
Received: 25 April 2025

Revised: 14 May 2025

Accepted: 16 May 2025

Published: 19 May 2025

Citation: Hu, G.; Zhou, Z.; Zhang,

Z.; Zhao, H. Investigation of the

Dynamic Leakage Characteristics of

Floating Seal End Faces in Shield

Machine Cutters with Consideration

of Wear Effects. Lubricants 2025, 13,

227. https://doi.org/10.3390/

lubricants13050227

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Investigation of the Dynamic Leakage Characteristics of Floating
Seal End Faces in Shield Machine Cutters with Consideration of
Wear Effects
Gang Hu 1 , Zhengzhong Zhou 1, Zhihao Zhang 1 and Haiming Zhao 1,2,*

1 College of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China;
hug0760@163.com (G.H.); 18390989495@163.com (Z.Z.); 13117522939@163.com (Z.Z.)

2 State Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South University,
Changsha 410083, China

* Correspondence: zhaohaiming@csu.edu.cn

Abstract: In slurry shield tunneling projects, leakage from floating seals frequently leads to
abnormal failures of disc cutters. To investigate the leakage characteristics at the floating
seal end faces of the cutters, a numerical method is proposed for analyzing the dynamic
leakage behavior of the floating seal end faces, considering the effects of wear. The elasto-
hydrodynamic lubrication problem of the floating seal was addressed using the Reynolds
equation and the slicing method, leading to the development of a computational model
for the pressure and thickness distribution of the oil film on rough surfaces. Based on
the Archard wear equation, a dynamic surface roughness model considering wear was
established. Furthermore, a numerical model for dynamic leakage of the floating seal end
faces in shield machine cutters, incorporating wear effects, was developed. Simulated
friction and wear tests of the floating seal end faces, along with cutter seal leakage experi-
ments, were conducted for validation. The results demonstrate that the dynamic surface
roughness model considering wear can effectively predict the roughness evolution of worn
surfaces. The trend of the theoretical leakage rate is generally consistent with that of the
experimental results, verifying the effectiveness of the proposed model.

Keywords: shield machine cutter; floating seal; wear effects; leakage characteristics;
elastohydrodynamic lubrication; numerical simulation

1. Introduction
The cutter is a consumable component of the tunnel boring machine, and its per-

formance directly determines the construction efficiency and cost of the project [1–3].
Abnormal failures such as seal failure, cutter ring fracture, and uneven wear of the cutter
ring significantly reduce the service performance of cutters [4–6]. In particular, excessive
seal leakage is one of the main abnormal failure modes of cutters in slurry shield tunneling
projects [7]. Increased leakage leads to greater contamination of the internal lubricant,
which in turn degrades the performance and service life of bearings and other compo-
nents. Compared with other static seals, floating seal leakage is the dominant form of
cutter leakage, as shown in Figure 1. In practice, the replacement of lubricant is often
determined empirically, making it difficult to accurately identify the optimal replacement
timing. Replacing it too early results in resource waste, while replacing it too late may
lead to bearing failure and other abnormal issues. Therefore, the study of floating seal
leakage characteristics provides essential theoretical support and engineering guidance for
enhancing cutter sealing performance and optimizing lubricant replacement strategies.
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Figure 1. Schematic of the cutter cross-section and floating seal leakage. The short and thick arrows
indicate the leakage channels of the lubricating oil for the floating seal of the cutter. The slender
arrow indicates that the floating seal is pulled out and enlarged.

At present, research on floating seal leakage is mainly conducted through experimental
testing and theoretical modeling. Ha [8] conducted a comparative study on the leakage
characteristics of planar seals, labyrinth seals, and floating ring seals using both experiments
and CFD analysis, and found that the floating ring seal exhibited superior performance.
Li [9] investigated the sealing capabilities of floating ring seals and labyrinth seals under
cold and hot conditions through rotational experiments, concluding that floating ring seals
outperform labyrinth seals in terms of leakage resistance. Hu [10] proposed a mechanism
and computational method for analyzing variations in the working clearance and operating
conditions of sealing chambers, revealing the correlation between operating conditions
and the leakage characteristics of floating ring seals. A large number of studies have
established steady-state theoretical models of floating seal leakage based on the Reynolds
equation [11–13], which clearly provides a reliable theoretical foundation for modeling
floating seal leakage.

