross-section of the floating ring forming an eccentricity with the rotor is
shown in Figure 1b. The film thickness of the floating ring seal with surface texture can be
expressed as:

h =c+ecos(0)+ hy + hy ()

where c is the average gas film clearance, e is the eccentricity, and 0 is the coordinate of
the angle centered at the origin from the positive direction of the y axis. i represents the
height of surface roughness. & is the film thickness caused by textures.

2.2. Surface Texture Model

In this paper, the effects of many different types of textures on the performance of
floating ring gas seals are discussed. The shapes of texture shapes include rectangle,
triangle, ortho-hexagon, and circle. Rectangular textures involve rectangular types with
different ratios of length to width. Circular textures involve different ratios of long axis to
short axis. For these different shapes of textures, the effects of texture depth, texture angle,
and texture area ratio on the performance of the floating ring seal were analyzed.

The fundamental design scheme for different types of textures is shown below.

(D Set the number of texture distribution in the circumferential and longitudinal
directions;

@) Set the ratio of textured area on the surface of the rotor axis;

@ Set a defined shape of the texture, e.g., define its aspect ratio for a rectangle;

@) Set the remaining parameters, including texture depth and angle.

With the steps D @), the area of a single texture can be calculated. For textures with a
defined shape by steps ), the defined edge length or radius can be calculated. The region
in which each of the textures are distributed on the surface is determined by step D. A
new coordinate system is established in each region and the constraint equations for the
shape of the texture are constructed from the known parameters. The direction angle of the
texture is set in the new coordinate system. Under this design scheme, the shape and size of
the texture can be easily modified. When the area ratio of the surface texture increases, the
corresponding edge length or radius of a single texture will be larger, and the gap between
the surface textures will be smaller. At the end of this subsection, the coordinates, shape
constraint functions, and shape illustrations of the texture are shown in Figure 2.
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Figure 2. Schematic of the surface texture in different shapes.

2.3. Surface Roughness Model

During the machining process of the floating ring seals, the sealing surface and journal
surface will produce small spacing and tiny peaks and valleys, forming a surface roughness.
Different machining methods will produce rough surfaces with different characterization
properties. A closer look at a rough surface reveals that it is also statistically similar, while
having scale-free properties under scale transformations. Fractal theory can capture the
different sizes and attendant properties of solid surfaces and can be used to model the
micro-scale structure of rough surfaces.

The main idea of adding the surface roughness is as follows: We refer to the equations of
the fractal roughness model and use the computer to randomly generate the height matrix of
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the fractal roughness surface, and then superimpose the height value of the fractal roughness
surface to the thickness of the sealing film, and finally, put the thickness of the sealing film
into the iteration of the main program to obtain the sealing performance parameters.

It is feasible to use the theory of fractals to study rough surfaces. Its 3D functional
model [21] is expressed as follows:

Z(x,y) = Z Cpy~ 3= Don sin[y" (x cos B, + ysin B,) + Ay] 3)

n=1

where C,, is a random value from a normal distribution with a mean of 0 and a variance
of 1; Ay and B, are mutually independent and uniformly distributed random numbers in
the interval [0, 277]; D; is the theoretical fractal dimension (2 < Dy < 3); the characteristic
parameter v is a constant greater than 1, which usually takes the value of 1.5; n is the
number of natural sequences.

A typical function commonly used to generate random fractal surfaces is given by the
following equation [22-25]:

M Nmax
2(xy) =C Y, ), P
m=1 n=0
4)
2 (2 42\ /2
{COS Gmn — COS[ " (x L+3/ ) x cos(tan1(y/x) — %) + P

G\ P2 Invy 1/2
=i(z) (W) ©

where C is the height coefficient of the surface, D is the fractal dimension, and a larger
fractal dimension D represents a denser rough surface profile. ¢, is a series of random
phases between 0 and 7, 7y controls the frequency density in the surface contour, M is the
number of spatial undulations, L is the size of the simulated image, and G is the feature
scale parameter.
In the actual simulation, 71,y cannot be taken to infinity, and its value is taken as
Equation (6):
g = {log(LFax/Lm1n)J (6)
og Y

where Ly is the sampling length, Ly, is determined by the instrument resolution, and
|- | means rounding down the nearest integer.

