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Abstract: A model based on a three-dimensional fractal function is developed and used in conjunction
with experiments to analyze the evolutionary pattern of sealing performance during the start-up
process of dynamic pressure seals, and the influence of end-face microscopic features on the evolution
law is discussed. It is found that the opening state of the seal is divided into three stages: the
non-opened stage, transition stage, and full-opened stage. The isotropic dimensions of the cavities
have a coupling effect on the leakage, and they diminish as the speed increases. In order to enhance
the sealing performance during start-up, it is suggested that the seal faces have a fractal dimension of
2.4 to 2.6, and a characteristic factor of less than 1 × 10−9 m.

Keywords: dynamic pressure seal; sealing performance; fractal theory; microscopic features

1. Introduction

Dynamic pressure seals are extensively utilized in the aerospace industry because
of their excellent low leakage and non-contact properties [1–3]. During the start-up of a
dynamic pressure seal, the seal end-face gradually transitions from a contact state to a
non-contact state. This transition leads to an increase in seal leakage and a decrease in the
sealing performance if there is improper design or significant machining errors. In severe
cases, static leakage may occur, significantly impacting the seal’s operational lifespan [4–6].
Therefore, the study of the performance of the dynamic pressure seal start-up process is
very important.

The dynamic and static leakage rates of the seal are important performance indices
of the dynamic pressure seal. In order to reduce the increase in the dynamic leakage
rate caused by external interference, Park [2], Su [7], and Yin [8] obtained the optimized
structure of the seal. This structure can maintain a stable dynamic film thickness and
lower leakage rate through numerical analysis. On this basis, Zhang [3], Wang [9], and
Hu [10] considered the influence of the dissolution effect, cavitation effect, and phase
change characteristics of the sealing medium on the dynamic sealing performance of
dynamic pressure seals. They established a variable physical properties analysis model for
dynamic pressure seals, which enabled the accurate prediction of the dynamic leakage rate
of dynamic pressure seals. Compared with the dynamic sealing performance, the static
sealing performance of dynamic pressure seals is also important [11,12]. However, due to
the discontinuity of the flow field in the static sealing gap of dynamic pressure seals, the
analysis of the static leakage rate of dynamic pressure seals becomes significantly more
challenging. In order to analyze the leakage characteristics of the discontinuous flow field,
many scholars have developed a static leakage model of the contact seal based on fractal
theory. Hossain [13] conducted a static leakage study on the axial leakage of the contact
seal, while Cui [14] introduced a porous medium in the model to enhance the calculation
accuracy. Yang [15] considered the effect of the asperities deformation on the leakage rate
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of the contact seal and further optimized the static leakage model. These studies have
established a theoretical foundation for analyzing the static sealing performance of dynamic
pressure seals. Li [6] and Bai [16] found that the dynamic leakage rate of the dynamic seal
increased significantly compared to the static leakage rate through experimental study.
This indicates the importance of analyzing the evolution of sealing performance during
the start-up process of the dynamic pressure seal. In order to analyze the evolution of the
sealing performance during the start-up process of a dynamic pressure seal, Chen [17]
and Li [18] analyzed and calculated the opening force during the start-up of the seal
using numerical analysis based on the assumption of critical film thickness, and found
that there are obvious stage changes in the start-up process. On this basis, many scholars
have found that the shallow groove structure on the end-face of the dynamic pressure
seal significantly influences the evolution of the seal-opening process performance [19–22].
However, the calculation accuracy based on the assumption of critical film thickness is
low. In order to enhance the accuracy of performance analysis during the start-up process
of the dynamic pressure seal, Fan [23] incorporated the traditional GW contact model
into the calculation of the contact force of the dynamic pressure seal, and found that the
microscopic characteristics of the rough end-face have a significant influence on the sealing
characteristics during the seal start-up process. However, only the elastic deformation of
the asperity was considered in the analytical process. According to the current study, it is
known that the contact deformation of the asperity includes elastic-plastic deformation and
complete plastic deformation in addition to elastic deformation [24]. In order to analyze
the elastic-plastic deformation of the asperity, A. Majumdar [25] firstly established the
MB model, which can describe the elastic-plastic contact fractal model based on the WM
fractal function. On this basis, L. Kogut [26] found that the elastic-plastic deformation
can be divided into first-order elastic-plastic deformation and second-order elastic-plastic
deformation by numerical analysis. They derived fitting equations for the contact force
at each deformation stage of the asperity. In order to calculate the specific number of the
asperities on the end-face in different stages of deformation, Yuan [27] and Zhang [28,29]
introduced a frequency index to characterize the number of the asperities on the end-face
in different stages of deformation based on the KE contact model. However, they were
unable to characterize the distribution of the end-faces of the micro-convex bodies. The
fractal functions used in the above studies are two-dimensional functions, which cannot
adequately characterize the rough end-faces of the dynamic seal end-faces. Additionally,
the analysis process does not consider the effect of thermal deformation of the asperity.

In order to solve the problem that the existing fractal characterization of seal end-face
cannot describe the distribution of the asperities, this paper establishes an analytical model
for the performance evolution of seals during start-up based on the characterization of
three-dimensional fractal functions of the end-face and the thermoelastic deformation of
the asperity. The aim of the model is to analyze the evolution of seal performance during
start-up and to explore the influence of fractal parameters and end-face micro-features on
the evolution mechanism of seal performance. The aim is to provide theoretical guidance
for the structural design and daily maintenance of dynamic pressure seals.