In addition, the texture of the sealing end face has a significant impact on the per-
formance of floating seals [14]. Lee [15] conducted experimental comparative analyses
of floating ring seals with smooth surfaces and circular groove patterns, and identified
relevant design parameters based on the results. He [11] found that surface textures with
appropriate roughness can significantly improve the sealing performance of floating ring
seals. Lebeck [16] considered the influence of surface roughness on end-face morphology
and developed spatial leakage gap models for an annular surface with a perfect sinusoidal
wave and for an ideal planar surface. Zhao [17] used the W-M fractal function to char-
acterize tooth surface profiles and investigated the effect of randomly rough surfaces on
gear meshing contact, proposing a theoretical method that combines the analytical slicing
method with a two-dimensional elastohydrodynamic lubrication model. Wu [18] proposed
a micro-contact thermodynamic model to study the interface characteristics of wet friction
pairs, established a mixed lubrication model of end faces with Gaussian-distributed surface
roughness, and introduced a simplified Reynolds equation to describe the film character-
istics in the solid contact region. All of the above studies were conducted under fixed
surface roughness conditions and did not account for the effects of roughness evolution on
floating seal leakage. However, due to wear, the surface roughness of floating seals changes
over time during service. As a result, current models fail to reliably evaluate the leakage
performance of floating seals throughout their operational lifespan.

The frictional conditions of floating seal end faces are similar to those of conventional
mechanical seals. The Archard adhesive wear model is one of the most widely used models
for analyzing wear on mechanical seal end faces. Huang [19] numerically assessed the
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potential leakage risk of rotary lip seals based on elastohydrodynamic analysis and a
modified Archard wear model. Ni [20] validated the fractal model of mechanical seal
end faces using the traditional Archard model. Sapozhnykov [21] investigated seal wear
mechanisms using ANSYS software with the built-in Archard model. Huang [22] embedded
a modified Archard model into finite element software to evaluate the wear volume of seals.
A substantial body of research has demonstrated that the Archard model can effectively
predict and evaluate wear on seal end faces [23,24]. However, the relationship between
wear volume and surface roughness on the sealing end face remains to be further explored.

To investigate the effect of end-face wear on the leakage characteristics of floating
seals in shield machine cutters, a leakage rate model and a rough surface characterization
model were established. The elastohydrodynamic lubrication problem of the floating
seal was addressed using the Reynolds equation and the slicing method, resulting in a
computational model for the pressure and thickness distribution of the oil film on rough
surfaces. Based on Archard adhesive wear theory, a dynamic surface roughness model
considering wear was developed. Building upon these theoretical models, a numerical
model was established to analyze the dynamic leakage behavior of floating seal end faces in
shield machine cutters with wear taken into account. Through experiments and numerical
analyses, the constant parameters of the roughness evolution model were calibrated, the
leakage characteristics of the floating seal were analyzed, and the validity of the proposed
model was verified. This theoretical framework enables accurate prediction of lubricant
leakage under operating conditions, facilitates optimized lubricant replacement strategies,
and provides a solid foundation for enhancing the sealing performance of floating seals,
which can effectively reduce the risk of abnormal cutter failure.

2. Establishment of the Theoretical Models
2.1. Leakage Rate Model of the Floating Seal End Face

The sealing end face of a floating ring seal consists of two mating metal floating rings.
Under normal operating conditions, the dynamic ring rotates while the static ring remains
fixed. During assembly, lubricant is applied to the contact surfaces of the floating rings.
As the dynamic ring rotates, the relative motion between the two contact surfaces draws
lubricant from inside the cutter into the sealing interface. Therefore, in actual operation, a
viscous lubricating oil film is formed between the contact surfaces of the floating seal.

A cylindrical coordinate system is adopted to represent the flow parameters on the
floating seal end face, as shown in Figure 2. This cylindrical coordinate system consists of
the radial distance r, angular position θ, and the axial direction z. The variables ur and uθ

denote the radial and tangential velocity components, respectively.

Figure 2. End face clearance flow model between rotating and stationary rings.



