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ABSTRACT: This study investigates the oil-groove configuration of composite friction pairs in hydro-viscous clutches
(HVCs), with particular emphasis on the effects of gas content and pressure within the oil film on torque transmission
under high-slip conditions. A novel C-type composite groove is proposed to improve oil-film distribution and pressure
within the friction interface. A three-dimensional gas-liquid two-phase CFD model is developed to account for the
effects of radial groove geometry under prescribed flow-rate and slip conditions. The coupled gas-liquid two-phase
Navier—Stokes equations are solved numerically to examine the oil-phase distribution and its influence on torque
transmission for different groove geometries, oil-film thicknesses, and slip speeds. The results show that, at a given slip
speed and oil-film thickness, the C-type groove maintains a higher average circumferential pressure without changing
the groove cross-sectional profile, while increasing oil-film coverage and suppressing negative-pressure regions. At
a slip speed of 150 rad/s and an oil-film thickness of 0.3 mm, the C-type groove increases the transmitted torque by
6.24%, reduces the gas volume fraction by 15.22%, and increases the average radial pressure by 46.07% compared with
the I-type groove. Under the same operating conditions, the average circumferential pressure remains positive for
the C-type groove, whereas it becomes negative for the I-type groove. Moreover, the reduction in transmitted torque
associated with gas-liquid two-phase flow is 12.42% lower for the C-type groove than for the I-type groove. These
results demonstrate that groove geometry directly affects gas-liquid distribution, pressure within the oil film, and torque
transmission at the friction interface. The C-type groove therefore provides a promising approach for improving torque
transmission in HVC friction pairs and offers useful numerical guidance for groove design and optimization.
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1 Introduction

Due to the complex surrounding rock environment, rock mass shrinkage and deformation, as well as
insufficient breakout torque, cutterhead jamming incidents frequently occur in Tunnel Boring Machine
(TBM) construction [1-5]. TBM cutterhead jamming can cause substantial construction delays and economic
losses, and severe cases may require changes in excavation methods [1-6]. These engineering challenges
highlight the need to improve breakout torque and restart capability during tunneling operations. A new
drive scheme based on coordinated control of hydro-viscous clutch (HVC) and a variable-frequency motor
has been proposed. Without increasing the drive-system power, this scheme raises breakout torque, so a
jammed cutterhead no longer requires manual intervention. The working principle mainly relies on shear
of the oil film across the friction interface. Torque control is achieved by adjusting the oil-film thickness or
by altering the pressure-field distribution on the friction disk. Therefore, investigating the groove geometry
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of the friction interface is of great importance for elucidating the mechanisms that enhance hydro-viscous
transmission performance.

Numerous studies have investigated the influence of groove geometry on the transmission performance
of HVC friction pairs. Mansouri et al. [7] experimentally analyzed parameters affecting engagement processes
such as engagement time and maximum torque, and pointed out that the factors exerting the greatest
influence on engagement time are the relative rotational speed and the rate of change of engagement pressure.
Xie et al. [8] investigated the effects of rotational speed, oil flow rate, and film thickness on the two-phase
flow regime and transmission torque of a hydro-viscous clutch at high rotational speeds. Aphale et al. [9]
performed numerical simulations of oil film behavior using computational fluid dynamics software, and
through experimental comparison analyzed the transmission characteristics when the clearance between
friction pairs was less than 0.1 mm. Jang et al. [10] comprehensively considered heat transfer between friction
plates and heat dissipation within the oil film, and developed a thermal conduction model to determine the
effects of surface roughness, relative rotational speed, and groove structures on the power output of the
friction pair. Haidak et al. [11] compared the groove microstructure of axial piston pump pistons to obtain
optimal lubrication groove parameters and their effects. Liao et al. [12] reformulated the governing Navier—
Stokes framework and revised the conventional torque-estimation expression by incorporating the combined
influence of radial throughflow and rotational inertial effects, thereby proposing a new viscous-torque model.
Liao et al. [13] investigated the influence of friction plate groove structures on oil film characteristics and
optimized an improved friction plate design using the response surface method. Dong et al. [14] added
two types of core-shell particles into copper based friction materials to analyze the wear behavior. Under
two-phase flow conditions, this study examines the torque-transfer mechanism of composite grooves in HVC,
focusing on how groove geometry shapes the local flow behavior and the transmitted torque. Physically, this
study can be interpreted as a thin oil film under rotation, subject to circumferential shear, radial throughflow,
flow disturbance from grooves, and changing interface between oil and gas phases. Consequently, this
problem falls into the class of rotating disk flows, Couette-Poiseuille-like shear flows, and two-layer viscosity-
stratified flows. In relation to these problems, Klingl et al. [15] studied absolute and convective instabilities
in throughflow between two closely placed rotating disks; Cheng et al. [16] discussed the stability problem
of generalized Couette-Poiseuille flow; and Ma et al. [17] explored the viscosity-stratification instability in
generalized Couette-Poiseuille flow of two layers. Related CFD studies of closely spaced rotating disks have
also shown that disk spacing and rotational conditions can significantly influence the internal flow field and
viscous momentum transfer [18]. While a dedicated linear stability analysis is not performed in this study,
these works provide a useful physical basis for understanding the evolution of the predicted oil film and the
torque-transfer mechanism in HVC.