Fractal roughness surface characteristics depend mainly on the parameters G and D.
The fractal roughness G is a frequency-independent height scale parameter that determines
the specific dimensions of the rough surface—the rougher the surface the higher the value of
G [26]. The fractal dimension D determines the proportion of high-frequency components
and low-frequency components in the surface profile. Thus, a smaller value of D indicates
that low-frequency components are more dominant in the surface profile. When the fractal
dimension D is a fixed value, the higher the value of fractal roughness G, the smoother the
topology [27]. Taking the fractal roughness G = 5.5 x 10711, the fractal rough surfaces for
different values of fractal dimension are shown in Figure 3. It can be seen that the fractal
dimension affects the roughness of the fractal surface. The smaller the fractal dimension
D, the more complex the variation in the surface contour and the rougher the surface
will be [28]. From the comparison in Figure 3, we can see that the height of the surface
roughness gradually increases as the fractal dimension decreases. From Table 1, we can see
that both the arithmetic mean deviation and the maximum height of the profile increase as
the fractal dimension decreases.

In fact, different values of G and different values of fractal dimension D can be taken
one-by-one to analyze the results. However, the focus of this research is on the optimization
of the texture on the floating ring seal, and the study of roughness is an extension and
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exploration based on this. It has to be admitted that the rough surface generated is
probably not the real topography of the surface of the floating ring seal material. When
G = 55 x 107! and the fractal dimension is taken as 2.5-2.7, the magnitude of the
generated surface roughness is just at the micrometer level. These values are used and it is
found that the generated surface topography is able to optimize the performance of the
floating ring seal, and such a surface topography is selected and combined with the surface
texture for further analysis of the floating ring seal.

Table 1. Roughness parameters for different fractal dimensions.

Fractal Dimension D =24 D =25 D =26

Arithmetic Mean Deviation/m 1.5137 x 10~° 2.7300 x 10~7 49646 x 10~8

Maximum Height of Profile/m 1.0964 x 1075 2.0488 x 10~° 3.9024 x 1077
x10°m x107m %x10¥m

2

o -

I
ARl ON RO ®

NN
[FSI S

(@) (b) ©)

Figure 3. Fractal rough surfaces with different fractal dimensions D: (a) D = 2.4; (b) D = 2.5;
(¢) D = 2.

2.4. Differential Grids and Iteration

The numerical method used in this paper is the finite difference method, whose basic
idea is to divide the solution field into orthogonal grids and use central difference formulas
to substitute into the differential equations. The differential equations obtained are then
solved by a computer using a successive over-relaxation (SOR) iteration method [29]. This
approach is particularly useful for solving partial differential equations in two or three
dimensions, and it has been widely applied in many scientific and engineering fields, such
as heat transfer, fluid dynamics, and electromagnetic analysis. The approach for solving the
problem is as follows: firstly, the Reynolds equation is simplified to a dimensionless form.
Secondly, the dimensionless Reynolds equation is discretized and differentiated to obtain
the difference equation. Finally, the SOR method is used to solve the difference equation.

The dimensionless Reynolds equation is presented as follows:

@)

R*30Hdp R*&*p 30JHIp *p _2Ap. (HIp _OH
[2H 0z 0z L2022 H 090 096> pH?3

12 H 92 0z 206 P8

where the symbols (6,z) are coordinates in the circumferential and axial directions,

2
A= 6%“' (%) are the seal coefficients, and the dimensionless quantities are expressed with
2
h

z=f,p=17H=1

The grid of the 2D flow field in the floating ring seal is shown in Figure 4. Az is the
step size in the differential grid axis direction, where Az = L/ (n — 1). A is the step size in
the differential grid circumferential direction, where A8 = 27t/ (m —1). i and j represent

the circumferential and axial grid positions of the floating ring seal, respectively.