Lubricants 2025, 13, 227 4 of 19

The radial velocity component of a fluid element in the oil film along the r direction is
given by:

ur =
1

2η

∂p
∂r

(
zh − z2

)
(1)

The tangential velocity is:

uθ =
1

2ηr
∂p
∂θ

(
zh − z2

)
+

zωr
h

(2)

where η, p, h, and ω represent the lubricant viscosity, oil film pressure, film thickness, and
relative rotational speed, respectively. The leakage on the floating seal end face is related to
the radial velocity component. By integrating along the z direction, the radial volumetric
flow rate per unit width qr can be obtained, which represents the fluid flow through a unit
cross-section with a height of h and a width of 1.

qr =
∫ h

0
urdz (3)

Consequently, the end-face leakage rate Q is derived through integration as follows:

Q =
∫ 2π

0
qrrdθ (4)

By combining Equations (1), (3), and (4), the general form of the end-face leakage rate
can be obtained as:

Q =
∫ 2π

0

h3

12η

∂p
∂r

rdθ (5)

When the sealing end faces are two parallel smooth surfaces, the film thickness is
constant. For rough surfaces, the roughness effect can be accounted for by using an average
film thickness in the calculations. Patir and Cheng introduced the pressure flow factor
into the study of lubrication effects on rough surfaces and developed the average flow
model [25]. The pressure flow factor can be expressed as follows:

φr =
q
qs

(6)

where q represents the average fluid flow rate over the actual rough surface, while qs
denotes the corresponding average flow rate over a smooth surface. The pressure flow
factor equations for various anisotropic surfaces are given as:

φr = 1 − 0.9exp

(
−0.56

h
σ′

)
(7)

where h denotes the average film thickness of the rough surface, h = ∑ h/N. N is the
number of discrete points on the rough end face of the floating seal. The equivalent surface

roughness σ′ is defined as σ′ =
√

σ2
1 + σ2

2 , where σ1 and σ2 represent the surface roughness
of the rotating and stationary sealing end faces, respectively. This approach effectively
models the two rough mating surfaces as an equivalent combination of a rough surface
and a smooth surface. The leakage rate of the rough sealing surface in the floating seal is
given by:

Q = φr

∫ 2π

0

h3

12η

∂p
∂r

rdθ (8)
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The critical challenge in solving the leakage rate model is to develop an accurate math-
ematical representation of the rough surface topography and to compute the corresponding
film thickness and pressure distribution.

2.2. Characterization Model of Rough Surface

Numerous studies have found that the peak heights of metal surface roughness
approximately follow a Gaussian distribution, and can be generated using computer
simulation methods based on stochastic processes and time series models [26–28]. In this
section, digital filtering techniques are employed to construct random rough surfaces with
specified parameters. The root mean square of surface height is used as the characteristic
parameter to quantify surface roughness.

σ =

√√√√ 1
MN

M−1

∑
i=0

N−1

∑
j=0

z2
(
xi, yj

)
(9)

In engineering applications, the measured surface roughness is typically obtained
through digital sampling, resulting in a discretized random process. The fundamental
principle of the digital filtering method is to treat any given surface profile as a set of discrete
random height values z

(
xi, yj

)
, which are generated as an output sequence controlled by

an input sequence and a frequency response function. For an arbitrary random process
ζ
(

xi, yj
)
, a corresponding random surface profile z

(
xi, yj

)
can be obtained by applying a

two-dimensional digital filtering function γ(i, j), as expressed by:

z(xi, yj) =
M−1

∑
i=0

N−1

∑
j=0

γ(i, j)ζ
(
xi − i, yj − j

)
(10)

The result obtained through the Fourier transform is given by:

Z
(
ωx,ωy

)
= H

(
ωx,ωy

)
A
(
ωx,ωy

)
(11)

where A
(
ωx,ωy

)
is the discrete Fourier transform of the input sequence ζ

(
xi, yj

)
.

H
(
ωx,ωy

)
is the discrete Fourier transform of the filter function γ(i, j), also referred

to as the system transfer function.
The relationship between the power spectral density Gz

(
ωx,ωy

)
of the output se-

quence and the transfer function H
(
ωx,ωy

)
is given by:

Gz(ωx,ωy) =
∣∣H(ωx,ωy

)∣∣2C (12)

where the constant C denotes the power spectral density of the input random sequence,
which is assumed to follow a Gaussian distribution.

