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ABSTRACT

The relative motion and the presence of oil between two wet clutch disks generates considerable
drag torque. Aeration occurring at'specific rotational speeds can effectively reduce this drag
torque. This study presents a new analytical model for estimating critical speed and drag torque
in radially grooved wet-clutches under single- and two-phase flow conditions. Direct numerical
simulation of single-phase flow confirms that the flow regime is laminar. Consequently, a
validated CED/model under laminar conditions is employed to evaluate the proposed analytical
model. The new model reduces deviation from numerical results by 50% compared to previous
models. Furthermore, this model is extended to address the two-phase conditions, with numerical

simulations confirming its accuracy within a 3% margin.
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INTRODUCTION

Increasing pollution caused by fossil fuels has led researchers to continuously seek ways to
reduce fossil fuel consumption in industry and vehicles. For instance, the transmission system
and clutches have a major impact on energy loss and fuel consumption. Improving device
component performance and reducing power loss are effective strategies for achieving.this goal.
A clutch facilitates the connection and disconnection of engine power to gears during gear
changes, typically comprising two parallel annular disks - one linked to-the motor shaft and the
other to the gear shaft. When these disks separate, it enters a disengaged mode, terminating

power transmission from the motor engine to the gearbox:

Clutches can be categorized into two main types: dry.and wet clutches. Wet clutches are
commonly used in heavy-duty vehicles anduindustrial machinery such as compressors, pumps
and turbines. They are also used in automatic-transmissions, limited slip-differentials, and dual-
clutch transmissions as the shifting element of choice. This type of clutch operates by pumping
proper type of oil betweentwo each disk when disengaged, creating shear stress that increases
drag torque. This leads to energy loss and an increase in temperature within the clutch system.
To improve the energy efficiency, it is important to reduce this energy loss. Previous studies
show that at low rotational speeds, the clutch system operates with a single-phase oil flow (1).
However, as rotational speed increases, air bubbles may penetrate the gap between disks, a
phenomenon known as aeration, which occurs at a critical speed threshold. As rotational speed
increases, air fills the domain. Its lower viscosity significantly reduces drag torque, leading to

decreased energy loss. Drag torque is a key parameter defining clutch performance.



To clarify the flow behavior, examining well-known fluid flows can help simplify the
phenomenon. The flow within the clutch can be represented as a combination of two types of
flow occurring simultaneously. The first flow is similar to the Couette flow that is caused by the
rotational motion of the friction disk. The second flow is similar to the Poiseuille flow and is

driven by the radially pumped oil within the domain, starting from the inner radius.

As the rotational speed increases to a critical value, the radial pressure gradient resulting.from
the Couette-like flow starts to dominate over that from the Poiseuille-like flow, Thisicauses air to
enter the domain from the outer radius, initiates aeration. Previous studies have shown that for
simple disk clutches, the critical speed tends to be quite high (2); however, creating grooves on

the rotating disk can reduce this critical speed.

These grooves impart more tangential momentum te the passing oil, which increases the radial
pressure gradient and facilitate smoother oil exitfrom the gap, leading to earlier aeration. One of
the early studies on wet clutches was conducted by Kato et al (1), who developed two analytical
equations for pressure distribution and drag torque in the clutch, based on the work of Hashimoto
et al (3). However, their results-deviated significantly from experimental results due to certain
inaccurate assumptions. lin this regard, Kitabayashi et al. (4) proposed an alternative analytical
method for estimating therag torque. This model is based on Couette flow conditions but
considers simplifyingassumptions that only support single-phase flow. They also explored the
impact of various parameters, such as the number of grooves and oil flow rate, on clutch
performance through experimentations. The results showed that reducing the oil flow rate or
increasing the number of grooves decreases the critical speed. Yuan et al. (5) developed a more
accurate analytical model by considering the influence of surface tension in the flow equations.

However, the predictions still differed significantly from experimental results. Fluid flow in a



non-grooved clutch was simulated using ANSYS-FLUENT, and including surface tension in the
simulation helped reduce the deviation between numerical and experimental results. Igbal et al.
(6) introduced an analytical model for the drag torque estimation that included the effect of
cavitation, but they could not confirm cavitation in the clutch experimentally. Wu et al. (7)
conducted an experimental and numerical investigation on a grooved wet clutch under single-
and two-phase conditions, accounting for the effect of axial force on the stationary disk. Guo et
al. (8) carried out a numerical study on a non-grooved wet clutch, analyzing the.simultaneous
motion of both disks in the same and opposite directions. Their findings emphasized the
significant effects of simultaneous disk motion on drag torque, critical speed, and phase
distribution in multiphase flow. It was also shown that drag torque increases substantially when

the two disks rotate in opposite directions.

Wang et al. (9) focused on key parameters in numericalisimulations, such as iteration number,
convergence criteria, initial and boundary conditions, providing valuable insights for researchers
in this field. Neupert et al. (10) condueted a,comprehensive experimental study on wet clutches,
exploring the influence of various parameters like gap height, groove dimensions, flow rate, and
groove patterns on clutch performance. They compared their experimental findings with
analytical models and performed numerical simulations using ANSY S-Fluent employing a high-
resolution mesh and considering the surface tension and temperature variations (11). In the
following, they investigated a special groove pattern combining parallel and waffle-shaped

grooves and showed better performance than simple radial grooves.”

Pahlovy et al. (12) proposed an analytical model to predict drag torque and aeration onset in
single- and two-phase conditions. While the model performed satisfactorily in the single-phase

region, the results in two-phase flow deviated significantly from experiments.