The groove design of the friction plate plays an important role in the HVC output torque and in
maintaining oil-film uniformity. In the simulation study of two-phase flow, Wang et al. [19] analyzed
the influence of multiphase flow on the pump. Their findings help inform studies of complex two-phase
flow systems. Cho [20] investigated a novel extended boundary model and compared single-phase and
multiphase flows of the oil film between friction plates, finding that at higher rotational speeds, the torque
reduction caused by multiphase flow was more pronounced. Takagi et al. [21] studied the effect of gas-liquid
coexistence on clutch torque transmission through three-dimensional fluid simulations and single-disc wet
clutch two-phase flow experiments. Jammulamadaka et al. [22] constructed a 3D CFD representation of
the clutch to quantify the torque loss associated with shear-induced cavitation during power transmission.
Zhang et al. [23] examined how groove-layout variations affect cavitation behavior in parallel thrust
bearings by comparing the Reynolds equation and the JFO (Jakobsson-Floberg-Olsson) cavitation model.
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Xie et al. [24] established a multiphase flow model of the oil film based on cavitation effects, analyzing the
radial distribution of pressure and temperature at different rotational speeds under varying conditions.
Xie et al. [25], combining theoretical and numerical methods, analyzed the impact of friction plate surface
grooves on the distribution of oil between friction plates and on torque transmission, in search of methods to
enhance torque transfer. Many scholars studied the relationship between oil groove structure and cavitation,
analyzed the cavitation position under different structures, and provided theoretical and technical support
for preventing oil film cavitation [26,27]. Some other scholars have studied the microtexture of friction plate
surface and friction plate materials to improve the performance of HVC [28,29]. However, conventional
single radial groove structures exhibit obvious performance limitations. Such grooves often result in uneven
oil film distribution, making the formation of local low-pressure zones more likely and thereby significantly
increasing the risk of oil film rupture. At the same time, the relatively simple flow path of the oil limits
the ability to regulate the pressure field within the film, which constrains further improvements in torque
transmission capacity. Therefore, exploring and designing composite groove structures with superior oil
flow control capability has become a key direction for enhancing clutch performance.

Analyses of existing studies on the friction plates of HVCs indicate that the groove structure of
the friction plate plays a critical role in oil film performance. However, in-depth investigations of the
transmission characteristics of oil films in composite groove structures under complex two-phase flow
conditions remain relatively limited. This study takes the friction plates with composite groove structures
of HVCs under TBM breakout conditions (corresponding to the high slip condition of the clutches) as the
research object, with a focus on groove cross-sectional shapes. Unlike traditional single-groove structures
or composite groove designs that merely alter groove shapes, this work compares different groove structure
parameters without changing the groove cross-sectional geometry. Particular emphasis is placed on
examining the flow-field characteristics associated with different groove configurations under varying
rotational speeds, different film-thickness settings, and a fixed inlet flow rate. This study specifically focuses
on the high-slip operating condition representative of shield machine breakout conditions, in which the
driving plate rotates while the driven plate remains stationary. Therefore, the conclusions made in this
research are more relevant to this specific operational condition. The findings shed light on the effects that
groove geometry has on oil film stability and torque transfer efficiency at high slip values due to cutter
head breakout.

2 Mathematical Model

During operation of a hydro-viscous speed-regulating clutch, the working-oil flow rate required at
the friction interface increases as the rotational speed and thickness increase. The onset of two-phase
flow between the friction plates can cause the oil film to contract. In the actual application process, the
lubricating oil flow supplied by the hydraulic system is typically maintained at a fixed level. Therefore, it is
assumed that once the oil film ruptures, the remaining film contracts, so that the friction pair is no longer
in the fully flooded (full-film) shear regime. At this time, the fluid between the friction plates is no longer
entirely oil, but a portion of gas penetrates into the inter-plate gap. Considering the influence of surface
tension, the shape of the oil film will gradually change, as shown in Fig. 1.
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Figure 1: Change of oil film morphology.
2.1 Working Principle of the HVC

The fundamental physical characteristics of the viscous clutch are schematically shown in Fig. 2. The
basic operating principle of the HVC is that lubricating oil is thrown out from the centrifugal chamber
and discharges through the clearance between the driving and driven plates, forming an annular oil film.
Torque is transmitted through this disk-like lubricant film between the friction pairs. The circulation of
lubricating oil is maintained by a pump, which ensures a constant flow rate at the inlet.
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Figure 2: Flow process of oil in the viscous clutch.
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Since an HVC friction unit is formed by a stack of driving and driven plates arranged in an alternating
sequence, a simplified physical model is established for clarity. A single friction pair composed of a driving
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plate, a driven plate, and an interfacial oil film is selected as the research object, as the oil film formed

between the plates can be approximated as an annular shape [30]. The torque transmission model of the

HVC, as illustrated in Fig. 3, can be derived through integration and expressed as follows [31]:

M=n " 2nywr3dr = 1mry(a)l - wg)l(rgl —r}) 1)
" h 2 h

In the formula, (M) represents the torque; (n) represents the number of oil film layers; (r;) is the disc
inner radius; (72) is the disc outer radius. () is the dynamic viscosity of the oil; (w1) is the angular velocity
of the friction plate; (w,) is the angular velocity of the steel sheet; (h) represents the thickness.

In the present study, a single friction pair consisting of one driving plate, one driven steel plate,
and one interfacial oil-film layer is considered. Therefore, n = 1 is used in Eq. (1) and in all subsequent
theoretical-numerical torque comparisons. With n = 1, Eq. (1) gives the theoretical torque transmitted by
one complete friction pair under the ideal fully flooded single-phase oil-film condition. This value is used
as the reference torque for evaluating the torque reduction caused by gas intrusion and oil-film rupture
under the oil-gas two-phase-flow conditions. For an actual HVC containing n,.;y4; effective oil-film layers,
the total transmitted torque can be approximately estimated as M;ora1 = NacruaiMpair, assuming identical
operating conditions for all friction pairs.

A
~
o

Figure 3: Torque calculation model.
2.2 Physical Model and Computational Domain

The C-type composite groove adopted in this study is an evolution of the traditional single-groove
structure. Initially, a single radial groove was employed, which was simple to manufacture; however, under
two-phase flow conditions, the oil film was prone to rupture, resulting in poor film formation capability. To
improve oil distribution and enhance film coverage, circumferential grooves were introduced, giving rise to
the radial composite groove. Nevertheless, the conventional radial composite groove exhibits structural
symmetry, which leads to large areas of air intrusion on the rotating side, thereby limiting its effectiveness
in suppressing gas entry. To address this issue, the structure was further optimized into a C-type composite
groove, in which the leading and trailing edges are connected to the inner and outer radii at a 60° arc. The
left and right boundaries of the C-type groove are circular arcs with identical radii of 50 mm and an arc angle
of 60°. The groove width and depth are 3 mm and 0.3 mm, respectively. The C-shaped groove was developed
to allow the oil to move along a channel that would follow the circumferential direction caused by the
rotational movement of the disks. This design is different from the conventional I-shape groove in that the
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curved profile allows for better oil movement from the inner radius to the outer radius and reduces sudden
ingress of gases into the grooved area. The arc is aligned with the rotation direction of the friction pair,
thereby enhancing the shear action of the oil film and improving flow-field stability. This configuration is
better suited to torque transmission under thicker oil-film and two-phase-flow conditions. Using the clutch
configuration shown in Fig. 1, a flow-domain model was developed. In this work, the fluid region between
one friction pair was selected as the study domain. To shorten the runtime, a periodic one-twelfth sector
model of the inter-pair flow field was built in 3D CAD software by exploiting circumferential periodicity in
the rotational direction; Table 1 lists the structural parameters.