Lubricants 2024, 12, 241

8 of 22

By using the following central difference scheme, the discrete difference of the con-
tinuous 2D Reynolds equation is differentiated and solved iteratively by computer. The
difference schemes are shown as follows:

P _ Pijr = 2Pij+ Pijo1 P Pivrj — 2Pij+Picrj 9P _ Pijr1 — Pij

072 AZ2 7002 AG2 "9z 2AZ !
9p _ Pixrj—Pic1j OH _ Hijyn —Hij1 oH _ Hip1j— Hioyj

0 200 " 0z 20z 7 00 26
By substituting the central difference scheme into the dimensionless Reynolds
Equation (7), the differential Reynolds equation is obtained. The simplified difference
equation for solving the dimensionless pressure of the floating ring seal is obtained as

follows:
Aijpi-1,j+ Bijpiv1,j + Cijpij + Dijpi-1j + Eijpijt1 = Fij (8)
For the dimensionless pressure p, the value of its n2 4 1 times iteration can be calculated
from the value of the n times iteration. The equation is presented as follows:
_(n+1) _(n) _(n+1) _(n)
1y AijPicyy t BijPiyp+ Digbiiy” + Eijbiig — Fij
pij = —C.. ©)
if

The iteration stops when the dimensionless pressure p satisfies the following conver-
gence condition:

m n A_‘, 2
ZZ(?)SN* (10)

i=1j=1 \ Pij

The boundary conditions are presented as follows:

p(z=10,0) = Phigh
p(Z = L/Q) = Plow (11)
p(z,0 =0) = p(z,0 = 2m)

where pjo, is the pressure of the low-pressure end of the floating ring seal, and Phigh is the
pressure of the high-pressure end of the floating ring seal. The total procedure for solving
the sealing performance is shown in Figure 5.

ju
< 2nR >
n y
n-1
H 1
l[/FI' Ly
Il e
i1, TTi+1/ L
7
i AT
2
1 v
00123456 mIim

Figure 4. Schematic of the grid in the 2D flow field.
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Figure 5. Flowchart of the numerical method.

2.5. Performance Evaluation

There is no contact between the floating ring and the rotating shaft in normal operation,
resulting in low frictional wear. If the buoyancy force is insufficient, the floating ring will
struggle to rise completely, resulting in contact with the rotor shaft, which can cause severe
wear and significantly impact the performance and service life of the floating ring seal. Gas
leakage is an important indicator of the performance of a floating ring gas seal. The smaller
the gas leakage the better, which means a better seal and more efficient operation of the
equipment. In practice, no leakage at all is unattainable, and there will always be a certain
amount of gas leakage. If the leakage is too large, it will not only reduce the operating
efficiency of the equipment, but may also cause pollution to the environment.

Through the coupled solution of the Reynolds equation and the film thickness equation,
the pressure distribution of the gas film in the floating ring seal is obtained, and the seal
gas film performance parameters are calculated.

The gas film dimensionless buoyancy force @ for a floating ring seal is calculated as:

W= \/W; + @ (12)

where W, and @, are, respectively, the dimensionless buoyancy force in the x- and y-directions

with the formula:
1 r2n
Dy = p(0,z) — 1) sin0dbdz
Wy /0 /0 <1 /P(6,2) > sin z
1 r2m
Dy = p(0,2) —1 0d0dz
wy /0 /0 (\ /p(6,2) ) cos b4

The air film buoyancy force is w = p,RL®@. The gas leakage Q of a floating ring seal is
calculated by the formula:

(13)
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de (14)

21 3
ph’ dp
Q= ["R
0 z=L

25 3z

The ratio of the air film buoyancy to the leakage of the floating ring seal is introduced to
better measure the performance of the floating ring seal, and the formula for the buoyancy
leakage ratio is k = %

In addition, this study considers calculating the friction to provide a comprehensive
measure of the improved performance of the floating ring seal. The components of friction
in the horizontal and vertical directions are shown in Equation (15):

1 r2m
Tx:/ / (él—ha—p)sm@dﬂdz
0 Jo

6h 2090
(15)
L2t A1  hop
Ty—A A (gﬁfiﬁ)COSGdeZ

3. Validation

This paper compares and validates the results of Ma et al. [30] on floating ring cylinder
surface air film seals. Their results were subsequently verified in the paper of Chen [31]
and the paper of Xu [28]. The parameters of the floating ring cylinder surface air film are
shown in Table 2.