Gz(ωx,ωy) =
1

MN

M−1

∑
i=0

N−1

∑
j=0

R
(

xi, yj
)
e−iωxxi e−iωyyj (13)

For the majority of machined surfaces, the autocorrelation function R
(
xi, yj

)
typically

follows an exponential form, as given in [28]:

R
(
xi, yj

)
= σ2exp

ln(0.1)

√(
xi
βx

)2
+

( yj

βy

)2
 (14)
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where βx and βy represent the autocorrelation lengths of the rough surface in the x and
y directions, respectively. These values correspond to the boundary distances at which
the autocorrelation function decays to a specified level, indicating the rate of decline.
The solution process for characterizing a Gaussian random rough surface is illustrated in
Figure 3.

Figure 3. Solution flowchart of the rough surface characterization model.

2.3. Oil Film Pressure and Thickness Distribution Model for Rough Surfaces

An elastohydrodynamic lubrication model of the floating seal end face is established
using the slicing method, as illustrated in Figure 4. The sealing end face is circumferentially
divided into Nd differential elements. Since dθ is sufficiently small, each element can be
approximated as a rectangle, with a tangential length defined as xa = 2πr0/Nd, where
r0 is the inner radius of the sealing end face. Each differential element is further divided
into Ns slices. The pressure at the centerline of the j-th slice, indicated in red, is used to
represent the oil film pressure pjl . The slice width w is related to the discretization level of
the rough surface characterization model, and the red centerline aligns with the discrete
point positions defined in the model. The width is defined as w = (r1 − r0)/Ns, where r1 is
the outer radius of the sealing end face. Through the slicing method, the two-dimensional
problem of oil film pressure and thickness is converted into a one-dimensional problem for
simplified computation.

Assuming that the lubricant is isothermal, has constant viscosity, and behaves as
an ideal liquid, and that the solid is isotropic, the oil film pressure is uniform along the
thickness direction. The relative slip between the solid and the lubricant at the interface is
neglected. Under these assumptions, the oil film pressure on the sealing end face can be
obtained using the classical one-dimensional Reynolds equation [29]:

∂

∂x

(
ρh3

jl

12η

∂pjl

∂x

)
= 6us

∂
(

ρhjl

)
∂x

+ 12
∂
(

ρhjl

)
∂t

(15)

where ρ is the density of the lubricant, η is the lubricant viscosity. And us is the relative
sliding velocity, given by us = ωr, where ω is the rotational speed of the rotating ring. p
denotes the oil film pressure, and h is the film thickness. In the context of floating seals, the
second term on the right-hand side of the Reynolds equation primarily accounts for the
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vertical (normal) motion between the end faces. During normal operation, the rotating and
stationary rings of the floating seal remain in continuous contact under pressure. When no
wear occurs, it can be assumed that there is no relative vertical motion between the sealing
end faces. As a result, the Reynolds equation can be simplified as follows:

∂

∂x

(
ρh3

jl

12η

∂pjl

∂x

)
= 6us

∂
(

ρhjl

)
∂x

(16)

(a) (b) 

Figure 4. (a) Schematic of the sliced elastohydrodynamic lubrication model; (b) schematic of oil film
thickness in the sliced cross-section.

The solid contact region is solved using the simplified form of the Reynolds equation,
as given in [30]:

6us

∂
(

ρhjl

)
∂x

= 0, h → 0 (17)

The oil film thickness, as illustrated in Figure 4, is expressed as:

hjl = h0 + vjl(x)− zjl(x) (18)

where vjl(x) represents the elastic deformation term, and zjl(x) denotes the roughness
height of the equivalent rough surface. The surface deformation caused by the normal load
distribution acting on a semi-infinite plane is given by [17]:

vjl(x) = − 2
πE′

∫ xa

0
pjl
(
x′
)
ln
(
x′ − x

)2dx′ (19)

where E′ is the equivalent elastic modulus. The influence of pressure and temperature on
the viscosity [31] and density [32] of lubricant is considered as follows:

η = η0 exp
{
(ln η0 + 9.67)