Table 1: Structural parameters of the model.

Parameter Value Unit
Internal diameter 220 mm
External diameter 320 mm

Number of grooves 12 piece
Trench width 3 mm
Trench depth 0.3 mm

To ensure uniformity in the evaluation of groove structures, the number of grooves for both C-groove
and I-groove composite grooves was kept constant at 12. Other geometric parameters, such as the number
of slots, the curvature, the width and depth of the slots, remain unchanged.

The computational domain represents the oil-air flow region between the rotating friction plate and
the stationary plate. The lubricating oil is introduced from the mass flow inlet and the outlet is defined as
pressure outlet, which is open to atmospheric pressure and air is backflow phase. The top surface rotates,
bottom wall is fixed, and both circular walls have been set as periodic boundary conditions.

2.3 VOF Formulation and Governing Equations

The oil-air two-phase flow within the friction-pair clearance is modeled using the Volume of Fluid
(VOF) method [32]. Lubricating oil is treated as the primary phase, whereas air is treated as the secondary
phase. The oil-phase volume fraction is denoted by a = «,, and the corresponding air-phase volume fraction
is g = 1—a. Accordingly, o = 1 represents a computational cell completely occupied by oil, & = 0 represents
a cell completely occupied by air, and 0 < & < 1 denotes the oil-air interfacial region.

The VOF model was selected because the present study primarily focuses on the local oil-air volume-
fraction distribution and its influence on the pressure field and torque transmission within the thin friction-
pair clearance. Compared with the Euler-Euler model, which requires separate momentum equations for
the two phases together with additional interphase momentum-exchange closure relations, the VOF model
solves a shared momentum equation coupled with the volume-fraction transport equation, thereby reducing
the computational complexity. The Mixture model is more suitable for multiphase flows in which the
relative slip between phases is of primary interest. Therefore, the VOF model is considered appropriate for
the objectives of the present study.

In the absence of interphase mass transfer, the volume-fraction transport equation for the secondary
air phase is expressed as
a(aapa)

t

o TV (Gapa) =0, ag=1-a @

where o, and p, are the volume fraction and density of air, respectively, and u is the shared velocity vector.
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Within the VOF framework, the local mixture properties appearing in the shared governing equations
depend on the phase volume fraction. For the present oil-air system, the mixture density, dynamic viscosity,
and thermal conductivity are expressed as

Pm = apo + (1- (X),Da
Hm = o + (1- a)lJa (3)
km = ak, + (1 — a)k,

here, the subscripts m, o, and a denote the oil-air mixture, oil phase, and air phase, respectively. Therefore, the
local density, viscosity, and thermal conductivity used in the governing equations vary with a. The specific
heat of each phase is included in the evaluation of the corresponding phase energy introduced below.

Mass conservation equation:

2]
% + V- (pmu) = 0. ()
Momentum conservation equation:
0
('[;n;u) + V- (pmuu)=—-VGp+V- [pm(Vu + (Vu)T)] + F, (5)

where p is the pressure and F, denotes the volumetric surface-tension force at the oil-air interface. The
surface-tension force is evaluated using the continuum surface force (CSF) model as

Fy; = oxVa (6)

where o is the oil-air surface-tension coefficient, « is the oil-phase volume fraction, and « is the interface

Va
Val

in the present model, while the rotational motion is imposed through the rotating-wall boundary condition.

curvature, defined as k = —V- . Gravity and additional user-defined momentum sources are neglected

The subscript m denotes the local oil-air mixture described by the VOF model.
Energy conservation equation:

(pmE)
ot

+ V- [u(pmE + p)] = V- (kpVT + T - 1) (7)

where T = up, [Vu + (Vu)T] and the mixture energy is defined as

apoE, + (1 — a)pyE,
Pm

E =

®)

here, E is the mass-averaged specific energy of the oil-air mixture, E, and E, are the specific energies of the
oil and air phases, respectively, T is the shared temperature, k,, is the local mixture thermal conductivity,
and T is the viscous stress tensor. The phase-specific energies are evaluated using the specific heat of each
phase and the shared temperature.

To provide a theoretical interpretation of oil-film contraction and rupture, an analytical model was
introduced as a supplementary analysis. For conciseness, the simplified derivation and the final expression
for the equivalent rupture radius are provided in Appendix A.
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2.4 Mesh Generation and Grid-Independence Study

The three-dimensional geometry was imported into ICEM CFD, and the fluid domain was discretized
using a structured hexahedral mesh. Fig. 4 shows the mesh configuration of the computational domain.
Since the mesh resolution can affect the numerical results, a grid-independence study was conducted by
systematically refining the mesh.

T}'l]e I I outlet

2 periodicl periodic2

Change the angle of
the radial oil groove

Rotating wall

—
— )

— —
— —

outlet Stationary wall inlet

periodicl

Figure 4: 3D flow field mesh.

Since the number of mesh nodes significantly affects the simulation results, the oil film mesh was refined,
and a grid independence test was conducted, as shown in Fig. 5. Ultimately, Scheme 5 was selected, with 28
mesh nodes and a total of 354,952 elements. A summary of the mesh configuration is provided in Table 2.

The mesh independence analysis was primarily conducted based on transmitted torque, which was
the principal performance metric considered in this study.
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Figure 5: Line chart of torque corresponding to mesh number.
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Table 2: Mesh division data table.

