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Abstract 

Achieving highly efficient extrication of the tunnel boring machine (TBM) cutter-head driving system from the col-
lapsed surrounding rock has become a key problem globally, and significant effort has been directed to improve TBM 
cutter-head extricating ability. In this study, the characteristics of a hydro-viscous device have been investigated to 
improve extricating performance of the TBM cutter-head. A numerical method based on an explicit pressure-linked 
equation is presented for computing the film parameters of the HVC, which is then applied to investigate extrica-
tion characteristics of a TBM cutter-head with a hydro-viscous clutch (HVC). The explicit pressure-linked equation is 
derived from the Navier–Stokes equations and the conservation equation, where boundary conditions are involved. 
The model of a cutter-head driving system with an HVC is established, and the extrication characteristics of the cutter-
head driving system are analyzed and compared with three extrication strategies. The variation in extrication torque 
shows that the linear strategy or positive parabolic strategy are preferred for their relatively high extrication efficiency 
and low rigid impact, and the effects of throughflow rate on torque transmission are also investigated. The test rig 
of the TBM cutter-head driving system was set up to validate the numerical method and the model of a cutter-head 
driving system, and the feasibility of the proposed numerical method for researching the extrication of the TBM 
cutter-head is verified.
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1  Introduction
A tunnel boring machine (TBM) is a kind of tunnel con-
struction equipment that integrates rock mechanics, 
mechatronics, hydraulic control, and optical metrology. 
It is currently in high demand in many industrial appli-
cations, such as  municipal transportation, water con-
servancy, and mining tunnel construction. However, 
TBM cutter-heads are often trapped by unstable rock 
during tunneling, and the conventional cutter-head driv-
ing system cannot supply enough torque to remove itself 
from the collapsed rock. As a result, the TBM has to 
stop working, and the losses including wasted time and 
money are huge.

The TB880E type of TBM by the Wirth Company uti-
lizes hydraulic motors and double speed electric motors 
to drive the TBM head-cutter. The double speed electric 
motors are used for normal tunneling, while the hydrau-
lic motors are used for supplying more power to realize 
cutter-head extrication from the surrounding rock, and 
these two driving chains are unable to work simultane-
ously. This type of TBM, however, is not fit for the dif-
ferent kinds of rock that are subject to the adjustable 
head-cutter speed, and this TBM has essentially been 
abandoned.

The variable-frequency driving mode of the TBM 
head-cutter has become mainstream, and the variable-
frequency motor are appropriate for all cases, including 
normal and extrication cases. It is affirmed that this type 
of driving chain has significantly improved the energy-
savings and driving efficiency. However, it is generally 
has insufficient torque capacity and a short duration 
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(approximately 1 min) of lasting extrication, which is 
mainly limited to the capacity of the variable-frequency 
controllers. In addition, because of the rigid join of parts 
in each driving chain, a serious impact may occur and 
cause unexpected damage to the mechanical system 
when motors start immediately during a fast extrication.

To relieve rigid impact and promote torque capacity 
during the extrication of the cutter-head, the hydro-vis-
cous clutch (HVC) has recently been applied to the driv-
ing system of the TBM cutter-head by many researchers, 
and the inside structure and working principle of the 
HVC have been introduced [1–4]. Liao et  al. [5–9] 
designed a new kind of cutter-head driving system which 
includes a flywheel and HVC in each cutter-head driv-
ing chain, and the popular variable-frequency method is 
still used. During normal tunneling, the friction disks of 
the HVC are completely engaged, and the flywheels are 
rotating. If the cutter-head is stuck, the friction disks of 
the HVC are first separated, then the flywheels are driven 
by motors at high speeds to store enough power, and the 
HVC disks are then controlled and joined to provide the 
cutter-head with more extricating torque. A new kind of 
cutter-head driving system structure with a HVC is also 
proposed [10–13], where the variable-frequency driving 
chain and the HVC driving chain are separate. Only the 
variable-frequency driving chains work under normal 
working conditions, while the HVC driving chains driven 
by ordinary AC motors are started synchronously with 
the variable-frequency driving chains under extrication 
conditions.