2. Dynamic Pressure Seal Structure and Sealing Principle

A dynamic pressure seal consists mainly of a rotor, stator, auxiliary seal, spring, and
other components. The end-face of the rotor has a set of 12 evenly distributed spiral grooves
along the line of rotation, as shown in Equation (1). When the rotor is in a stationary position
relative to the stator, the asperities of the end-faces are squeezed against each other to form
small discretely distributed cavities. The gas flows in through the outer side of the sealing
gap, then into the cavities, and finally out through the inner side of the sealing gap. When
the rotor and stator move relative to each other, the rotor forces the gas in the cavities and
spiral grooves to flow, converting the kinetic energy of the gas into potential energy. As
a result, the force to open the sealing gap increases until the gap is fully open, allowing
the dynamic pressure seal to operate without contact, as shown in Figure 1. The structural



Machines 2024, 12, 269 3 of 19

parameters of the seal ring studied in this paper are taken according to the conventional
design of a typical dynamic seal structure, and the physical parameters of the seal ring and
the sealing medium are referred to the physical parameter curves in the references [30–32].
The parameters of the seal are shown in Table 1.

r = rgeβ tan α. (1)

Table 1. Parameters of the seal.

Parameter Value Parameter Value

Outer radius of the end-face ro/mm 31.4
Specific heat capacity of the fluid

Cf/J · kg−1 · K−1 1006

Inner radius of the end-face ri/mm 24.4 Thermal conductivity of the fluid
λf/W · K−1 · m−1 0.026

Thickness of the ring B/mm 8.0 Density of the rotor material
ρ1/kg · m−3 8190

Radius of the groove root rg/mm 26.5
Specific heat capacity of the rotor

material
C1/J · kg−1 · K−1

481.4

Balance radius of the seal rb/mm 26.0
Thermal conductivity of the rotor

material
λ1/W · K−1 · m−1

13.4

Angle of the land θ1/rad π/12
Modulus of elasticity of the rotor

material
E1/GPa

539

Angle of the groove θ2/rad π/12 Hardness of the rotor material
H1/GPa 1.54

Depth of the groove hg/µm 0.6 Poisson’s ratio of the rotor material ν1 0.3

Inlet pressure Pi/MPa 0.0 Expansion coefficient of the rotor
material α1/1 × 10−6 K−1 11.8.

Outlet pressure Po/MPa 350 Density of the stator material
ρ2/kg · m−3 3210

Inlet temperature Ti/K 293.15
Specific heat capacity of the stator

material C2/J · kg−1 · K−1 650

Outlet temperature To/K 6000 Thermal conductivity of the stator
material λ2/W · K−1 · m−1 490

Rotation speed nr/r · min−1 69.78 Modulus of elasticity of the stator
material E2/GPa 481

Acceleration of start-up ar/rad · s−2 0.80 Hardness of the stator material
H2/GPa 21

Density of the fluid ρf/kg · m−3 1.29 Poisson’s ratio of the stator material ν2 0.25

Viscosity of the fluid µf/µPa · s 17.9 Expansion coefficient of the stator
material α2/1 × 10−6K−1 4.4
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Figure 1. Seal schematic of the dynamic pressure seal. (a) Schematic diagram of sealing gap opening 

state; (b) schematic diagram of the sealing structure. 

3. The Model for the Evolution of Seal Performance during Seal Initiation 

3.1. Asperity-Asperity Thermoelastic-Plastic Contact Deformation Analysis 

The microscopic features of the seal ring material surfaces are similar and can be de-

scribed using the three-dimensional WM fractal function [29,33]. The function is as fol-

lows: 

( )
max

min

2 1/2 2100
3

o , ,

1

ln 2π π
cos cos cos

D n nC
D n

m n m n

C n

G r m
Z L

L M L M

 
   

− =
−

=

        
= − − +       

        
   (2) 

In Formula (2), oZ  is the surface profile before deformation, G  is the characteristic 

scale factor, D  ( 2 3D  ) is the three-dimensional fractal dimension, L  is the sample 

length, (in general, 0.8mmL =  ),    is the spectral correlation constant (in general, 

1.5 = ), C  is the number of overlapping surface cycles, 
,m n  is the random phase an-

gle, rad, n   is the frequency index, minn   is the minimum frequency, 
min lg lgn L = −  , 

maxn  is the maximum frequency,  max sint lg lg lg lgn L L = − , and sL  is atomic spac-

ing of materials [28], (in general, s 0.34nmL = ). 

The asperity of the end-faces can be regarded as a semi-ellipsoidal sphere. It is as-

sumed that the contact surfaces of the asperity on the end-faces of the rotor and stator are 

parallel surfaces. The asperity-asperity contact model is simplified to asperity-ideal plane-

asperity contact models, which can be solved using the KE model (sphere-ideal plane con-

tact model). It only takes into account the asperity subjected to axial load. The assumption 

is that the asperity and the base both experience thermal deformation due to axial ther-

moelastic deformation, as shown in Figure 2. 

Figure 1. Seal schematic of the dynamic pressure seal. (a) Schematic diagram of sealing gap opening
state; (b) schematic diagram of the sealing structure.