Serial Number Radial Tangential Axial Number of Meshes
Groove Region  Non-Groove Region
1 70 20 100 28 128,232
2 140 20 100 21 207,423
3 140 30 120 21 264,993
4 112 30 120 28 278,616
5 140 30 120 28 354,952
6 140 40 130 28 410,722
7 154 40 130 28 454,870

2.5 Numerical Method, Boundary Conditions, and Flow-Regime Assessment

To determine whether a turbulence model is required, the flow regime within the friction-pair clearance
was assessed based on the Reynolds number. According to the near-disk flow theory for a rotating plate,
the Reynolds number based on the tangential velocity at the outer radius is defined as (Re = “’TRZ) When
Re < 1 x 10°, the flow is considered laminar, whereas the transition toward turbulence generally occurs in
the range 2 x 10° < Re < 3 x 10°. For the working fluid investigated in this study, with v = 30.6 mm?/s and
R = 160 mm, the rotational speeds corresponding to Re < 1 x 10° and 2 x 10° are 119.5 rad/s and 239 rad/s,
respectively.

Based on the above Reynolds-number analysis, the flow at 100 rad/s is classified as laminar, whereas
that at 150 rad/s is identified as an unstable laminar state. Accordingly, the investigated operating conditions
were treated using the laminar model, and no additional turbulence model was activated.

The oil-air two-phase flow was solved using the VOF model described in Section 2.3, with lubricating oil
treated as the primary phase and air as the secondary phase. The governing equations described in Section 2.3
were discretized using the finite-volume method [33] and solved using the double-precision, pressure-based
solver in ANSYS Fluent. Pressure-velocity coupling was achieved using the SIMPLE algorithm [33]. The
gradients were evaluated using the Least-Squares Cell-Based method, and the pressure field was interpolated
using the Body-Force-Weighted scheme [34]. The momentum and energy equations were discretized using
the second-order upwind scheme, whereas the volume-fraction transport equation was discretized using the
first-order upwind scheme. All simulations were performed in steady-state mode, and the pseudo-transient
method was not activated. Therefore, no physical temporal discretization or physical time-step size was
employed, and time-step selection is not applicable to the present calculations.

The inlet was prescribed as a mass-flow-rate inlet. The outlet communicated with the atmosphere
and was specified as a pressure outlet with zero gauge pressure, with air specified as the backflow phase.
The upper boundary represented the rotating driving plate and was imposed as a rotating-wall condition,
whereas the lower boundary represented the stationary steel plate and was specified as a stationary no-slip
wall. The circumferential boundaries of the one-twelfth computational sector were treated as periodic
boundaries. Surface-tension effects at the oil-air interface were included using the CSF model described
in Section 2.3 [35]. The oil-air surface-tension coefficient was set to 0.03 N/m, and the wall contact angle
was specified as 9°. The energy equation was enabled to account for viscous heating generated by the
strong shear within the thin oil film, while no external volumetric heat source was imposed. The operating
parameters used in the simulations are listed in Table 3.

Numerical convergence was assessed jointly using the scaled residual histories, the inlet-outlet mass-
flow balance, and representative physical monitors. The target residual levels were set to 107> for the
continuity equation, 107> for the momentum equations, and 107¢ for the energy equation. In addition,
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the relative mass-flow imbalance between the inlet and outlet was required to remain below 0.5%. For
some two-phase cases, the residuals approached stable plateaus without fully reaching their prescribed
target values. When the residual histories remained stable, the mass-flow imbalance was below 0.5%, and
the monitored gas volume fraction, pressure, and transmitted torque showed no noticeable variation with
further iterations, the solution was considered to have reached a quasi-steady state.

Table 3: Material properties and operating parameters.

Parameter Value Unit
Oil density 851 kg/m®
Oil dynamic viscosity 0.026 Pa-s
Oil specific heat 2131 J/(kgK)
Oil thermal conductivity 0.138 W/(m-K)
Air density 1.225 kg/m®
Air dynamic viscosity 1.7894 x 107° Pa-s
Air specific heat 1006.43 J/(kgK)
Air thermal conductivity 0.0242 W/(m-K)
Mass flow rate inlet 0.00338 kg/s
Surface tension coefficient 0.03 N/m
Wall surface contact angle 9 °
Oil film thickness 0.2~0.3 mm
Friction plate speed 100, 150 rad/s
Steel plate speed 0 rad/s

3 Simulation Comparison

To explore the influence exerted by two-phase flow on the hydro-viscous drive behaviors of clutch
friction pairs, numerical simulations were performed for the oil films of the C-type composite groove and
the I-type composite groove under the aforementioned conditions.

3.1 Analysis of Two-Phase Oil Film Distribution

Fig. 6 shows the oil-air distribution for both composite groove geometries on the surface of the steel
plate with an oil film thickness of 0.2, 0.225, 0.25, 0.275, and 0.3 mm where the friction disc is rotated at
100 rad/s while the steel plate remains fixed. The oil-air distribution for both groove geometries is similar
for the five operating conditions. Oil is discharged mainly through the grooved regions, whereas air enters
the contact primarily through the land regions and gradually expands along the direction of rotation. As
the oil-film thickness increases, the oil-covered region generally decreases, while the main distribution
characteristics remain essentially unchanged.

For the C-type composite groove, the oil-covered area gradually decreases from 3440.512 mm? at an
oil-film thickness of 0.2 mm to 3310.382 mm? at 0.3 mm, while the corresponding coverage ratio decreases
from 97.3% to 93.7%. For the I-type composite groove, the oil-covered area generally decreases from 3354.713
to 3223.487 mm?, and the coverage ratio decreases from 94.9% to 91.2%, with slight fluctuations during
this process.

Generally, there exist certain differences between the two types of grooves regarding oil film coverage.
In all five different cases of oil film thickness, the oil film coverage area in case of C-type composite grooves is
greater than that of the I-type composite grooves. The difference is most pronounced at an oil-film thickness of
0.275 mm, where the coverage ratio of the C-type composite groove is approximately 4.41% higher, indicating
that groove geometry influences the oil-air two-phase distribution within the friction interface.
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Figure 6: Contour plot of oil-gas distribution under different oil film thicknesses (Aw = 100 rad/s).
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Fig. 7 presents the oil-air distributions on the steel-plate surface for the two composite groove con-
figurations at oil-film thicknesses of 0.2, 0.225, 0.25, 0.275, and 0.3 mm, with the friction disc rotating
at 150 rad/s and the steel plate remaining stationary. As the oil-film thickness increases, the gas phase
gradually expands within the land regions, while the oil-film coverage decreases. For the I-type composite
groove, the oil-covered area decreases from 3165.587 to 2968.169 mm?, and the coverage ratio decreases
from 89.6% to 84.0%. For the C-type composite groove, the corresponding values decrease from 3270.967 to
3084.715 mm? and from 92.5% to 87.3%, respectively.