A large number of studies related to research on the 
extricating performance of cutter-head driving systems 
with an HVC in the TBM, have been reported. Liao 
et  al. [14–17] established dynamic models of the HVC 
and film bearing capacity and performed simulations by 
integrating these models and other mechanical models 
in the AMESim software. Slightly different from Liao’s 
method. Xie et al. [10] employed the original HVC model 
affiliated with the AMESim software to study extrication 
performance. They validated the feasibility and high effi-
ciency of the HVC for TBM cutter-head extrication, but 
their models of the HVC were greatly simplified; hence, 
the calculating accuracy needs to be improved. Xie et al. 
[18–23] also adopted an approximate iteration algorithm 
based on the Navier–Stokes equations to obtain the ana-
lytical model for one friction pair in the HVC system, but 
there were inconsistencies in experimental results using 
the model.

In addition, Meng and Hou [24] numerically solved 
the transient Reynolds equations with centrifugal and 
squeeze effects in the HVC during speed regulation. 
Similar to Meng and Hou, Li et al. [25] not only numeri-
cally solved the corrected Reynolds equation but also 

took groove shapes and heat transfer into account, fur-
ther investigating their influence on the engagement 
performances. Natsumeda and Miyoshi [26] and Berger 
et al. [27] took the centrifugal effects and squeeze effects 
of hydro-viscous film into account, and the former solved 
the Reynolds equations with the finite element method, 
while the latter used the finite difference method. How-
ever, their methods had the common limitation of failing 
to obtain accurate viscous torque with two friction disks.

Poncet et  al. [28] proposed a modified Reynolds 
stress model (RSM) to investigate the mean structure of 
annular radial outflow in rotor-stator disks, where the 
one-point statistical model was used for establishing a 
Reynolds stress tensor to close momenta equations. The 
hydro-viscous film flows can also be solved with common 
numerical methods, such as the self-similar method [29] 
and the SIMPLE family of algorithms [30]; these meth-
ods have been widely employed for fluid computation. 
Generally, these methods require additional complicated 
mathematical techniques and computation time and are 
not suitable for quick computations of hydro-viscous 
film.

To study the extrication performance of the HVC in 
a cutter-head driving system, an accurate numerical 
method for calculating the working parameters of the 
HVC is presented, and an integrated model of the whole 
cutter-head driving system is established. The physical 
models are introduced in Section 2, and the mathemati-
cal models of the driving system are discussed in Sec-
tion 3. In Section 4, the effects of different film thickness 
variations and the effects of throughflow rate on extricat-
ing torque are investigated. In the last section, the con-
clusions are drawn.

2 � Physical Models
Similar to Xie’s design [10] in Figure  1, the cutter-head 
driving system includes double driving chains: a variable-
frequency driving chain driven by the variable-frequency 
(VF) motor and an HVC driving chain driven by the 
AC motor. During normal tunneling, only the variable-
frequency driving chains are used and the HVC driving 
chain is not. For cutter-head extricating cases, the two 
driving chains are both employed to provide the cutter-
head with enough rotating torque to overcome the resist-
ance from the collapsed surrounding rock. In addition, 
the flywheels are utilized in the HVC driving chain to 
store mechanical energy to produce a greater amount of 
torque without any increase in the total driving power of 
the system. During this process, more rigid impact can be 
released with the cutter-head relying on the soft charac-
teristics of the viscous film in the HVC.

The objective cutter-head driving system with the 
HVC is shown in Figure 2, and the HVC is designed to 
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have only one friction pair in this research. The driving 
system with the AC motor is used to supply power for 
extrication, and the load system with the brake is mainly 
used to simulate the load of real surrounding rock. The 
driving system with the servo motor is used to regu-
late film thickness. The flywheel is not studied in this 
research.