3. The Model for the Evolution of Seal Performance during Seal Initiation
3.1. Asperity-Asperity Thermoelastic-Plastic Contact Deformation Analysis

The microscopic features of the seal ring material surfaces are similar and can be de-
scribed using the three-dimensional WM fractal function [29,33]. The function is as follows:

Zo = L
(

G
L

)D−2( ln γ

M

)1/2C=100

∑
C=1

nmax

∑
nmin

γ(D−3)n
{

cos ϕm,n − cos
[

2πγnr2

L
cos
(

θ − πm
M

+ ϕm,n

)]}
(2)

In Formula (2), Zo is the surface profile before deformation, G is the characteristic scale
factor, D (2 < D < 3) is the three-dimensional fractal dimension, L is the sample length,
(in general, L = 0.8mm), γ is the spectral correlation constant (in general, γ = 1.5), C is
the number of overlapping surface cycles, ϕm,n is the random phase angle, rad, n is the
frequency index, nmin is the minimum frequency, nmin = −lgL/lgγ, nmax is the maximum
frequency, nmax = int[lgL/lgγ − lgLs/lgγ], and Ls is atomic spacing of materials [28], (in
general, Ls = 0.34nm).

The asperity of the end-faces can be regarded as a semi-ellipsoidal sphere. It is
assumed that the contact surfaces of the asperity on the end-faces of the rotor and stator
are parallel surfaces. The asperity-asperity contact model is simplified to asperity-ideal
plane-asperity contact models, which can be solved using the KE model (sphere-ideal
plane contact model). It only takes into account the asperity subjected to axial load. The
assumption is that the asperity and the base both experience thermal deformation due to
axial thermoelastic deformation, as shown in Figure 2.
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Figure 2. Schematic calculation of the open state of the end-face.

According to Newton’s third law, the contact force on the asperities at the end-face of
the rotor, and the asperity at the end-face of the stator are equal in magnitude and opposite
in direction, so it is sufficient to calculate the contact force on the asperities body at the
end-face of the stator. Then, the critical deformation Zac, the critical contact force Fic, and
the critical contact area aic of the asperity are calculated according to the KE model [26–29]
as follows: 

Zac = 2.46π−2G2
3−D2 l2D2−2(0.454 + 0.41ν2)

2Ec
−2H2

2

Fac = 5.16π−4G2
6−2D2 l22D2−4(0.454 + 0.41ν2)

3Ec
−2H2

3

aac = 7.74π−4G2
6−2D2 l22D2−4(0.454 + 0.41ν2)

3Ec
−2H2

2

(3)

In Formula (3), l2 is the diameter of the base of the stator end-face [29],
l2 = Zo2

1/(3−D2)G2
(2−D2)/(3−D2), and Zo2 is the roughness profile of stator end-face

(Zo2 = Zo(D2, G2, r, θ)), and Ec is the contact modulus of elasticity [26],
Ec

−1 =
(
1 − ν2

1
)
E1

−1 +
(
1 − ν2

2
)
E2

−1.
In addition to elastic deformation, there are also elastic-plastic and plastic deformations

in the deformation stages of the asperity. By comparing the interference between the
asperity and the ideal plane with the critical deformation amount of the asperity, it is
possible to differentiate between the elastic deformation (0 < (Za2 + Zb2)/Zac < 1), elastic-
plastic deformation (1 ≤ (Za2 + Zb2)/Zac < 6, 6 ≤ (Za2 + Zb2)/Zac < 110), and plastic
deformation ((Za2 + Zb2)/Zac ≥ 110) of the asperity. Subsequently, the contact force and
contact area of the asperity can be calculated at different deformation stages [26–29].

Fni =


Fac

1.03Fac(Za2 + Zb2)
1.425Zac

−1.425

1.40Fac(Za2 + Zb2)
1.263Zac

−1.263

π−1G2
3−D2 lD2−2HZa2

, 0 <(Za2 + Zb2)/Zac< 1

, 1 ≤ (Za2 + Zb2)/Zac< 6

, 6 ≤ (Za2 + Zb2)/Zac< 110

, (Za2 + Zb2)/Zac ≥ 110

(4)

ai =


aac

0.93aac(Za2 + Zb2)
1.136Zac

−1.136

0.94aac(Za + Zb)
1.146Zac

−1.146

2aac

, 0 <(Za2 + Zb2)/Zac< 1

, 1 ≤ (Za2 + Zb2)/Zac< 6

, 6 ≤ (Za2 + Zb2)/Zac< 110

, (Za2 + Zb2)/Zac ≥ 110

(5)
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In Formulas (4) and (5), Za2 is the contact deformation of the stator end-face,
Za2 = Zo2

(
1 + α2∆T − Zo2(Zo1 + Zo2)

−1∆z
)

, Zo1 is the roughness profile of the end-face
of the rotor (Zo1 = Zo(D1, G1, r, θ)), Zb2 is the base deformation of the stator end-face, α2
is the coefficient of thermal expansion of the stator, and ∆T is the temperature difference
between the end-faces and the environment.

According to Equations (4) and (5), the contact load and area of a single asperity can
be calculated. Subsequently, the axial load and area on the basal area of each asperity where
the contact deformation occurs can be determined. Integration is then performed to obtain
the contact force Fn and the specific pressure of the end-face pc.

In the calculation of the contact force and the specific pressure, a contact factor ζc is
introduced in order to distinguish between contact and non-contact regions.

ζc =

{
0, hf ̸= 0
1, hf = 0

(6)


Fn =

∫ 2π
0

∫ ro
ri

ζc
4Fni
πl22 rdrdθ

pc =
∫ 2π

0

∫ ro
ri

ζc
4Fni
πail2

2 rdrdθ
(7)

The outer side of the rotor is subjected to fluid pressure Pi, the back side of the stator is
subjected to fluid pressure Pi and the pressure of the spring ps, and the inside of the stator
is subjected to fluid pressure Po. The rotor is limited to axial and radial displacements by
shaft and sleeve. The stator is limited to radial displacements by spring and seat. When the
end-faces are pressed together, the contact deformation of the asperities generate contact
force Fn. The fluid pressure pf in the sealing gap is confined to the opening force Fo. The
closing force Fc on the seal is mainly composed of spring force and fluid pressure.