[(
1 + 5.1 × 10−9 p

)zp ×
(

T−138
T0−138

)−1.1
− 1
]}

ρ = ρ0

[
1 + 0.59×10−9 p

1+1.7×10−9 p − αT(T − T0)
] (20)

where η0 is the lubricant viscosity at room temperature, and zp is the pressure–viscosity
index, taken as 0.68. T denotes the oil film temperature in the steady state of the floating seal,
while T0 is the ambient temperature. ρ0 represents the lubricant density under standard
temperature and pressure, and αT is the thermal expansion coefficient.{

αT =
(
10 − 9

5 lgη
)
× 10−4, η < 3000 Pa·s

αT =
(
5 − 3

8 lgη
)
× 10−4, η < 3000 Pa·s

(21)
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The load equilibrium equation for the slice can be expressed as:{
Fjl = w

∫ xa
0 pjl(x)dx

Fc = ∑Ns
j=1 ∑Nd

l=1 Fjl
(22)

where Fjl represents the external load acting on the j-th slice of the l-th differential element.
Fc is the load acting perpendicular to the floating seal end face, which is primarily generated
by the deformation of the O-ring.

2.4. Dynamic Evolution Model of Surface Roughness Under Wear

In this section, the Archard adhesive wear theory is employed to establish the wear
rate of the floating seal end face. The volumetric wear rate per unit of time is given by [33]:

Vt =
KusFc

Hs
(23)

where K is the wear coefficient, and Hs is the hardness of the floating seal end face. In
Section 4.1, an oil-lubricated pin-on-disk wear test is conducted, and the experimental data
are used to fit Equation (23) to determine the value of the constant parameter K.

Numerous studies have shown that within a relatively low surface roughness range,
material wear increases with increasing roughness [34–36]. In other words, higher surface
roughness intensifies wear. The initial surface roughness of floating seal end faces is typi-
cally around 0.2 µm, and wear tests have confirmed that the floating seal material follows
this trend. As the floating seal wears, the wear depth h f directly alters the height distribu-
tion z

(
xi, yj

)
of the rough surface, indicating that wear depth has a decisive influence on

surface roughness. Therefore, an exponential model is established to fit the relationship
between wear depth and surface roughness.{

σf (t) = hKu
f tKt + σ0

h f =
Vt

ARa

(24)

where σ0 denotes the initial surface roughness before wear, t is the wear duration, Ku is the
wear correction coefficient, Kt is the time-dependent coefficient, and ARa is the sampling
area used for calculating surface roughness. In Section 4.1, the surface roughness of the
specimen was measured after the wear test, and the resulting data were used to fit Equation
(24) to determine the constant parameters Ku and Kt.

3. Numerical Solution Method
In solving the Reynolds equation, the finite difference numerical method is commonly

used to approximate the optimal solution. To enhance computational stability, a nondi-
mensionalization process is first applied. This is followed by meshing and discretization,
and the Gauss–Seidel relaxation iteration method is employed to obtain an approximate
solution. The mesh nodes are aligned with the discrete points of the rough surface charac-
terization model, where ∆x = xa/M. As shown in Figure 5, based on the given material
and operating parameters, the equivalent surface roughness σ′ of the floating seal end face
is first calculated. The rough surface characterization model is then used to compute the
roughness height distribution zl of the l-th differential element. The Reynolds equation is
solved iteratively across all slices to obtain the pressure and thickness distribution of the
lubricant film. The nondimensional variables are subsequently converted back to obtain
the actual pressure, thickness, and viscosity distributions of the lubricant. Subsequently,
the leakage rate of the floating seal at time t is calculated using Equation (8). This process is
repeated for all time steps to obtain the time-varying leakage behavior.
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Figure 5. Flowchart of the numerical simulation process.