In Figure  2, the viscous lubricant oil with flow 
rate Q is continuously injected into the clearance 
of two disk, during which the film can form with 
inner radius Ri, outer radius Ro, and thickness h0. 
The driving disk is driven by the AC motor with 
rotary speed ω1 and driving torque M1, and the vis-
cous torque can be transferred from the driving disk 
to the driven disk through viscous stress of film to 

actuate the TBM cutter-head. The driven disk can 
move along the z-axis with speed Va (− dh0/dt) with 
the servo motor and ball  screw  nut pushing, during 
which h0 can be adjusted, and the coordinate plane o-
r is always located on the driven disk surface. Mean-
while, the rotary speed of driven speed ω2 can also 
be regulated by controlling the load from the brake. 
The two torque-speed detectors are used to measure 
the rotary speed and torque, and the film thickness h0 
is measured by the displacement detector. If the film 
thickness decreases, the viscous torque transferred to 
the cutter-head will increase, during which the extri-
cation process of the cutter-head can be carried out. 
In addition, the thermal effect of film flow is not con-
sidered in this study because the imposed through-
flow is enough to bring most heat out and keep the 
film temperature stable. The corresponding experi-
mental device used is shown in Figure 3.

GearReducer 2VF Motor Cutter-head

SC Motor

HVC

Reducer 1

Gear Ring

Flywheel

Figure 1  TBM cutter-head driving system with an HVC
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Figure 2  Sketch of the cutter-head driving system with the HVC

Figure 3  Experimental device for the cutter-head driving system
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3 � Mathematical Models
3.1 � Models of Viscous Film
3.1.1 � Governing Equations
The axisymmetric annular thin-film flow in Figure  2 is 
governed by the Navier–Stokes equations by rotating 
cylindrical polar coordinate (r, θ, z), and it is laminar 
because of its high viscosity and small thickness. The 
axial velocity component is negligible as its order of mag-
nitude is lower than that of the other two components. 
Some usual assumptions in thin-film lubricant theory 
are applicable to this problem. To find accurate solu-
tions, all inertial effects (including centrifugal effects and 
Coriolis effects) are also incorporated. Thus, the tran-
sient momentum equations for describing the thickness-
changing film in the clearance of the two disks can be 
expressed as follows:

where (u,v) are the velocity components in the circumfer-
ential and radial directions, respectively, ω=ω1−ω2 is the 
relative rotary speed of two disks, p is the film pressure, 
ν = μ/ρ is the kinematic viscosity, μ is the dynamic viscos-
ity, and ρ is the fluid density. The no-slip and pressure-
outlet boundary conditions of the flow film are

In this research, integrating the radial velocity compo-
nent across the film thickness yields the conservation 
equation

By integrating Eqs. (1.1) and (1.2), with respect to z, 
twice from 0 to z and taking boundary conditions (2) into 
account, the radial velocity component can be expressed 
in following form:
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where

Then the explicit expression of film pressure can be given 
by putting Eq. (4) into Eq. (3) and considering the pres-
sure-outlet boundary condition:

where

Thus, Eq. (6) can be used to solve film pressure directly 
because the pressure boundary condition has been 
involved in it, and computing time will be saved. In addi-
tion, the solving precision can also be guaranteed with-
out and approximation in the procedure of deriving the 
pressure equation.

The viscous torque and film load capacity are as 
follows:

where τzθ = μ∂u/∂z is the tangential component of vis-
cous stress.

3.1.2 � Numerical Method
Uniform mesh is used during the transient computation, 
and the dynamic mesh technique is used for time-varying 
film thickness. The momentum Eq. (1) are discretized 
with the finite volume method. The quadratic upstream 
interpolation for convective kinetics (QUICK) differ-
encing scheme is employed while the backward dif-
ferencing scheme is adopted for the time terms. The 
numerical  integration method is used for calculating 
the film pressure, viscous torque, load capacity, and 
related intermediate variables. In addition, the succes-
sive  over  relaxation algorithm is used to solve the film 
parameters, and the error criterion of iterative conver-
gence for each time step is:
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where n denotes the current time, m is the current num-
ber of iteration steps within current time step, and φk and 
k = 1‒3 represent three kinds of film parameters: radial 
velocity, azimuthal velocity, and film pressure. In each 
time step, the velocity components are computed and 
then substituted into Eq. (6) to solve for the film pressure. 
The tolerant error ε is 1 × 10−7, and once the convergence 
is achieved, the iteration for the next time step starts.