A comparison between the results of this paper and Ma et al. [30] is shown in Figure 6.
The curves in the figure show the dimensionless pressure of the cross-section in the seal
at pressures of 0.11, 0.20, 0.32, and 0.45 MPa at the high-pressure end, respectively. From
Figure 6, it can be seen that the trend of the dimensionless pressure in the mid-section
obtained in this study is basically consistent with the literature for different conditions. The
differences in the values are also very small, with the maximum difference not exceeding
5%. The above results and analyses show that the solution methodology of this study for
floating ring seals is well supported and the results are relatively accurate.
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(©) d)
Figure 6. Dimensionless pressure of mid-section with different high pressure: (a) 0.11 MPa in the
high-pressure side; (b) 0.20 MPa in the high-pressure side; (c) 0.32 MPa in the high-pressure side;
(d) 0.45 MPa in the high-pressure side. The comparative results refer to the results of Ma et al. [30].
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Table 2. Calculation parameters of seal.

Parameter Value Parameter Value
Eccentricity 0.5 Viscosity [1072 Pa- s] 1.932
Clearance [10~°® m] 10 Density [kg/mB] 1.1614
Width of seal [1073 m] 40 Pressure of low side [MPa] 0.11
Diameter of rotor [1072 m] 160 Pressure of high side [MPa] {0.11 0.20
Speed of rotor [r/min] 25,000 0.32 0.45}

4. Result and Discussion
4.1. Seal Mechanism

Figure 7 shows the effect of parameters like rotor speed, average clearance, and

eccentricity on the seal’s performance in terms of buoyancy, leakage, and friction. The
vertical axis is the magnitude of the value of the floating ring seal performance parameters
after the reduction to a dimensionless form and normalization. From Figure 7a, it can be
seen that as the average gas film clearance of the floating ring seal increases, the gas film
buoyancy and friction decrease and the gas leakage increases rapidly. When the clearance is
large, the tendency of the gas film buoyancy force and friction force to decrease is relatively
small. When the gas film clearance increases, the hydrodynamic effect becomes weaker
leading to a reduction in the pressure of the gas in the sealing gap [32], which results in
a corresponding reduction in the gas film buoyancy and friction. Due to the increase in
the gas film clearance, the leakage channel of the gas in the sealing gap becomes looser [6],
which leads to a rapid increase in the gas leakage.
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Figure 7. Normalized seal buoyancy, leakage, and friction: (a) at different clearances; (b) at different
eccentricities; (c) at different speeds.

From Figure 7b, it can be seen that as the eccentricity of the floating ring increases, the
gas film buoyancy and friction increase dramatically and the gas leakage increases conse-
quently. The increase in the eccentricity results in a stronger converging wedge between
the rotor and the floating ring. At the same time, the minimum air film thickness decreases,
and the dynamic fluid pressure in the wedge region increases dramatically, resulting in a
sharp increase in the air film buoyancy and friction. The increase in eccentricity results in
an uneven distribution of the sealing gap, which leads to larger leakage channels in the
low-pressure region and a corresponding increase in leakage.

Figure 7c illustrates the variation in seal performance parameters with rotor speed,
where both the gas film buoyancy and friction increase accordingly with increasing speed,
while the gas leakage decreases slightly. It is easy to understand that as the rotational speed
increases, the hydrodynamic effect increases [32], resulting in an increase in the pressure
of the air film inside the seal ring, which correspondingly results in an increase in the air
film buoyancy [4]. At the same time, due to the viscous effect, the friction between the air
film and the surface increases accordingly. As can be seen from the variation in leakage, the
leakage is mainly related to the dimension of the leakage channel. The pressure gradient at
the end face does not change much, making it stable for the leakage.
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4.2. Effect of Texture

In this subsection, we calculate the effect of five different shapes of textures as well as
their depth, rotation angle, and area ratio on the performance of the floating ring seal. The
parameters of the textures are shown in Tables 2 and 3.

Table 3. Calculation parameters of seal and textures.