Compared with the results at 100 rad/s in Fig. 6, increasing the rotational speed to 150 rad/s markedly
reduces the oil-film coverage of both groove configurations. At an oil-film thickness of 0.2 mm, the covered
area of the I-type composite groove decreases from 3354.713 to 3165.587 mm?, corresponding to a reduction
of 5.64%, while its coverage ratio decreases from 94.9% to 89.6%. For the C-type composite groove, the
covered area decreases from 3440.512 to 3270.967 mm?, representing a reduction of 4.93%, and the coverage
ratio decreases from 97.3% to 92.5%. Meanwhile, the gas phase expands rapidly within the land regions
and progressively propagates from the outer radius toward the inner radius. This may be attributed to the
enhanced centrifugal-inertial and shear effects at higher rotational speeds, which promote the outward
transport of oil and weaken the continuity of oil coverage.

Overall, the two groove configurations exhibit noticeable differences in oil-film coverage. At all five oil-
film thicknesses, the C-type composite groove has a larger oil-covered area than the I-type composite groove.
At an oil-film thickness of 0.3 mm, its oil-covered area and coverage ratio are both approximately 3.93%
higher, indicating that groove geometry has a significant influence on the oil-air two-phase distribution
within the friction interface.

Fig. 8 presents the variation in gas volume fraction for the two composite groove configurations at
oil-film thicknesses of 0.2, 0.225, 0.25, 0.275, and 0.3 mm. At a speed difference of 100 rad/s, the gas volume
fraction of the I-type composite groove generally increases from 2.19% to 4.18%, with a slight fluctuation,
whereas that of the C-type composite groove increases from 1.98% to 3.80%. When the speed difference
increases to 150 rad/s, the corresponding values increase from 4.67% to 8.41% for the I-type groove and
from 3.89% to 7.13% for the C-type groove. Overall, the gas volume fraction shows an increasing trend with
oil-film thickness.

At the same oil-film thickness, increasing the speed difference results in a clear increase in gas volume
fraction for both groove configurations. At an oil-film thickness of 0.2 mm, for example, the gas volume
fraction increases from 2.19% to 4.67% for the I-type composite groove and from 1.98% to 3.89% for the C-type
composite groove. This trend is consistent with the oil-air distributions shown in Figs. 6 and 7. Differences
are also observed between the two groove configurations, with the C-type composite groove generally
exhibiting a lower or comparable gas volume fraction. These results indicate that oil-film thickness, speed
difference, and groove geometry all affect the oil-air two-phase distribution within the friction interface.

3.2 Analysis of Local Flow Structures and Air-Intrusion Mechanism

To analyze the effect of groove geometry on air intrusion further, an operating point corresponding
to an oil film thickness of 0.3 mm and slip speed of 150 rad/s was chosen. The comparison between gas
volume fraction, velocity vectors, and streamlines on the mid-plane of oil film of the I-groove and C-groove
is shown in Fig. 9. The second phase is considered as air, and zones with higher gas volume fraction signify
more air intrusion.



Fluid Dyn Mater Process. 2026;22(9):2 13

Phase2 Volume Eraction Phase2 Voiums Fracton
Contou 2 Contout 1

1000 1.000

0900 0900

o5 et
e et
0600 0.600
pois it
om0 sopd
0.300 0.300
0.200 0200
G i
oo 94
Air volume fraction distribution at an oil film thickness of 0.2 mm
EO—— —
1.000
0.900
o
ke
pooet
by
et
000
i
00
Air volume fraction distribution at an oil film thickness of 0.225mm
P Fre——
733 ;
Hom
0.800
0700 ,\
poss =
o
ox0
om0
iasd
Air volume fraction distribution at an oil film thickness of 0.25mm
P P
=l .
ox0
by
0.700 \
0.600
ish
.
o0
o0
et
Air volume fraction distribution at an oil film thickness of 0.275mm
R — [ ——
s 2
i et -
= p— S—
v
gt
b
5
ose0
i
g

Air volume fraction distribution at an oil film thickness of 0.3mm

Figure 7: Contour plot of oil-gas distribution under different oil film thicknesses (Aw = 150 rad/s).



14 Fluid Dyn Mater Process. 2026;22(9):2

—=&— Type-1(Aw=100rad/s)

97 e Type-C(Aw=100rad/s)
A Type-I(Ao=150rad/s) /
81 v Type-C(Aw=150rad/s)
7 / Y
8 A ’i/*’“/
t 5 ///// / v
g “ - A
it _— |
4 4 )
§ M /./ @ e
8 34 /l/// ®
24 &
1 I ' I i I N I N I
0.200 0.225 0.250 0.275 0.300

Oil Film Thickness (mm)

Figure 8: Line chart of gas content versus speed difference and thickness.

Type-I Type-C

Phase2,Volume Fraction Phase2 Volume Fraction

Contour 1 Contour 1
1.000 1.000
0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

0.900
0.800

0.600
0500
0.400
0.300
0.200
0.100
0.000

Air volume fraction with velocity vectors

Phase2.Volume Fraction
1.000
0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

Air volume fraction with streamlines

Figure 9: Air-phase distributions and flow structures at the oil-film midplane for I- and C-type composite grooves
(h = 0.3 mm, Aw = 150 rad/s).

As is evident from Fig. 9, the gas phase is mostly present in the outer radius of the grooves while the
middle and inner radius regions are still mostly filled with oil. The circumferential shear force induced by
the rotating wall and the centrifugal force move the lubricant to the outer regions of the system. In case the
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inflow of the lubricant is not sufficient to make up for the outflow of oil in the system, the oil film continuity
at the outer radius becomes weak, and air is allowed to penetrate into the clearance of the friction pair.

In the case of I-type composite groove, the fluid flow takes place through the straight radial groove and
changes its direction significantly at the point of contact between the radial and circumferential grooves.
The significant difference in the direction between the radial flow and the circumferential flow caused due
to the rotation of the wall makes the streamlines bend sharply, creating more disturbance in the local flow
region. Moreover, the straight radial groove is a relatively direct link between the outer radius area and the
inner part of the oil film. This makes it easy for air to flow through the radial direction into the oil film
from the outer radius.