Fc = π
[
(Pi + ps)(r2

o − r2
e) + Po(r2

e − r2
i )
]

(8)

In Formula (8), Pi is the inlet pressure, ps is the spring specific pressure, and ro, ri, and
re are the structural parameters of the seal.

3.2. Thermoelastic Deformation Analysis of the Bases

According to Equations (4) and (5), it can be seen that the deformation of the substrate
has impact on the calculation of the contact force of the asperity. According to the theory of
elastic mechanics, the axial thermo-elastic deformation of the base can be calculated using
the following Formula (9) [21].

Zb1 =
[
α1∆T − ζc

4Fni
πl1

2E1
− (1 − ζc)

pf
E1

]
B

Zb2 =
[
α2∆T − ζc

4Fni
πl22E2

− (1 − ζc)
pf
E2

]
B

(9)

In Formula (9), Zb1 is the deformation of the rotor base, and Zb2 is the deformation of
the stator base, l1 is the diameter of the base of the stator end-face [29],
l1 = Zo1

1/(3−D1)G1
(2−D1)/(3−D1), and pf is the fluid pressure.

The heat transfer between the rotor and the fluid is a strong convective heat transfer.
In contrast, the heat transfer between the stator and the fluid is a weak convective heat
transfer [19]. The heat sources at the seal end-face are mainly the shear heat of the fluid
and the frictional heat of the asperities. The heat transfer equation for the ring is as follows:

∂T
∂t

+
∂

∂x

(
∂T
∂x

)
+

∂

∂y

(
∂T
∂y

)
+

∂

∂z

(
∂T
∂z

)
= 0 (10)
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The thermal boundary parameters can be calculated according to the Equation (11) [19].

q1 = πnrr f Fni(1−rf)
60ai

q2 = πnrr f Fnirf
60ai

h1 = 0.0675 λf
rR

[(
uθrRρf

2µf

)2
+
(

2uzrRρf
µf

)2
]1/3(

µfCf
kf

)1/3

h2 = 0.105 λf
∆δ

[
πnrrR∆δρf

60µf

(
∆δ
rR

)1/2
]1/2(

µfCf
kf

)1/4

(11)

In Formula (11), h1 is the coefficient of the strong convection heat transfer, h2 is the
coefficient of the weak convection heat transfer, ∆δ is the clearance between stator and
shaft, rR is the outer diameter of the shaft, nr is the rotation speed, and f is the dry friction
coefficient of the friction pair [31,32], f = 0.4.

rf is the heat distribution coefficient.

rf =
[
1 + (ρ1C1λ1)

1/2(ρ2C2λ2)
−1/2

]−1
(12)

3.3. Microfluidic Characterization of Thin Films with Sealing Gaps

The roughness profile after the deformation of the end-faces can be calculated from
the original profile, the deformation of the asperities, and the deformation of the bases [29].{

Z1 = Zo1 + Za1 + Zb1
Z2 = Zo2 + Za2 + Zb2

(13)

The asperity of the end-faces are extruded into each other to form cavities. The axial
clearance of the cavities is shown as Equation (14).

hf = ∆z + hgζg − Z1 − Z2 (14)

In Formula (14), ∆z is the distance between the reference planes of the end-faces, ζg is
the area coefficient of the end-face (ζg = 0 for the non-groove area, ζg = 1 for the groove
area), Z1 is the roughness profile of the rotor end-face, and Z2 is the roughness profile of
the stator end-face.

The flow field in the sealing gap of the dynamic pressure seal can be described using
the Reynolds equation [10].

∂

∂r

(
ρfhf

3

12µf

∂pf
∂r

)
+

∂

r∂θ

(
ρfhf

3

12µf

∂pf
∂θ

)
=

πnr

120
∂(ρfhf)

∂θ
+

∂(ρfhf)

∂t
(15)

In Formula (15), ρf is the fluid density, and µf is the fluid viscosity.
The energy equation about fluid in the sealing gap of the dynamic pressure seal is

shown in Equation (16) [19].

∂T
∂t

+ ur
∂T
∂r

+
uθ

r
∂T
∂θ

=
kf

ρfCf

[
1
r

∂

∂r

(
r

∂T
∂r

)
+

1
r2

∂2T
∂θ2 +

∂2T
∂z2

]
+

µf
ρfCf

[(
∂uθ

∂z

)2
+

(
∂ur

∂z

)2
]

(16)

In Formula (16), kf is the thermal conductivity of the fluid, Cf is the specific heat
capacity of the fluid, and ur, uθ are the radial and circumferential flow rate of the fluid.

The inlet pressure is 0.6 MPa, the outlet pressure is 0 MPa, the inlet temperature is
350 K, and the outlet temperature is 293.15 K. The flow rate of sealing gap fluid near the
stator end-face is 0, and the flow rate of sealing gap fluid near the rotor end-face is uri. The
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opening force Fo is obtained by integrating the pressure pf at the end-face, and the leakage
Q is obtained by integrating the normal flow velocity uout at the outlet.