Parameters of Seal Value Parameters of Textures Value
Eccentricity 0.5 Texture depth [107° m] 4
Clearance [10~° m] 10 Texture area ratio 0.2
Width of seal [1073 m] 40 Texture distribution 25 x 2
Diameter of rotor [10~3 m] 160 Texture angle 0
Speed of rotor [r/min] 12,500

Pressure of low side [MPa] 0.101325

Pressure of high side [MPa] 0.5

Viscosity [1075 Pa- s] 1.932

Density [kg/m3] 1.1614

Figure 8 shows the effect of five texture shapes and their depths on the performance
of the floating ring seal, where the horizontal coordinate is the variation in the depth of the
surface texture and the vertical coordinate is the variation in the performance parameters
of the floating ring seal, which include the gas film buoyancy force, gas leakage, friction
force, and float-leakage ratio.
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Figure 8. Effect of texture depth variation on seal performance: (a) effect on buoyancy; (b) effect on
leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.
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From Figure 8a, it can be seen that the air film buoyancy force decreases and then
increases as the depth of the texture increases. The increasing trend is more drastic for
squares and rectangles, the trend is almost the same for circles and square hexagons, and
triangles bring the weakest effect. At a texture depth of 4 um, compared to the non-textured
surface, all other shapes of textures, except for the triangular textures, can enhance the gas
film buoyancy, and the square texture improved the buoyancy by up to 91.5%. As can be
seen in Figure 8b, the five shapes of textures lead to an increase in the gas leakage of the
floating ring seal as the depth of the surface texture increases, with the square bringing the
best increase and the rectangle the second best. The square texture increases the leakage
by up to 34.66%. Figure 8c demonstrates the trend of the gas viscous friction, with the
friction decreasing accordingly as the depth of the texture increases. Figure 8d shows the
variation in the ratio of buoyancy and leakage. From Figure 8d, it can be seen that the trend
is similar to that of the buoyancy, since the change in leakage is linear overall. Compared
to the floating ring seal without texture, the square texture with a depth of 4 pm generates
a significant improvement in the float-leakage ratio.

A comprehensive comparison of the four graphs shows that when the depth of the
texture is more than 2 pm, the difference in the effect of the texture shape on the performance
of the floating ring seals gradually increases. Especially, the gas film buoyancy and gas
leakage of the square texture increase substantially. The increase in those two quantities is
smaller for the rectangular texture. The change in the ratio of the buoyancy and leakage
then illustrates that the enhancement of buoyancy is greater for square and rectangular
textures compared with the leakage.

The texture can form tiny concave—convex structures [33] on the surface of the material,
which leads to strong dynamic pressure effects [34] and reduces the actual contact area [35].
As the depth of the texture increases, the average thickness of the air film increases, which
causes the sealing gap fluid channel to widen, enhancing the circulation of the lubricating
air film and increasing leakage.

Figure 9 illustrates the effect of the rotation angle of the texture on the sealing performance
of the floating ring seal, where the horizontal coordinate is the angle of rotation of the texture
from 0° to 180°, since the shapes of the textures are all centrosymmetric. The discussion in
this figure does not involve circular textures as circles have rotational invariance.

As can be seen from Figure 9a, for the square texture, the increase in the buoyancy
force generated by the texture is greatest when no rotation occurs or when the angle of
rotation is an integer multiple of 90°. Meanwhile, it can be seen from Figure 9b that the
leakage in this case is also the largest for the square textures. However, we can find that
the change in leakage is relatively small compared to the buoyancy force. For the square
texture, the maximum change in the floating force is 52.01% while the maximum change in
the leakage is 7.46%. This is also illustrated in Figure 9d, where the buoyancy dominates
the trend of the buoyancy-leakage ratio. From Figure 9¢, it can be found that the effect
of the rotation angle of the texture on the friction is weak. Except for the case where the
rectangular texture is rotated by 90°, the changes in friction caused by rotation angle are
all within 1.35%. The reason for this special case for rectangles is probably because it is
relatively less symmetrical. On the whole, the texture rotation angle has a relatively large
effect on the gas film buoyancy force of the floating ring seal. The overall performance of
the floating ring seal is optimized when the square texture is not rotated, the triangular
texture is rotated by 30°, or the rectangular texture is rotated by 90°.