On the other hand, the direction of velocity in the C-shaped groove varies smoothly through the
curved flow path, producing a more uniform deflection of streamlines. Since the curvature of the groove
is aligned with the rotation of the friction disk, the sudden change from radial flow to circumferential
flow may be lessened, thus reducing the possibility of flow separation at the groove interface. The curved
passage also causes the gas-migration direction to deviate circumferentially and increases the migration
distance from the outer radius toward the inner radius, thereby weakening the direct inward intrusion of
air along the radial groove.

Therefore, the C-type composite groove suppresses air entrainment mainly by improving the continuity
of the local flow direction and altering the gas-migration path, rather than by reducing the centrifugal
effect itself. These results indicate that the curved groove improves the organization of the oil-film flow
and helps maintain more continuous liquid-phase coverage, which is consistent with the lower average gas
content and higher transmitted torque obtained for the C-type groove.

3.3 Analysis of the Oil Film Pressure Field

Fig. 10 presents the circumferential pressure distributions of the two composite groove configurations
along a radial position of 145 mm at different oil-film thicknesses. At a constant speed difference, the
circumferential pressure of both groove configurations generally decreases as the oil-film thickness increases
from 0.2 to 0.3 mm, with pronounced pressure variations occurring near the groove inlet and outlet. At a
constant oil-film thickness, increasing the speed difference from 100 to 150 rad/s further reduces the pressure
in the land regions and produces more evident negative-pressure valleys near the groove boundaries. This
trend is consistent with the decrease in oil-film coverage and the increase in gas volume fraction shown in
Figs. 6-8. The enhanced centrifugal-inertial and shear effects at the higher speed promote the expansion of
the gas phase and redistribute the oil between the grooved and land regions, thereby intensifying the local
pressure variations.

At the five oil-film thicknesses, the C-type composite groove generally exhibits higher positive-pressure
levels within the groove and in the downstream land region, and this difference becomes more evident
at a speed difference of 150 rad/s. Local negative pressure occurs near the groove boundaries for both
configurations. At the higher speed difference, the negative-pressure variation is relatively more pronounced
for the I-type groove, whereas the pressure downstream of the groove recovers to a relatively higher level
for the C-type groove. Combined with the oil-air distributions and gas volume fractions shown in Figs. 6-8,
these results indicate that groove geometry modifies the circumferential pressure distribution and the local
oil-air two-phase flow characteristics within the friction interface.
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Figure 10: Pressure distribution at z = 0.3 mm, r = 145 mm.

Fig. 11 presents the average circumferential pressures of the two composite groove configurations at
z = 0.3 mm and a radius of 145 mm for oil-film thicknesses of 0.2, 0.225, 0.25, 0.275, and 0.3 mm. At both speed
differences, the average circumferential pressure decreases with increasing oil-film thickness. At a speed
difference of 100 rad/s, the average pressure of the C-type composite groove decreases from 21,954.633 to
5869.987 Pa, corresponding to a reduction of 73.26%, whereas that of the I-type composite groove decreases
from 14,371.180 to 2470.053 Pa, representing a reduction of 82.81%. At a speed difference of 150 rad/s, the
pressure of the C-type composite groove decreases from 21,236.082 to 3458.378 Pa, corresponding to a
reduction of 83.71%. The pressure of the I-type composite groove decreases from 9456.813 Pa and becomes
negative at oil-film thicknesses of 0.275 and 0.3 mm, reaching —1683.190 Pa at 0.3 mm.

At the same oil-film thickness, increasing the speed difference also reduces the average circumferential
pressure, and this effect becomes more pronounced at larger oil-film thicknesses. For the C-type composite
groove, increasing the speed difference from 100 to 150 rad/s reduces the average pressure by 3.27% at
0.2 mm and by 41.08% at 0.3 mm. For the I-type composite groove, the pressure decreases from 14,371.180
to 9456.813 Pa at 0.2 mm, whereas it decreases from 2470.053 to —1683.190 Pa at 0.3 mm. This variation is
consistent with the previously observed decrease in oil-film coverage and increase in gas volume fraction.

Differences in average circumferential pressure are also observed between the two groove configura-
tions. At 100 rad/s, the average pressure of the C-type composite groove is 52.77%-137.65% higher than that
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of the I-type composite groove. At 150 rad/s, the C-type composite groove maintains a positive average
pressure over all five oil-film thicknesses, whereas negative values occur for the I-type composite groove at
the larger film thicknesses.
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Figure 11: Line chart of average circumferential pressure.

Fig. 12 presents the radial pressure distribution curves of the oil films formed by the two types of
composite-groove friction plates. The oil pressure exhibits noticeable fluctuations when flowing through
the circumferential groove regions. At different oil film thicknesses, the radial pressure within the oil film
decreases with increasing radius. With the oil film thickness kept constant, the pressure inside the oil
grooves increases with the rise of rotational speed. Compared with the I-type composite groove, the C-type
composite groove generally exhibits a higher pressure within the groove regions under the investigated
conditions. Together with the oil-gas distribution results presented above, this pressure characteristic
indicates that the two groove configurations exhibit distinct pressure and oil-gas two-phase-flow responses
within the friction interface.

Following the circumferential-pressure analysis, Fig. 13 further presents the average radial pressures
of the two composite groove configurations at different oil-film thicknesses. At a constant speed difference,
the average radial pressure of both configurations decreases with increasing oil-film thickness. At a speed
difference of 100 rad/s, the average radial pressures of the C-type and I-type composite grooves decrease
from 40,165.03 and 32,671.90 Pa to 15,900.50 and 12,500.07 Pa, respectively. As the oil-film thickness
increases, the relative pressure difference between the C-type and I-type grooves gradually increases from
22.93% to 27.20%.

When the speed difference increases to 150 rad/s, the average radial pressures of the C-type and I-type
composite grooves decrease from 45,428.37 and 33,670.80 Pa to 18,246.60 and 12,491.96 Pa, respectively.
Meanwhile, the relative pressure difference between the two configurations increases from 34.92% to 46.07%
with increasing oil-film thickness.