The oil film pressure and film thickness are updated using the following iterative
expressions:  Pk+1

i = Pk
i + ωP

(
Pnew

i − Pk
i

)
Hk+1

i = Hk
i + ωH

(
Hnew

i − Hk
i

) (25)

where ωP and ωH denote the relaxation factors for pressure and film thickness, respectively.
The convergence criterion for the discretized Reynolds equation is defined as:

max
∣∣∣Pnew

i − Pk
i

∣∣∣ ≤ εP∣∣∣∣Fjl −
M
∑

i=1
Pnew

i ∆XW
∣∣∣∣ ≤ εF

(26)

4. Model Validation and Discussion
4.1. Calibration Experimental for the Dynamic Surface Roughness Model Considering Wear
4.1.1. Experimental Setup

The material of the floating seal metal ring is 15CrMo steel. A CSM tribometer was
used to investigate the wear characteristics of a 15CrMo steel–15CrMo steel contact pair.
To simulate mixed lubrication conditions, a custom oil-retaining fixture was designed, as
shown in Figure 6, ensuring that the disc and specimen remained continuously lubricated
throughout the friction process. The lubricant used was Shell 460, the same type applied
in cutters. The rotational speed was determined based on the size of the friction disc
and the cutter’s maximum speed in actual engineering applications. The applied load
was calculated based on the contact area of the specimen and the specific pressure on the
floating seal end face. The initial temperature was set to room temperature. The detailed
experimental parameters are listed in Table 1.
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Figure 6. Lubrication fixture.

Table 1. Bearing material parameters.

Experimental
Parameters Value Experimental

Parameters Value

Speed (r/min) 1250 Load (N) 8~20

Temperature (◦C) 25 Surface roughness
(µm) 0.2

Friction disc
dimensions (mm) Φ70 × 3 Friction block

dimensions (mm) Φ5 × 3

• Archard model calibration experimental setup

A total of four groups of experiments were conducted. Group A served as the calibra-
tion test, aiming to determine the wear coefficient K of the floating ring material. Groups B,
C, and D were verification tests under different pressure conditions to validate the Archard
model. The experimental conditions for each group are listed in Table 2. Before the test,
the mass of each friction block was measured using a TE214S electronic balance with an
accuracy of 0.1 mg. After a specified wear period, the specimen was removed and weighed
again. The difference between the two measurements was recorded as the wear mass.
Based on the material density of 7.85 g/cm3, the wear volume was calculated. By repeating
this process, the wear volume curve of the friction block over time was obtained.

Table 2. Test conditions for friction and wear experiments.

Group Speed (r/min) Load (N) Duration (min)

A 1250 20 120
B 1250 16 120
C 1250 12 120
D 1250 8 120

• Wear depth and surface roughness experimental setup

Using the experimental parameters of Group A, the wear volume and surface rough-
ness were measured every 40 min until a total wear duration of 240 min was reached. The
surface roughness of the worn specimens in the accelerated wear test was measured using
a JB-1C surface profilometer, with a measurement accuracy of 0.005 µm. To ensure accu-
racy and scientific validity, measurements were taken every 30◦ along the circumferential
direction of the friction disc. Each measurement started from the inner diameter of the
worn track, with a radial sampling length of 0.25 mm and a total measurement length of
2.5 mm. The average surface roughness was then calculated based on the values obtained
at different angular positions.
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4.1.2. Results and Discussion

• Archard model calibration

The wear results of the Group A specimen are shown in Figure 7. It can be observed
that after a certain period of wear, noticeable wear debris appeared on the surface, and
the originally smooth surface exhibited increased roughness. This indicates that when
the machining accuracy of two metallic contact surfaces is high, the predominant wear
mechanism tends to be adhesive wear. The adhesion between metal surfaces leads to an
increase in roughness rather than a reduction. As the surface roughness increases, the
volumetric wear rate correspondingly increases, leading to a rapid growth in average wear
depth. Hence, an exponential function is well-suited for capturing the relationship between
wear depth and surface roughness. Based on the values obtained from the wear volume
curve, the average volumetric wear rate was calculated and substituted into Equation (23),
yielding a wear coefficient of K ≈ 6.416 × 10−13.

 

(a) (b) 

Figure 7. (a) Surface wear morphology; (b) corresponding wear volume curve for group A.

Based on the fitted Archard model, the wear rates under different end-face pressures
were calculated and compared with the experimental wear data obtained from Groups
B, C, and D, as shown in Figure 8. Although there are some discrepancies between the
theoretical calculations and the experimental results, the Archard adhesive wear model
demonstrates a generally good accuracy in predicting the volumetric wear rate.