The effects of different texture area percentages on the performance of the floating
ring seal are shown in Figure 10, which involves the textures in area percentages from 0 to
50%. From Figure 10b,c, it can be found that with increase in the percentage of texture area,
the leakage of the floating ring seal is increased accordingly, and the friction is reduced
accordingly. The reason for this phenomenon is similar to the situation of Figure 8, where
the increase in the area of the texture increases the lubrication film [35] on the seal surface,
and also increases the leakage channel of the fluid [34], thus reducing the friction and
increasing the leakage. For the proposed shapes of textures, the effect of the area ratio of the
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texture on the buoyancy force is not consistent. From Figure 10a, it can be seen that both
square and rectangular textures generate more buoyancy as the area ratio of the texture
increases. The circular texture also provides the effect of buoyancy enhancement in general,
but the trend of the change is tortuous. Changes in the area ratio of the triangular and
hexagonal textures have a weak effect on the buoyancy force, which gradually decreases
when the area ratio is larger. In addition, when the area ratio of the texture reaches 40%, the
buoyancy force generated by the rectangular texture falls in a faulty manner. By calculation,
the gap between the circumferential textures in this case is only 12.41% of the length of a
single texture. The texture distribution with depth is too dense, making the effect equivalent
to increasing the sealing clearance.
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Figure 9. Effect of texture angle variation on seal performance: (a) effect on buoyancy; (b) effect on
leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Overall, the effect of square and rectangular textures on the buoyancy of the floating
ring seal is more significant, with an increase in either the depth or area ratio of the texture
resulting in an increase in its buoyancy. Other shapes have a weaker effect on the buoyancy
without angular rotation. For all shapes of textures, an increase in the depth or area ratio of
the textures leads to a decrease in friction and an increase in leakage. The degree of friction
reduction is close for different shapes of textures. Comparatively speaking, the effect of
variation in the percentage of texture area on the floating ring seal is more significant than
that generated by variation in the depth of the texture. Different shapes of textures have
their optimal rotation angles: 0° for square textures, 90° for rectangular textures, and 30°
for triangular textures. In general, the square texture with a rotation angle of 0° and an
area ratio of 0.25, the rectangular texture with a rotation angle of 90° and an area ratio of
0.4, and the triangular texture with a rotation angle of 30° and an area ratio of 0.05 give the
best results. In the next subsection, the folded three types of textures are further analyzed
and discussed.
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Figure 10. Effect of texture area ratio variation on seal performance: (a) effect on buoyancy; (b) effect
on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

The results of the effect of no texture and three types of textures, as shown in Table 4,
on the performance of the floating ring seal at different rotational speeds are shown in
Figure 11. It can be seen from Figure 11a that all three types of textures can contribute
to increasing the buoyancy force of the floating ring seal, and the increase is greater at
higher rotational speeds. The specific rectangular textures generate the largest increase in
buoyancy force, which reaches 81.2% at a rotation speed of 20,000 r/min. However, it can
be noticed from Figure 11b that this particular rectangular texture increases the amount of
leakage while enhancing the buoyancy. The textures increase the leakage with increasing
speed compared to the no texture. But the specific triangular texture keeps the increase in
leakage within a small range. This specific triangular texture increases the buoyancy by
28.02% when the rotation speed is 15,000 r/min and the leakage increases by only 10.08%.
Figure 11c illustrates the variation in friction with rotational speed for four cases. It is
obvious that the friction increases as the rotational speed increases and all three types
of textures reduce the friction to a certain extent as compared to no texture. Taking into
account the variation in buoyancy and leakage, it can be noticed from Figure 11d that all
three specific textures have a good effect. Among them, the specific square texture and the
specific triangular texture are slightly better than the rectangular texture.

Table 4. Three types of textures that work better.