Above all, this numerical method is proposed to substi-
tute traditional implicit or semi-implicit pressure-linked 
equations by using a completely explicit pressure formula 
to avoid the internal iterations of the pressure term and 
greatly save computation time while also improving the 
computation accuracy of the HVC film parameters.

3.2 � Models of Driving Side
The AC motor used in this research is an AC three-phase 
asynchronous motor whose rotating shaft is connected 
to the driving shaft of the HVC. Therefore, the dynamic 
model of the driving side can be described as

where Me is the electromagnetic torque of the motor, c1 
is the coefficient of the viscous friction, θ is the rotating 
angle of the motor rotor, np is the number of pole pairs, 
and J1 is moment of inertia for the driving side.

The AC three-phase asynchronous motor’s electromag-
netic torque can also be expressed as:

where i is the motor current vector, and L is the motor 
inductance matrix, and in which

and

where M12 is the inductance when the winding axes of 
the rotator and stator coincide.
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3.3 � Models of Servo Driving System
In order to more accurately regulate the film thickness of 
the HVC, the servo motor shown in Figure  2 is utilized 
in combination with a  reducer and ball  screw  nut. The 
dynamic equation of this mechanical transmission chain 
can be described as

where P is the screw lead, N is the reduction ratio of the 
servo reducer, ωs is the rotary speed of the servo-motor 
shaft, and Js is the equivalent moment of inertia acting 
on the motor shaft. In addition, Fa is the axial force on 
the servo motor containing the film load capacity F, load 
capacity of the circle region (r < Ri) Fc, and equivalent 
axial frictional force of moving parts Ff:

where Fc= πr2pi, and pi is the inlet pressure of the film. 
The servo motor is set at the velocity mode where the 
film thickness can be precisely regulated by the control 
method of the proportion integration differentiation 
(PID), and the film thickness can also be obtained with 
ωs and the corresponding reduction ratios of the driving 
chain.

3.4 � Models of Driven Side
When the cutter-head is stuck, the load torque ML from 
the surrounding rock is the stiction torque which is also the 
maximum. Once the driven torque M2 exceeds the stiction 
torque, the cutter-head begins to rotate and ML becomes 
the sum of the Coulomb friction torque MC and the viscous 
friction torque. The load torque can therefore be written as

where c2 is the coefficient of viscous friction. For the sec-
ond stage of cutter-head extrication, the dynamic equa-
tion for the driven side is

where J2 is the moment of inertia of the driven side.

4 � Validation and Results
4.1 � Parameters of Cutter‑Head Driving System
Integrating the relationship of the parameters and equa-
tions in Section  3, the logic relation of the subsystems 

(14)T2 =
FaPN

2π
+ Js

dωs

dt
,

(15)Fa = F + Ff ,

(16)Fc = πr2pi,

(17)ML =

{

Mmax, ω2=0,

MC + c2ω2, ω2 > 0,

(18)J2
dω2

dt
= M2 −ML,
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in the cutter-head driving system can be established. 
The parameter interrelations between the servo driving 
system, driving system (AC motor driving system), and 
driven system (load system) are shown in Figure 4.

Based on Figure  4, we can further investigate the 
extrication performance of the system with the physi-
cal parameters listed in Table  1. All of the mathemati-
cal models in Section 3 are programmed and computed 
using MATLAB R2012b.