• Relationship between wear depth and surface roughness

The measured results of wear depth and surface roughness are listed in Table 3. To
analyze the correlation between the experimental data, the Pearson product–moment
correlation coefficient is introduced.

ρp =
∑n

k=1

(
hfk − hf

)
(σfk − σf)√

∑n
k=1

(
hfk − hf

)2
∑n

k=1(σfk − σf)
2

(27)
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Figure 8. Comparison of theoretical and experimental wear volume.

Table 3. Experimental results of wear depth and surface roughness.

Time (min) Wear Depth (µm) Surface Roughness (µm)

40 0.701 0.206
80 1.924 0.211

120 3.324 0.217
160 4.654 0.221
200 5.521 0.224
240 6.731 0.227

The calculated Pearson correlation coefficient is ρp = 0.961, indicating a strong positive
correlation between wear depth and surface roughness. Therefore, surface roughness can
be effectively predicted based on wear depth.

Using the data from Table 3, Equation (24) was fitted, yielding Ku ≈ 0.693 and
Kt ≈ 0.828. The time-dependent surface roughness fitting curve, along with the experi-
mental data points, is shown in Figure 9. The experimental points closely align with the
fitted curve, indicating that Equation (24) provides high predictive accuracy for the surface
roughness of worn surfaces.

 

Figure 9. Time-dependent surface roughness fitting curve and experimental data points.
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4.2. Analysis of Floating Seal Leakage Characteristics

Taking the floating seal THS227 of a 17-inch single-edged cutter as an example, the
effects of surface roughness and end-face-specific pressure on floating seal performance are
investigated. The geometric parameters of the seal are shown in Figure 10. The constant
parameters used in the numerical model are listed in Table 4.

Figure 10. The geometric parameters of the seal.

Table 4. Settings of constant parameters in the numerical model.

Parameter Value Parameter Value Parameter Value

η0 0.409 Pa·s βx 1 × 10−5 m Nd 280
ρ0 890 kg/m3 βy 1 × 10−5 m T 50 ◦C
r0 0.111 m N 128 εP 1 × 10−6

r1 0.1135 m M 128 εF 1 × 10−6

The distribution of oil film pressure and thickness along the y-axis of the Differential
element is shown in Figure 11. It is evident that surface roughness has a more pronounced
effect on oil film pressure. When the end-face-specific pressure is held constant, increas-
ing surface roughness leads to significantly steeper pressure gradients, higher localized
pressure peaks, and reduced film thickness—in some regions approaching zero. This
indicates that as roughness increases, the influence of asperities on the fluid film becomes
more substantial.

Figure 11. Oil film pressure and thickness distribution along the y-axis.
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When h is extremely small, the region can be considered a solid contact zone. The
film thickness ratio λ is used to determine the occurrence of solid contact. The solid
load-carrying capacity on the differential element can be expressed as:{

Fds =
s

p(x, y)dxdy, λxy < 0.5

λxy =
hxy
σ′

(28)

Furthermore, the solid load ratio δds on the differential element is defined as the ratio
of the solid load carrying capacity to the total applied load. The relationship between
the solid load ratio, equivalent surface roughness σ′, and end-face-specific pressure Pc is
illustrated in Figure 12. The solid load ratio increases with increasing roughness, but the
growth trend is not significant. This is because although higher roughness leads to more
concentrated stress and greater peak values, the number of asperities involved in actual
contact tends to decrease. The solid load ratio also increases with increasing end-face-
specific pressure. Under higher loading, the deformation of asperities intensifies, resulting
in a reduced overall film thickness and an expanded area judged as solid contact. However,
the rate of increase in the solid load ratio gradually decreases as the end-face-specific
pressure continues to rise.

 

Figure 12. Effect of surface roughness and end-face pressure on solid load ratio: o and * represent
experimental data points.

Based on the discrete form of Equation (8), the leakage rate over the entire end face was
further calculated. The relationship between surface roughness, end-face-specific pressure,
and leakage rate is shown in Figure 13. An increase in surface roughness leads to both
a greater average film thickness and a steeper pressure gradient, resulting in a positive
correlation with the leakage rate. In contrast, as the end-face-specific pressure increases,
both the film thickness and pressure gradient decrease, leading to a significant reduction in
the leakage rate. However, increasing the end-face-specific pressure also accelerates surface
wear. Therefore, when optimizing the performance of the floating seal, the coupled effects
of these two parameters must be considered comprehensively.