Texture Shape Texture Depth Rotation Angle Area Ratio
Square 4 pm 0° 25%
Rectangle 4 um 90° 40%

Triangle 4 um 30° 5%
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Figure 12 shows the dimensionless pressure distribution for the case of a smooth
surface and three types of surfaces with the aforementioned textures. From the figure, it
can be found that all three textures enhance the peak air film pressure compared to the
smooth surface. Among them, the peak air film pressure with rectangular texture is the
largest. This is in accordance with the results of Figure 11. In addition, it can be noticed
that the pressure in the texture region is lower than that in the non-texture region, but the
texture makes the gas film pressure overall higher than that in the case of a smooth surface.
And because of the increased pressure peaks, it leads to an increase in the gas pressure
gradient making the gas leakage increase.
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Figure 11. Effect of surface textures on sealing performance at different rotation speeds: (a) effect on
buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Overall, the specific rectangular texture can be prioritized when buoyancy enhance-
ment is most important. The specific triangular texture can be preferred when buoyancy
enhancement is of high importance while at the same time strictly preventing an increase
in leakage. In addition, this rectangular texture is the most effective in terms of reducing
friction. The textures can be selected according to the requirements of the operation.
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Figure 12. Dimensionless pressure in floating ring gas seals with different textures.

4.3. Effect of Texture with Roughness

Figure 13 shows the thickness and dimensionless pressure of the floating ring seal air
film for a smooth surface and fractal rough surfaces with fractal dimensions D = 2.5 and
D = 2.6, respectively. It can be seen that the surface roughness is presented in the air film
thickness, which is more pronounced when the fractal dimension D = 2.5. This is because
the arithmetic mean deviation is greater for fractal dimension D = 2.5 relative to fractal
dimension D = 2.6. At the same time, we can see a significant increase in the pressure peak.
The pressure comes from the dynamic pressure effect generated by the eccentricity of the
floating ring, and the air film thickness is smaller at the position of the eccentricity of the
floating ring, so the effect of roughness becomes more significant. The air film pressure
of the floating ring seal with surface roughness is enhanced. When the fractal dimension
D = 2.6, the fractal roughness surface has less effect, because the order of magnitude of its
height is negligible compared to the air film thickness.

It can also be seen from Figure 14 that when the fractal dimension of the fractal rough
surface D = 2.6, the parameters such as air film buoyancy, leakage, and friction of the
floating ring seal are close to those when the surface is smooth. When the fractal dimension
D = 2.5, the buoyancy of the floating ring seal is somewhat enhanced at different speeds,
while the gas leakage is slightly increased. This is consistent with the air film pressure
being boosted in Figure 13. The air film buoyancy force increases as the rotational speed
increases. The buoyancy-leakage ratio is enhanced overall, and the greater the rotational
speed the greater the enhancement. It can be seen that a certain surface roughness has an
improving effect on the performance of the floating ring seal. This is consistent with the
conclusions of [36]. It can be found that the surface roughness has a similar effect as the
surface texture. However, as can be seen from Figure 14c, the surface roughness increases
the friction of the floating ring seal, in contrast to the surface texture.
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Figure 13. Air film thickness and dimensionless pressure formed on the smooth surface and rough
surfaces with different fractal dimensions.
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Figure 14. Effect of surface roughness on sealing performance at different rotation speeds: (a) effect
on buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Therefore, the effect of certain textures with surface roughness on the performance
of the floating ring seal is discussed and the results are shown in Figure 15. The texture
parameters are shown in Table 4 and the fractal dimension D = 2.5. Comparison of
Figures 11 and 14 shows that the textures with a certain roughness boost more buoyancy
and only slightly increase leakage. Compared to a smooth surface, when the rotation speed
is 15,000 r/min, the triangular textures increase buoyancy by 28.02% and increase leakage
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by only 10.08%. As a comparison, the triangular textures with roughness increase buoyancy
by 67.39% and leakage increases by 14.92%. The rectangular surface textures improve
buoyancy by 183.29% at 17,500 rpm when the surface of the floating ring seal is rough.
Figure 11c illustrates the variation in friction with rotational speed for four cases. From
comparison of the buoyancy-leakage ratio, the textures with a certain roughness generate a
better enhancement effect on the floating ring seal. In addition, the surface roughness does
not change the mechanism of the effect of textures, but affects the degree of the effect of
the textures. The design of textures combined with surface roughness can be one of the
means to enhance the performance of a floating ring seal. However, the process and cost of
mechanically creating surface roughness need to be considered.
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Figure 15. Effect of surface textures with roughness on sealing performance at different rotation speeds:
(a) effect on buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