Fo =
∫ 2π

0

∫ ro

ri

pf(1 − ζc)rdrdθ (17)

Q =
∫ 2π

0
uouthfridθ (18)

In Formula (18), uout is the normal flow velocity of the fluid on the outlet.

3.4. Coupled Analysis Process

Simulation software (COMSOL Multiphysics ®5.6) was used to solve the above equa-
tions. It is assumed that there is no installation error of the dynamic pressure seal, and the
disturbance caused by the deflection of the shaft during start-up is ignored. After verifying
the mesh independence, the number of meshes is determined to be 654, with 135 to ensure
the accuracy of the calculation. The solution process is shown in Figure 3. The accuracy of
the model calculations was verified through experimental studies.
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3.5. Model Validation

In order to experimentally verify the accuracy of the model calculations, the relevant
experimental studies are conducted. The seal ring specimen is first ground to ensure that
the flatness and finish of the seal end-face meets the general design requirements. On this
basis, a shallow groove structure on the end-face of the moving ring was processed using
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laser etching technology, and the depth of the shallow groove was measured using the
ARS2200 surface roughness measuring instrument. The sealing end-face of the sealing
ring specimen was ground again. After cleaning, the roughness profile of the sealing
end-face of the specimen was measured. The end-faces of the dynamic pressure seal can
be characterized using the fractal function, and the three-dimensional fractal function of
the friction ring generally has a fractal dimension value in the range of 2.2~2.8, and the
characteristic coefficients generally take values in the range of 1 × 10−11~1 × 10−8 m [34].
In order to obtain accurate fractal parameters, three measurement points were uniformly
selected in the circumferential direction of the end-face of the specimen using an ARS220
surface roughness measuring instrument (Beijing Times Guangnan Testing Technology
Co., Ltd., Beijing, China), with a sampling length of 0.25 mm, to measure the local contour
values of the end-face and to derive the fluctuation of the contour of the measured area
using RC filtering method. The fractal dimensions and characteristic coefficients of the
end-faces based on the structure function method [31]. The fractal dimension and the
characteristic coefficients of the end-faces are shown as Table 2. The acoustic emission
sensor can effectively characterize the opening characteristics of the seal during start-
up [35,36]. A dynamic pressure seal test setup was constructed to measure the acoustic
emission signals and leakage during seal initiation. Eventually, the prepared sealing ring
specimen was mounted into the test chamber for the opening performance test. The test
flow is illustrated in Figure 4.

Table 2. Three-dimensional fractal parameters of the end-faces.

Rotor Stator
Fractal dimension D 2.69 2.70 2.72 2.51 2.52 2.53

Characteristic
coefficient G/10−10 m 1.69 1.72 1.70 21.20 21.18 21.15
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During the start-up process, the end-faces change from a contact state to a non-contact
state, and the collision between the asperities generate acoustic emission signals, which
is related to the product of the non-circular contact force and the rotational speed as
follows [37,38]:

.
UAE =

f FnuriKe

4
(19)

In Formula (19), Ke is the conversion factor.
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The ratio of contact force to closure force during the start-up of the dynamic pressure
seal can be calculated according to the following Equation (20).

Ωn =
Fn

Fc
=

4
( .

UAE − ∆
.

UAE

)
f uriFcKe

(20)

In Formula (20), ∆
.

UAE is the stabilized value of the acoustic emission at the end of the
seal start-up, which was measured experimentally to be 0.045.

The sum of the contact force and the opening force at the seal end-face during seal
start-up is equal to the closing force, then the ratio of the opening force to the closing force
during seal start-up is:

Ωo = 1 − Ωn = 1 −
4
( .

UAE − ∆
.

UAE

)
f uriFcKe

(21)

During the start-up process, the trends in leakage is closely related to the opening state
of the end-faces. The leakage trend is distinguished by three stages of end-face opening:
the non-opened stage, the transition stage, and the full-opened stage. In the non-opened
stage, as the rotational speed of the shaft increases from 0 to 2750 r · min−1, the leakage
slowly increases by 22.56% from 1.10 × 10−3 mL · min−1, while the opening force ratio
rapidly increases by 3.13 times from 0.48. In the transition stage, as the rotational speed of
the shaft increases from 2750 to 3400 r · min−1, the leakage increases rapidly by 10.48 times,
indicating that the seal gap is gradually opening at this stage. However, the change in the
opening force of the seal decreases gradually to 4.23%. In the full-opened stage of the seal,
the leakage and the opening force of the seal tend to stabilize, as shown in Figure 5.
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Figure 5. Analysis of the opening performance test. (Fan’s model [23]).

Comparing the results of this model of the paper considering the rough end-face and
the literature model [23] without considering the 3D rough end-face and the test results, it is
found that the calculated values of the opening force and leakage have the same trend with
the experimental values. The difference between the opening rotational speed calculated
by this paper’s model and the test results is 11.76%, and the difference between the leakage
calculated by this paper’s model and the test results is 2.56%. However, the difference
between the opening rotational speed calculated by the reference model and the test results
is 26.47%, and the difference between the leakage calculated by the reference model and the
test results is 10.36%. The calculation accuracy of the opening speed and leakage volume of
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this paper’s model is 55.55% and 75.29% higher than that of the reference model, which
further illustrates the accuracy of this paper’s analytical model, as shown in Figure 5.