In contrast to the decrease in average circumferential pressure shown in Fig. 10, increasing the speed
difference from 100 to 150 rad/s raises the average radial pressure of the C-type composite groove at all
oil-film thicknesses, whereas only a limited change is observed for the I-type groove. As the oil-film thickness
increases, the radial-pressure difference between the two configurations becomes more pronounced, indicating
a stronger radial-pressure response of the C-type groove to the higher speed difference.
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Figure 12: Line chart of radial pressure profiles for two types of composite oil-grooved friction discs.
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3.4 Analysis of Transmission Torque

Friction plates with different groove structures have different torque transmission characteristics. TBM
cutterhead extrication typically demands high breakout torque, and the benefits of a high-capacity plate
become increasingly apparent as the transmitted torque rises. This makes groove optimization a central
task when designing composite-groove structures for friction pairs operating in complex flows. In HVC,
torque transmission capability is a key indicator of transmission reliability. Under the action of two-phase
flow, the flow regime and shear behavior of the interfacial oil film can change markedly, posing substantial
challenges to conventional composite groove designs. Higher torque and heavy loading also impose stricter
requirements on groove-structure design. Therefore, increasing torque becomes especially important when
the oil film is relatively thick and in a two-phase flow state. A detailed analysis of the flow field within
the grooves, oil supply characteristics, pressure distribution, and suppression of gas regions under these
conditions is crucial for designing friction pair structures that can stably and efficiently transmit high
torque even under high-slip clutch conditions. Torque measured at various interfaces from CFD analysis
as seen in Fig. 14 is the result of integration of viscous shear stresses exerted by oil films on the surfaces
being driven. Local shear stress was calculated based on velocity gradients in the oil film layer, whereas the
contribution of gas was insignificant in relation to torque production. It means that torque measurement is
a result of interactions between oil-film integrity, gas content, and flow field features.

b v— Type-C(Aw=150rad/s)
] v A Type-I(Aw=150rad/s) |

a o Type-C(Aw=100rad/s)
114 ® Type-I(Ao=100rad/s) S
_ ; Aw=150rad/s 1° =
£ 10 N Aw=100rad/s )
& A &
3 2
=] 46 =
g 91 % =
= A =
= m
o ~ W Q
8 8+ .\ = o
= 14 =
7 = 42
- ~3 {2 &
N - K

~ o
5 T v T v T g T v T 0
0.200 0.225 0.250 0.275 0.300
Oil Film Thickness (mm)

Figure 14: Line chart of torque variation and enhancement along oil film thickness direction.

As illustrated in Fig. 14, the transmission torque increases significantly with decreasing oil-film
thickness. Under a slip condition of Aw = 100 rad/s, the torques of the C-type composite groove are 8.21,
7.28, 6.51, 5.88, and 5.39 N-m at oil-film thicknesses of 0.2, 0.225, 0.25, 0.275, and 0.3 mm, respectively,
representing increases of approximately 1.32%, 2.46%, 3.30%, 4.92%, and 2.94% compared with the I-type
composite groove. Under a slip condition of Aw = 150 rad/s, the corresponding torques of the C-type
composite groove are 11.67, 10.21, 9.06, 8.18, and 7.35 N-m, which are approximately 4.54%, 4.58%, 2.98%,
4.71%, and 6.24% higher than those of the I-type composite groove, respectively.
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Under both Aw = 100 rad/s and Aw = 150 rad/s conditions, the transmitted torque decreases as the
oil-film thickness increases. At Aw = 150 rad/s, the transmission torque of the C-type composite groove
increases from 7.35 to 11.67 N-m as the oil-film thickness decreases from 0.3 to 0.2 mm, corresponding to
an increase of approximately 58.81%. These results demonstrate that groove structure has a significant
impact on torque transmission. In particular, under high slip and a relatively thick oil film of 0.3 mm, the
C-type composite groove transmits 6.24% more torque than the I-type composite groove. Combined with the
higher groove pressure shown in Figs. 12 and 13, the lower gas volume fraction and larger oil-film coverage
shown in Figs. 6 and 8, these torque results provide consistent evidence that the C-type composite groove can
improve oil-film integrity and torque-transmission performance under the investigated high-slip conditions.

Fig. 15 compares the theoretical torque calculated from Eq. (1) using n = 1 with the CFD-predicted
torque under oil-gas two-phase-flow conditions.
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Figure 15: Line chart of torque reduction along oil film thickness under comparison of two-phase flow and theoretical

pure oil film conditions.

The theoretical torque calculated from Eq. (1) with n = 1 corresponds to one complete friction pair
under the ideal fully flooded single-phase oil-film condition. By comparing this theoretical torque with
the CFD-predicted torque under oil-gas two-phase-flow conditions, the torque reduction caused by gas
intrusion and oil-film rupture can be evaluated.

As shown in Fig. 15, the oil-gas two-phase flow reduces the viscous torque of both composite groove
configurations at oil-film thicknesses of 0.2, 0.225, 0.25, 0.275, and 0.3 mm. Moreover, the absolute torque
reduction becomes more pronounced as the speed difference increases. This trend is consistent with the
higher gas volume fraction shown in Fig. 8 and the reduction in oil-film coverage shown in Figs. 6 and 7 at
the higher speed difference.

At Aw = 100 rad/s, the torque reductions of the I-type composite groove are 2.29, 2.13, 2.02, 1.95, and
1.69 N'm at the five oil-film thicknesses, respectively, whereas those of the C-type composite groove are
2.18,1.96, 1.81, 1.67, and 1.53 N-m. Compared with the I-type groove, the corresponding torque reductions
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of the C-type groove are lower by 4.69%, 8.22%, 10.30%, 14.14%, and 9.13%, respectively. The largest relative
difference at this speed difference occurs at an oil-film thickness of 0.275 mm.

When the speed difference increases to Aw = 150 rad/s, the torque reductions of the I-type composite
groove are 4.42, 4.10, 3.67, 3.53, and 3.47 N-m, whereas those of the C-type composite groove are 3.92, 3.65,
3.41, 3.16, and 3.04 N-m, respectively. The corresponding reductions of the C-type groove are 11.46%, 10.90%,
7.16%, 10.42%, and 12.42% lower than those of the I-type groove. In particular, at an oil-film thickness
of 0.3 mm, the torque reduction of the C-type composite groove is 12.42% lower than that of the I-type
composite groove.