4.3. Experimental Validation of Cutter Seal Leakage

In this study, a 17-inch single-edged cutter was used to test the leakage rate of the
floating seal. The cutter seal performance test was conducted using a dedicated experi-
mental apparatus, as shown in Figure 14. During the test, the cutter was installed inside
a pressure vessel. A hydraulic motor was used to drive the cutter shaft, providing the
relative rotational speed of the floating seal. The pressure supply and control system is
employed to regulate the external water pressure around the cutter within the pressure
vessel, as well as the rotational speed of the shaft.
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Figure 13. Effect of surface roughness and end-face pressure on leakage rate: o and * represent
experimental data points.

 
Figure 14. Experimental apparatus for testing the performance of cutter seals.

The experimental parameters are listed in Table 5. The internal lubricant pressure
of the cutter was set to 0.6 MPa. Since the external pressure was higher than the internal
pressure, the resulting pressure-driven flow caused external fluid to leak into the cutter
interior. After the test, the cutter was dried and weighed. The increase in mass was
converted into volume, representing the total leakage.

Table 5. Test conditions for the leakage experiments.

Group Speed (r/min) Pressure (MPa) Total Operating Time (h)

1 60 1.0 24
2 60 1.2 24
3 60 1.4 24
4 60 1.6 24

Furthermore, the experimental leakage rate, denoted as QE, can be expressed as:

QE = ∆m/(2ρw∆t) (29)

where ∆m represents the mass difference in the cutter before and after the experiment, ρw

is the density of water, the factor of 2 accounts for the presence of two floating seals, and ∆t
represents the time interval between measurements during the experiment. The cutter was
weighed every 8 h of operation. Figure 15 illustrates the change in cutter mass before and
after a representative test cycle.
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Figure 15. Variation in cutter mass before and after testing.

As shown in Figure 16, under four different pressure conditions, the theoretical
predictions and experimental results exhibit generally consistent trends over time. With
increasing external pressure, the leakage rate increases significantly. The mean relative error
(MRE) between the theoretical and experimental leakage rates remains within 20%, and the
mean absolute error (MAE) is within 0.2 mL/h. Overall, the results of the theoretical model
agree well with the experimental data, demonstrating the validity of the proposed model.
The slightly higher experimental leakage rates are primarily attributed to minor leakage
at other static sealing locations in the cutter, in addition to the leakage at the floating seal
end face. These static sealing leakages were not considered in the theoretical model. As the
external pressure increases, the leakage from static seals also increases, leading to a rise in
the MAE between theoretical and experimental leakage rates.

 
Figure 16. Comparison between experimental and theoretical results for each test group.
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5. Conclusions
This study proposes a numerical method to evaluate the dynamic leakage behavior

of floating seal end faces in shield machine cutters, with consideration of wear effects.
A surface roughness evolution model was developed based on Archard’s adhesive wear
theory, with parameters calibrated through friction and wear experiments. A strong positive
correlation was observed between wear depth and surface roughness, with a correlation
coefficient as high as 0.961, validating the model’s applicability.

To solve for the oil film pressure and thickness in the floating seal leakage rate model, a
rough surface pressure and thickness distribution model was developed using the Reynolds
equation and a slicing method. Based on this, a finite difference-based numerical model
was formulated to simulate leakage under wear conditions. The results indicate that
increased specific pressure and reduced surface roughness significantly suppress leakage.
Experimental validation further revealed that higher external pressure aggravates leakage,
with the theoretical predictions exhibiting a mean relative error below 20% and an absolute
error under 0.2 mL/h.

While the present work focuses on the dynamic leakage characteristics of floating
seal, future studies should incorporate the contribution of static seal leakage in the disc
cutters, particularly under elevated external pressure. Furthermore, implementing pressure-
balancing structures between the cutter’s internal and external environments may further
enhance sealing performance. These findings offer a solid foundation for improving the
reliability and service life of sealing systems in shield machine cutters.
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