4. Discussion
4.1. Effect of Fractal Parameters on the Sealing Performance during the Start-Up Process

The sealing gaps in the independent cavities are initially separate and gradually
increase in the cross-sectional area. These independent cavities gradually connect with
each other, leading to an increase in the air-carrying capacity within the cavities during the
start-up process. Consequently, the sealing gaps expand gradually, resulting in an increase
in the gas flow rate through the cavities, as shown in Figure 6.
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(a) (b) 

Figure 6. The fluid pressure of the sealing gap during the start-up. (a) Periodic part of the fluid
pressure; (b) partial details of the fluid pressure.

As the fractal dimension increases from 2.2 to 2.6, the roughness of the end-face
decreases. The opening force decreases by 28.88%, and the leakage decreases by 9.25%. With
an increase in rotational speed of the shaft from 0 to 2700 R·min−1, the end-face gradually
opens. The influence of the microscopic feature of the rough end-face on the opening force
and leakage diminishes, with reductions of 50.45% and 45.90%, respectively, corresponding
to the change in fractal dimension, as shown in Figure 7a. As the characteristic coefficient
increases from 1× 10−11 to 1× 10−8 m, the end-face roughness increases. The opening force
increases by 21.92%, and the leakage increases by 57.92%. Additionally, as the rotational
speed of the shaft increases from 0 to 2700r · min−1, the end-face gradually opens, and the
magnitude of the opening force and leakage decreases with the variation of characteristic
coefficients by 61.05% and 7.29%, respectively, as shown in Figure 7b. During the transition
stage, as the rotational speed of the shaft increases from 2700 r · min−1 to 3500 r · min−1,
the end-face approaches opening. The changes in opening force and leakage, as influenced
by the fractal dimension, decrease by 9.41% and 16.80%, respectively. Similarly, the changes
in characteristic coefficients decrease by 18.82% and 3.32%. In the full-opened stage, when
the rotational speed of the shaft exceeds 3500 r · min−1, the end-face is fully open, and
the opening force and seal leakage are no longer influenced by the fractal dimension or
characteristic coefficients, as shown in Figure 7.
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Figure 7. The contact force ratio and leakage rate during the start-up of seal. (a) Fractal dimension;
(b) characteristic factor.

4.2. Effect of Fractal Parameters on the Micro-Features on End-Faces during Start-Up Process

Changes in fractal parameters result in variations in the roughness of the end-face,
consequently affecting the sealing performance. To further analyze the influence of fractal
parameters on the evolution of the sealing performance during the start-up process of
the dynamic pressure seal, the number of the cavities, the average parallel cross-sectional
area, and the average volume of the cavities are calculated to analyze the impact of the
fractal parameters on the micro-feature of the end-faces, as shown in Figure 2. Assuming
that the cavities in the sealing gap are independent of each other and disregarding the
merging phenomenon of tiny cavities during the start-up process, the number of the cavities
in the seal gap is determined by integrating the density function of the distribution of
the non-contact area in the non-groove area of the end-faces. The calculation formula is
as follows:

N =
∫ 2π

0

∫ ro

ri

4(1 − ζc)
(
1 − ζg

)
πl22 rdrdθ (22)

By integrating the density function of the distribution of the non-contact area in the
non-grooved area of the seal end-face, and then calculating the total non-contact area of the
seal end-face, and subsequently determining the average cross-sectional area of the cavities,
the formula is as follows:

s = N−1
∫ 2π

0

∫ ro

ri

(1 − ζc)
(
1 − ζg

)
rdrdθ (23)

Assuming that the cavity is an ellipsoid with the long axis equal to 0.5hf and the short
axis equal to rs, the average volume of the cavities can be calculated using the ellipsoid
volume formula. To calculate the distribution density function of the average volume of the
cavities per unit of the basal area, integrate the calculation to obtain the average volume of
the cavities. The formula is as follows:

v = N−1
∫ 2π

0

∫ ro

ri

2π
3

hfrs
2

(
πl22

4

)−1

rdrdθ (24)

In Formula (24), rs is the radius of the cross-sectional area of the cavities,
rs = s1/2π−1/2.

During the non-opened stage, as the rotational speed increases from 0 to 2700 r ·min−1,
the number of the cavities increases by 2.33 times from 2.70 × 106, and the average volume
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of the cavities increases by 2.41 times from 0.4 µm3. In the transition stage, as the rotational
speed of the shaft increases from 2700 r · min−1 to 3500 r · min−1, the rate of change of the
number of the cavities decreases, and the growth decreases to 5.26%. Meanwhile, the rate of
change of the average volume of the cavities increases, and the growth increases to 6.60%,
as shown in Figure 8. Changes in fractal dimension and characteristic coefficients will lead
to changes in the microscopic feature of the end-face characterized based on the fractal
function. The end-face roughness decreases as the fractal dimension increases. When the
fractal dimension is less than 2.4, the number of the cavities increases by 4.54% and the
average volume of the cavities decreases by 21.21%. When the fractal dimension is from 2.4
to 2.6, the rate of change of the number of the cavities increases to 7.08% and the changes in
the volume of the cavity increases to 23.94%. When the fractal dimension is greater than 2.6,
the increase of the number of cavities decreases to 0.91%, and the changes in the volume of
the cavity increases to 37.25%, as shown in Figure 8a. With the increase in the characteristic
coefficients, the degree of roughness of the end-face also increases. When the characteristic
coefficients are less than 1 × 10−9 m, the number of the cavities decreases by 0.40%, and
the average volume of the cavities increases by 39.70%. When the characteristic coefficient
is greater than 1 × 10−9 m, the variation of the number of the cavities increases to 3.44%
and the changes in the average volume of the cavities increases to 70.41%, as shown in
Figure 8b.
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Figure 9. Dimensions of cavities during the start-up of seal. (a) Fractal dimension; (b) characteristic 

factor. 