Combined with the transmitted-torque results in Fig. 14, these results show that increasing the speed
difference raises the actual transmitted torque through enhanced shear, while also enlarging its deviation
from the ideal fully flooded single-phase value. At all five oil-film thicknesses, the C-type groove exhibits a
smaller torque reduction than the I-type groove. This result is consistent with its larger oil-film coverage,
lower gas volume fraction, and distinct pressure characteristics, indicating that groove geometry affects the
attenuation of viscous torque under oil-gas two-phase-flow conditions.

4 Conclusion

A comprehensive investigation was conducted on the design and flow characteristics of composite-
groove friction plates under two-phase flow conditions. The main conclusions are as follows:

1. A three-dimensional oil-gas two-phase CFD modeling has been developed to study the flow mechanism
of composite groove friction couples at high slip operation. Based on the findings, a distinct stratified
flow mechanism is observed in the oil film at the interface, where lubricant flows out through grooves
and gas enters through the non-groove zones.

2. Compared with the conventional I-type composite groove, the proposed C-type composite groove
improves oil-film continuity and suppresses gas intrusion under the investigated two-phase-flow
conditions. This groove structure maintains relatively higher circumferential and radial pressures,
reduces negative-pressure regions, and increases oil-film coverage.

3. Considering the studied case of high slipping regime, the groove C type demonstrates a slightly greater
torque transfer compared to the groove I type. In particular, at Aw = 150 rad/s and h = 0.30 mm, its
transmitted torque was 6.24% higher, its gas volume fraction was 15.22% lower, and its average radial
pressure was 46.07% higher than those of the I-type groove. Under the same condition, the average
circumferential pressure of the C-type groove remained positive, whereas that of the I-type groove
became negative, revealing distinct oil-gas two-phase-flow and pressure characteristics between the
two configurations.

4.  The present study focuses on high-slip operating conditions representative of TBM breakout scenarios.
From the findings, it can be observed that the C-type composite groove can help in improving torque
loss at severe two-phase flow conditions. It should be noted that the numerical analysis was based on
a single friction pair using a one-twelfth periodic model, with a prescribed oil-supply condition and
fixed groove number, width, depth, and curvature parameters. The investigated flow range mainly
covers laminar and unstable-laminar conditions. Therefore, the present conclusions are primarily
applicable to the specified model configuration and operating range. Their applicability to different
oil-supply conditions, other groove dimensions, multiple friction pairs, and transient or turbulent flow
conditions requires further investigation.

5. As an engineering-oriented and foundational investigation of hydro-viscous clutch friction pairs under
the high-slip conditions associated with TBM cutterhead breakout, the present study mainly employs
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steady-state CFD simulations to evaluate the overall effects of composite-groove configuration on oil-air
distribution, pressure characteristics, and transmitted torque. Dedicated two-phase-flow bench tests
have not yet been conducted. Therefore, the predicted gas volume fraction, pressure, and transmitted
torque should be interpreted as comparative numerical results under the investigated conditions. The
main uncertainties arise from numerical diffusion of the VOF interface, idealized boundary conditions,
the steady-state assumption, and constant fluid properties. In addition, the microscopic coupling among
local groove curvature, flow separation, vortex structures, and gas-phase transport has not yet been
systematically resolved. Future work will combine two-phase-flow bench tests, flow-visualization
experiments, and high-resolution transient simulations to validate the numerical model and further
reveal the local fluid-dynamic mechanisms by which the C-type groove regulates oil-air two-phase flow.
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Appendix A

The analytical model presented in this appendix is developed for an ungrooved and axisymmetric oil
film between two parallel disks. The lubricant is assumed to be incompressible and Newtonian, the oil-film
thickness is uniform, and the circumferential variation of the flow field is neglected. The model is intended to
provide a reduced-order description of oil-film contraction and to estimate the equivalent rupture radius. It is
not directly coupled with the three-dimensional VOF model used for the composite-groove friction pairs.

Under the thin-film assumption, the radial and circumferential momentum equations are reduced to

0 p %
afp—*(vfﬂé) = ()=
ror 0z (A1)
2pvrvg (t)azu@
~ Kz

The no-slip boundary conditions are

v(r,0) =v,.(r,h) =0
vg(r,0) = war;ve(r,h) = wir

where @w; and w, are the angular velocities of the two disks, respectively. In the operating conditions
considered in this study, the mating steel plate is stationary, and therefore w; = 0.



Fluid Dyn Mater Process. 2026;22(9):2 23

The mean radial velocity is related to the volumetric flow rate by

1 /" Y,
7, = / v,dz = L (A2)
0

h

A successive-approximation procedure is adopted to account for the inertial effects. The zero-order
velocity field is first obtained by neglecting the inertia terms. The resulting radial and circumferential
velocity components are then substituted into Eq. (A1). After integration across the oil-film thickness and
application of Eq. (A2), the radial pressure gradient can be written as
dp _ 6qu(t) = 27pg;  pr

2 2
= ot E(30)1 + 4102 + 303) (A3)

Under the classical Reynolds rupture condition adopted in this reduced-order model, the radial pressure
gradient vanishes at the equivalent rupture radius ry:

dp
dr

r=ro

Substituting this condition into Eq. (A3) and selecting the physically admissible positive root yields

210p(t) gy + \/[ZIOy(t)q,,]2 — 189p22h* (30} + 4w w2 + 303)

o = (A4)

Trph3 (30! + 4w w; + 303)

here, r and z zare the radial and axial coordinates, respectively; h is the oil-film thickness; p is the pressure;
p is the lubricant density; p(t) is the dynamic viscosity; v, and vy are the radial and circumferential velocity
components; g, is the volumetric flow rate; and ry is the equivalent rupture radius. The physically admissible
solution requires the discriminant in Eq. (A4) to be non-negative.

It should be emphasized that Eqs. (A1)-(A4) are established for an ungrooved and circumferentially
uniform oil film. The model does not explicitly describe the local three-dimensional flow, circumferential
pressure fluctuations, mass exchange between the groove and land regions, or non-axisymmetric gas
intrusion induced by the composite grooves. Therefore, the analytical model is used only to interpret
the general oil-film contraction mechanism. The detailed oil-gas distribution, pressure field, and torque-
transmission characteristics of the C-type and I-type composite grooves are obtained from the three-
dimensional VOF simulations.
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