4.2 � Extrication Characteristics Under Different Strategies
Extrication is divided into three stages: the starting time 
of AC motor from 0 s to 2.0 s, the extrication of the cut-
ter-head driving system from 2.0 s to 7.0 s, and the cut-
ter-head maintains its working state from 7.0 s to 10.0 s. 
Three strategies regarding the variation in film thickness 
are investigated and compared in the extrication stage: 
positive parabola, linear, and negative parabola. Their 
expressions can be written as:

where a1 > 0, and a3 < 0. The film thickness h0 decreases 
from 0.5  mm to 0.005  mm during this time, which has 
been shown in Figure 5. What should be emphasized is 
that because the boundary lubricant and full mechanical 
contact are not researched here, h0 is set to be extremely 
small to approach the full mechanical contact of the two 
disks.

In Figure  6a, the cutter-head begins to get out of 
being stuck at 6.2  s, before which the driven torque 
M2 is increasing, leading to the decrease in speed of 
AC motor ω1. From 6.2 s to 7.0 s, the driven speed ω2 
is always increasing until to 47.4  rad/s, and M2 also 
increases to the maximum value 25.5  N·m, while ω1 
declines further to 53.8  rad/s. For extrication char-
acteristics of the linear strategy in Figure  6b, the time 
when cutter-head begins to rotate is 5.4  s. However, 
during the 5.4  s to 7.0  s period, the driven torque 
increases more slowly than in the negative parabolic 
strategy, and the maximum torque becomes 13.2  N·m 

(19)











hp(t) = a1t
2
+ b1t + c1, 2 s ≤ t ≤ 7 s,

hl(t) = a2t + b2, 2 s ≤ t ≤ 7 s,

hn(t) = a3t
2
+ b3t + c3, 2 s ≤ t ≤ 7 s,

at 7.0 s. Overall, the linear extrication process is simi-
lar to that under the negative parabolic strategy. In 
addition, as shown in Figure 6c, the results of the posi-
tive parabolic strategy are very different from the oth-
ers. The cutter-head can overcome the load torque at 
4.2 s, and the variation rate of M2 is decreasing between 
4.2  s and 5.3  s, although M2 increases afterward. The 
driven torque M2 has already reached its largest value 
at 5.3  s, and then it begins to drop and ω1 increases. 
For the three cases, when the extrication ends, the film 
thickness is maintained at 0.005  mm after 7.0  s. Also, 
their driven torques M2 all drop to the load torque 
5.0  N·m, and the speed of the driven disk gradually 
increases to approach the driving speed. Furthermore, 
the maximum average relative error of torque between 
the numerical and experimental results is less than 5%, 
while the rotary speed error is less than 7%, which is 
acceptable and validates the numerical method.

SC Motor HVC 
M1

Q, ρ, μ

Load
M2

Servo driving system
h0F

ML , ω2Me , ω1

Figure 4  Parameter interrelations of cutter-head driving system

Table 1  Main physical parameters

Parameter Value Unit

Ri 0.09 m

Ro 0.15 m

h0 0.005‒0.5 mm

ρ 872 kg/m3

μ 0.027 Pa·s
Q 5 L/min

ω1 0‒74.5 rad/s

c1, c2 5.3×10−4, 5.3×10−4 N·m/(r/min)

np 4 –

M12 0.01 H

J1, J2 0.093, 0.131 kg·m2

P 2 mm

N 1/30

Mmax, MC 8, 5 N·m

Figure 5  Different variations of film thickness during extrication
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Comparing the extrication characteristics of the 
three strategies, we find that the extricating torque of 
the negative parabolic strategy is the largest and that of 
the positive parabolic strategy is the smallest. The posi-
tive and linear parabolic strategies cost 2.2 s and 3.5 s, 
respectively, to overcome the load torque, but this takes 
more than 4.0  s for the negative parabolic strategy. 
Hence, the extrication efficiency of the negative para-
bolic strategy may be lower.