Figure 8. Number and volumetric of cavities during the start-up of seal. (a) Fractal dimension;
(b) characteristic factor.

During the non-opened stage, as the speed increased from 0 to 2700 R·min−1, the
average parallel cross-sectional area of the cavities increased by 1.04 times from 1.05 µm2,
and the axial clearance of the cavities increased by 1.67 times from 0.15 µm. In the transition
stage, as the speed of the shaft increased from 2700 r · min−1 to 3500 r · min−1, the growth
of the parallel cross-sectional area of the cavities decreases, only increased by 78.56%, and
the average axial clearance of the cavities further increased by 1.97 times. In the full-opened
stage, the average parallel cross-sectional area of the cavities and axial clearance tend to
stabilize, as shown in Figure 9.
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Figure 9. Dimensions of cavities during the start-up of seal. (a) Fractal dimension; (b) characteristic
factor.

With the increase of fractal dimension, the average parallel cross-sectional area and
average axial clearance of the cavities decrease gradually. When the fractal dimension is
lower than 2.4, the average parallel cross-sectional area of the cavities decreases by 26.17%,
and the axial clearance decreases by 55.71%. When the fractal dimension ranges from 2.4
to 2.6, the average parallel cross-sectional area of the cavities is more stable, with only a
1.91% change, and the axial clearance decreases by 46.97%. When the fractal dimension
is greater than 2.6, the average parallel cross-sectional area of the cavities decreases by
11.61% and the average axial clearance of the cavities decreases by 29.72%, as shown in
Figure 9a. The average parallel cross-sectional area and the average axial clearance of the
cavities gradually increases with the increase of the characteristic coefficient. When the
characteristic coefficient is less than 1 × 10−9 m, the average parallel cross-sectional area of
the cavities increases by 1.13% and the average axial clearance of the cavities increases by
31.35%. When the characteristic coefficient is greater than 1 × 10−9 m, the change in the
average parallel cross-sectional area of the cavities increases to 4.47%, while the average
axial clearance of the cavities increases to 189.88%, as shown in Figure 9b.

4.3. Effect of the Micro-Features on the Sealing Performance during the Start-Up Process

In order to further analyze the influence of the micro-features on the evolution of
sealing performance during the start-up process of dynamic pressure seals, the relationship
between the ratio of opening force and leakage and the number and size of tiny cavities
in the non-opened stage and the transition stage are calculated, respectively. In order to
facilitate the comparison of the effect of the micro-features on the evolution of sealing
performance in different opening stages, the end-face feature parameters are dimensionless
using the reference plane distance ∆z and axial thickness of sealing ring B. hf

∗ = hf
∆z , s∗ = s

∆z2

N∗ = NB
∆z , v∗ = v

∆z3

(25)

In the non-opened stage, as the dimensionless axial clearance of the cavities increases
from 0.02 to 0.17, the opening force ratio increases by 3.45% from 0.87, and the leakage
volume increases by 27.51 times from 1.05 × 10−3 mL · min−1. When the dimensionless
axial clearance of the cavities is higher than 0.06, the growth of the opening force ratio
decreases from 3.69% to 1.14%, and the growth of the leakage volume decreases from
27.05 times to 0.94 times. As the dimensionless parallel cross-sectional area of the cavities
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increases from 9.09 × 102 to 1.00 × 104, the opening force ratio increases by 10.34% from
0.87 and the leakage increases by 27.46 times from 1.05 × 10−3 mL · min−1. When the
dimensionless cross-sectional area of the cavity is greater than 4.05× 103, the increase in the
opening force ratio increases from 3.33% to 5.32%, and the increase in the leakage increases
from 5.79 times to 62.33 times, as shown in Figure 10.
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Figure 10. Analysis of the effect of cavities dimensions on the of sealing performance (non-opened
stage). (a) Opening force of the seal; (b) leakage of the seal.

As the dimensionless number of the cavities increases from 6.89 × 10−6 to 8.79 × 10−6,
the opening force ratio increases by 50.72% from 0.65, and the leakage volume increases by
28.12 times from 1.03 × 10−3 mL · min−1. When the dimensionless number of the cavities
is greater than 7.89 × 106, the increase in the opening force ratio decreases from 24.62% to
20.98% and the increase in the leakage volume increases from 29.50 times to 33.20 times.
As the dimensionless volume of the cavities increases from 11.32 to 127.41, the opening
force ratio increases by 15.38% from 0.65 and the leakage increases by 28.08 times from
1.03 × 10−3 mL · min−1. When the dimensionless volume of the cavities is greater than
200, the increase in the opening force ratio and leakage decreases gradually, as shown in
Figure 11.
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(a) (b) 

Figure 11. Analysis of the effect of the number and volume on the of sealing performance (non-opened
stage). (a) Opening force of the seal; (b) leakage of the seal.
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Comparison of the dimensionless parameters of the microscopic features reveals that
the dimensionless volume of the cavities has a greater impact on the opening force ratio
and leakage volume in the sealed non-opened stage. According to Equations (24) and (25),
it can be seen that the volume of the cavities and the product of axial clearance and parallel
cross-sectional area of the cavities are linearly correlated, but the dimensionless volume
of the cavities has a greater impact on the opening force ratio and leakage amount. This
suggests a coupling effect of the axial clearance and parallel cross-sectional area of the
cavities on the ratio of seal-opening force and leakage amount.