5. Conclusions

In summary, this work employed the finite difference method to iteratively solve the
Reynolds equation for the sealing fluid, and then analyzed the effects of surface texture and
surface roughness on the performance of floating ring seals. The effects of different surface
textures and their parameters on the performance of floating ring seals are systematically
presented and discussed. The key conclusions are summarized as follows:

D Increasing the clearance can reduce friction, but it will compromise buoyancy and
increase leakage. Conversely, increasing the eccentricity can enhance buoyancy, but it
will significantly increase friction and leakage. Moreover, the increase in rotational speed
significantly boosts buoyancy and friction, with a negligible impact on leakage.

@ For an arbitrarily shaped texture in this paper, the depth of the texture has a
significant influence on the performance of the floating ring seal. The greater the depth
of the texture, the greater the leakage and the lower the friction. The change in buoyancy
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caused by the depth is related to the shape. The greater the depth of the texture within a
certain range, the better the overall performance of the floating ring seal.

@ The best angles for making the textures most effective are 30° for triangles and
hexagons, 90° for rectangles, and 0° for squares.

@ An increase in the texture area leads to increased leakage and reduced friction. The
square and rectangular textures exhibit a stronger effect, and as the texture area increases,
the buoyancy force also increases significantly.

®) The textures mentioned in Table 4 can significantly enhance the performance of the
floating ring seals. The specific rectangular texture shows the largest increase in buoyancy
force, which reaches 81.2% at a rotation speed of 20,000 r/min. This specific triangular
texture increases buoyancy by 28.02% when the rotation speed is 15,000 r/min and leakage
increases by only 10.08%.

©® Appropriate surface roughness can serve to enhance the performance of the floating
ring seal; the effect of texture is substantially enhanced when the floating ring seal surface
is rough. The triangular textures mentioned in Table 4 with roughness increase buoyancy
by 67.39% and leakage increases only by 14.92%.

Both optimized surface texture and surface roughness can contribute to enhancing
the overall performance of floating ring seals, particularly in terms of buoyancy. The
combination of surface texture and surface roughness is a promising direction that yields
positive results. However, the rough surface simulated by the computer model is generated
by randomization, and the feasibility of the process still requires further verification and
experimental confirmation.
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Nomenclature

A textured area

A, random numbers in the interval [0, 277]

b position of the shaft surface

By random numbers in the interval [0, 277]

c radial clearance, m

C height coefficient of the surface

Cn a normally distributed random variable with a mean of 0 and variance of 1
d lengths of square textures; the width of the rectangular texture, m
D fractal dimension

Dg theoretical fractal dimension

e eccentricity, m

G feature scale parameter
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h gas film thickness, m

hy distribution of depth of texture

hy distribution of depth of surface roughness
hy depth of texture, m

H dimensionless film thickness

k ratio of buoyancy and leakage, N- kg /s

l length of the rectangular texture, m

L size of the simulated image, m

Liaxy  sampling length, m
Lyin  anumber which is determined by the instrument resolution

m frequency coefficient

M number of spatial undulations
n frequency coefficient

Nmay ~ Maximum frequency coefficient
p gas film pressure, Pa

p dimensionless film pressure

Pa air pressure, Pa

Plow  pressure in the low-pressure side, Pa

Phigh  pressure in the high-pressure side, Pa

Q leakage, kg/s

R radius of the rotating shaft, m

p radius of the outer circle of a triangular or hexagonal texture, m
To radius of the outer circle of a triangular or hexagonal texture, m
Ty dimensionless friction component in the x-direction

Ty dimensionless friction component in the y-direction

u linear velocity of rotating shaft, m/s

w buoyancy of gas film, N

w dimensionless buoyancy of gas film, N

Wy dimensionless buoyancy component in the x-direction

wy dimensionless buoyancy component in the y-direction

0% characteristic parameter

A seal coefficient

U aerodynamic viscosity, Pa - m

Pmn a series of random phases between 0 and 7

o gas density, kg/m3
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