The numerical torque impact under different strat-
egies during the extrication period is shown in Fig-
ure 7, and the impact of the negative parabolic strategy 
increases sharply from 4.8  N·m/s to 150.1  N·m/s 
in about 0.85  s (from 6.153  s to the end of the time 
period). Namely, the torque impact is 170.9  N·m/s2, 
which is the most serious. Correspondingly, we can 
calculate, based on Figure  6a, that the experimen-
tal impact is about 160  N·m/s2 which is slightly less 
than the numerical impact (a relative error of 6.3% is 
acceptable) and mainly results from flexible coupling 
between the brake and torque-speed detector. As 
for the linear and positive parabolic strategies, their 
maximum impacts are 7.7  N·m/s and − 3.3  N·m/s, 
respectively, which are much smaller than that of the 
negative parabolic strategy and their extrication pro-
cess is smoother. Therefore, the linear and positive 
parabolic strategies can be adopted for extrication of 
the TBM cutter-head.

4.3 � Effects of Throughflow Rate on Extrication Torque
As we have previously mentioned, cooled oil must be 
constantly imposed into the HVC to bring out the large 
quantities of heat coming from viscous dissipation and 
to keep film temperature at a low level. In other words, 
the larger the throughflow rate is, the less the film tem-
perature rise will be. Then the viscosity reduction will 
be small, and a large amount of extrication torque can 
be ensured. Therefore, the effect of throughflow rate on 
extrication torque is investigated in this research. The 
viscosity-temperature effect is ignored to eliminate the 
influence of viscosity variation on the torque.

The output viscous torques with different Q under dif-
ferent extrication strategies are shown in Figure 8, where 
all the results are from numerical computations. It should 
be noted that before the cutter-head starts to rotate, a 

Figure 6  Variations in rotary speed and driven torque

Figure 7  Torque impact under different strategies
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larger throughflow rate Q reduces the extrication torque 
M2. In addition, Figure  9 shows that the torque dif-
ferences between 5  L/min and 25  L/min at t = 2.0 s are 
all 0.228 N·m for the three strategies, while the differ-
ences increase to 0.231 N·m, 0.230 N·m, and 0.230 N·m, 
respectively, when the cutter-head starts, which indi-
cates that the resistant effect from the throughflow 
becomes more apparent for smaller film thicknesses 

in the extrication process of a cutter-head when ω2 = 0. 
However, it can also be found from Figure 9 that the dif-
ference declines from the onset time of cutter-head rota-
tion to 7.0 s for the negative and linear strategies, which 
means that the driven torque M2 increases more quickly 
with a large Q than with a small Q. During the last stage 
of the two strategies when h0 is invariant, the difference 
rises again even though ω2 is still increasing. Eventually, 
M2 when Q = 5 L/min is larger than when Q = 25 L/min, 
and their difference again remains constant. In contrast, 
for the positive extrication strategy, the torque difference 
decreases from 4.2 s to 5.8 s and rises from 5.8 s to 7.0 s 
rather than decreasing the entire time from 4.2 s to 7.0 s.

The torque variation induced by throughflow rate is not 
significant when film thickness h0 is very small during the 
extrication of the cutter-head. Therefore, the throughflow 
rate imposed into the HVC can be increased to bring out 
more heat and improve extrication efficiency.

5 � Conclusions

(1)	 A numerical method based on an explicit pressure-
linked equation is proposed to study the extrication 
characteristics of a TBM cutter-head with the HVC 
applied. This method can not only save computa-
tion time but also improve computational accuracy 
of the HVC during the extrication.

(2)	 The extrication processes of the TBM cutter-head 
for three kinds of extrication strategies are ana-
lyzed and compared, and the linear strategy or posi-
tive parabolic strategy can be adopted due to their 
relatively high extrication efficiency and low rigid 
impact.

(3)	 The experiments corresponding to different extrica-
tion strategies are implemented. The results verify 

Figure 8  Variations of M2 under different throughflow rate

Figure 9  Driven torque differences between Q = 5 L/min and 
Q = 25 L/min under different strategies
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the accuracy of the numerical method proposed in 
this paper.

(4)	 The influence of throughflow rate is different in 
different extrication stages, but the results reveal 
that the torque variation from throughflow rate is 
not significant during the extrication; therefore, 
throughflow can be increased to promote extrica-
tion efficiency.
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