In the transition stage, as the dimensionless axial clearance of the cavities increases
from 0.02 to 0.17, the opening force ratio increases by 13.25% from 0.83, and the leakage
volume increases by 4.04 times from 0.01 mL·min−1. When the dimensionless axial clear-
ance of the cavities is greater than 0.07, the increase in the opening force ratio decreases
from 12.04% to 2.19%. Additionally, when the dimensionless axial clearance of the cavities
is greater than 0.05, the leakage volume increase decreases from 96.55% to 60.00%. As
the dimensionless parallel cross-sectional area of the cavities increases from 9.09 × 102 to
1.00 × 104, the opening force ratio increases by 9.64% from 0.83, and the leakage volume in-
creases by 7.67 times from 0.01 mL ·min−1. When the dimensionless parallel cross-sectional
area of the cavities is larger than 5.00× 103, the increase in the opening force ratio decreases
from 9.63% to 2.19%. When the dimensionless parallel cross-sectional area of the cavity
is larger than 7.00 × 103, and the increase in the leakage volume increases from 1.25 to
1.35 times, as shown in Figure 12.
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Figure 12. Analysis of the effect of cavities dimensions on the of sealing performance (transition
stage). (a) Opening force of the seal; (b) leakage of the seal.

As the dimensionless number of the cavities increases from 6.89 × 106 to 8.79 × 106,
the opening force ratio increases by 2.27% from 0.88, and the leakage increases by 4.01 times
from 0.01 mL ·min−1. When the dimensionless number of cavities is greater than 8.40× 106,
the increase in leakage increases from 23.52% to 95.23%. As the dimensionless volume of
the cavities increases from 11.32 to 127.41, the opening force ratio increases by 10.23% from
0.88, the leakage increases by 16.21 times from 0.01 mL · min−1. When the dimensionless
volume of the cavities is greater than 50.00, the change in leakage increases from 2.05 times
to 2.26 times, as shown in Figure 13. Comparison of the dimensionless parameters of the
microscopic features reveals that in the transition stage, the dimensionless axial clearance
of the cavities has a higher impact on the opening force ratio, while the dimensionless
volume of the cavities has a higher impact on the leakage volume. When comparing the
results of the analysis in the non-opened stage, it is evident that the cavity volume has a
greater influence on the opening force and leakage compared to the isotropic dimensions
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of the cavities. Additionally, the coupling effect on the opening force and leakage increases
gradually with the rotational speed.
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Figure 13. Analysis of the effect of the number and volume on the of sealing performance (transition
stage). (a) Opening force of the seal; (b) leakage of the seal.

5. Conclusions

In order to analyze the evolution of the seal performance during the start-up process
of the dynamic pressure seal, this paper proposes a dynamic pressure seal performance
evolution analysis model based on the three-dimensional fractal function that characterizes
the rough end-face, defines the parameters that can adequately characterize the microscopic
features of the seal end-face, and analyzes the influence of the fractal parameters and the
microscopic features on the evolution of the seal performance. This study aims to provide
theoretical guidance for the structural design and processing of dynamic seals, and the
main conclusions are as follows:

(1) The opening state of the seal end-face is divided into non-opened stage, transition
stage and full-opened stage according to the change of seal leakage. In the non-opened
stage, the leakage increases slowly by 22.56%, but the opening force increases rapidly by
3.13 times, in the transition stage, the leakage increases rapidly by 10.48 times, but the
opening force increases only by 4.23%, and in the full-opened stage, the leakage and the
opening force of the seal tend to stabilize.

(2) As the fractal dimension increases and the characteristic coefficients decrease, the
leakage decreases. The leakage is mainly affected by the characteristic coefficients in the
non-opened stage, and the leakage is mainly affected by the fractal parameters in the
transition stage, but with the increase of the rotational speed, the influence of the end-face
micro features on the leakage decreases. In the full-opened stage, the leakage is no longer
affected by the fractal dimension and characteristic coefficients.

(3) In the non-opened stage, the leakage is mainly affected by the number of cavities,
and its increase decreases from 62.33 times to 5.79 times when the dimensionless number of
cavities is less than 7.89 × 106. In the transition stage, the leakage is mainly affected by the
volume of cavities, and the increase of leakage decreases from 2.26 times to 2.05 times when
the dimensionless volume of the cavities is less than 50.00. Additionally, the coupling effect
that exists in the anisotropic dimensions of the cavities on the leakage gradually diminishes
as the rotational speed increases.

(4) As the fractal dimension increases and the characteristic coefficient decreases, the
roughness of the end-face decreases, the number of cavities gradually increases, and the
dimension of cavities in all directions gradually decreases. When the fractal dimension is
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2.4~2.6, the average parallel cross-sectional area of the cavities is more stable. When the
characteristic coefficient is less than 1 × 10−9 m, the change in the average axial clearance
of the cavities decreases from 189.88% to 31.35%, and the change in the average parallel
cross-sectional area of the cavity decreases from 4.47% to 1.13%.

(5) This paper provides a new method for testing the machining quality of the seal end-
faces of dynamic pressure seals, which can be further examined by the fractal dimension
and characteristic coefficients of the seal end-faces. The results of the study show that an
excessively smooth surface, although providing excellent sealing performance, also leads
to a significant reduction in the seal-opening characteristics. In order to improve the sealing
performance during the start-up of dynamic seals, it is recommended that the 3D fractal
dimension of the machined seal faces should be 2.4–2.6 and the characteristic coefficient
should be less than 1 × 10−9 m.
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