Leister et al. (13) derived simplified governing equations for fluid flow within wet clutches
using order-of-magnitude analysis and introduced a new dimensionless number. This number
analytically suggests the critical speed for aeration onset. They also developed a new analytical
model that addresses the limitations of Pahlovy's model (12), using the concept of hydraulic
diameter. In another study, Leister et al. (14) conducted experimental research using the
defocusing particle tracking velocimetry (DPTV) method to examine the flow behavior,in
different sections of a radially-grooved clutch. The results were highly accurateand.can be
useful for thoroughly understanding the flow domain. Their latest study includes.the derivation

of simplified governing equations that consider the effect of gravity (15):

Sax et al. (16) investigated the flow topology in the grooved wet cluteh with 6 different radial
groove patterns. They provided the radial, axial, and tangentialwelocity contours of the fluid in
the grooved region obtained by experiments and compared the experiments with the CFD results.
However, their work contains little information about the methods for estimating the drag torque

value.

Zhang et al. (17) proposed a hybrid model combining a previously presented analytical model
earlier (18) and a ParticlesSwarm:Optimization-Back Propagation (PSO-BP) neural network to
overcome the limitations of the analytical model in drag torque estimation. Their results showed
better agreement with the experiments compared to the analytical results. Nevertheless, the
structure of the proposed model has not been clearly described and does not provide good insight

into the effects of varying different parameters on the value of the drag torque.

Pointner-Gabriel et al. (19) developed a method to create a data-driven model to estimate the
drag torque in the wet clutch and described the model and results in detail in their recent work

(20). They created a dataset based on the results of a test rig and used a corresponding machine



learning algorithm to establish relationships between the various parameters that influence drag
torque. Ultimately, the model predicts the drag torque as a function of rotational speed. The
results of this study are a step forward in the estimation of the drag torque, as they avoid the
computational costs of numerical studies and the economic costs of experimental studies.
However, due to the limited amount of data on which the model was trained, the results may not
be reliable for all types of wet clutches. Furthermore, the effect of the geometrical parameters

was not considered in the extracted model.

Previous studies have examined a wide range of effective parameters on the performance of wet
clutches. However, there are still shortcomings that require further investigation. For instance,
those studies did not focus on the type of fluid flow regime ip-the elutch. It is noteworthy that

choosing the appropriate fluid flow regime is importantforithe'accuracy of simulation results.

In addition, differences between the results of the.analytical models and the experimental data
persist due to the geometric complexity caused by the presence of grooves and the challenges in
analytically solving two-phase flow equations. Moreover, performing experiments or CFD
methods for practical problemsss,often inefficient due to the high economic and time costs.
Newer data-driven models allow fast and precise measurement of the drag torque. However, they
are not yet advanced ‘enough to account for the effects of individual geometric parameters -such
as width and.depth.of the grooves in the radial pattern-on clutch performance. To address these
shortcomings, the present work investigates a new analytical model, evaluates its accuracy and
extends it to cover the two-phase condition and estimates the critical speed and drag torque. This
analytical model can account for the effects of different geometrical parameters in estimating the

drag torque with reasonable accuracy.



In the first step, an attempt will be made to determine the type of flow passing through the wet
clutch using the direct numerical simulation (DNS). DNS is conducted using NEK5000 software,
with results validated by experiments from Neupert et al. (10) and Leister et al. (14). This
process investigates the possibility of turbulence in the flow field. The findings show that the
flow regime in this type of clutch is laminar, based on the stabilization of velocity variations over

time.

Afterward, a steady-state laminar flow simulation is performed using the OpenFQAM-solver to
ensure that there are no differences between the DNS and laminar simulation results.
Subsequently, this validated CFD model is used to investigate the perfoermance of an analytical
model for drag torque prediction under single-phase conditions; Finally, a mathematical analysis
is performed to extend the analytical model to predict drag torque under two-phase flow

conditions. The CFD results evaluate the analytical estimates and show reasonable agreement.

GEOMETRICAL DESCRIPTION*AND COMPUTATIONAL DOMAIN
The basic geometry of the wet elutch,with radial grooves, including the most important
geometric parameters and/boundary conditions, is shown in Fig. 1. The grooved disk acts as a

rotating component, while:the non-grooved disk remains stationary.

The geometrical parameters of two clutches are listed in



Table 1. The first Case refers to an experimental study conducted by Leister et al. (14), while the
second Case is based on the research done by Neupert et al. (10), chosen for its available

experimental data on two-phase flow.

To reduce the computational costs and time, a fraction (1/32) of the entire clutch is simulated in
Case 1, employing periodic boundary conditions on the left and right sides. In Case 2, a similar
approach is chosen, where only 1/60 of the entire clutch is modeled. The grooved disk.rotates at
a constant rotational speed, w. The radial flow is pumped from the inner radius, Ry, With a
constant volumetric flow rate, Q, into the clearance between the two disks.and'exit at the outer

radius, R,.

NUMERICAL SIMULATION

Governing Equations

In order to solve fluid flow problems, at least.two equations must be considered: the continuity
equation and the Navier-Stokes equations. These equations, which are used for single-phase flow

problems, are as follows:
Dp =
—+pVU =0 (1)
DU 5 =
p o= pPg—VP+V-(ul) (2)
where p is the density, t is the time, U denotes the velocity vector, u is the dynamic viscosity,

P is the pressure, A is the coefficient of bulk viscosity, and g is the gravitational acceleration.

Previous experiments have demonstrated that the distribution of phases in two-phase flow is
highly non-uniform, characterized by distinct air bubbles (11). To analyze this multiphase flow,

the volume of fluid (VOF) model is used, which taken into account surface tension to capture the



interfaces between the two immiscible fluids. The use of the VOF method in the model
effectively depicts the entire aeration process, as has been observed in some previous

experiments (7,11).

Since the interfaces move into the flow domain and the phase distribution changes rapidly, the
flow cannot be considered stationary over time. Therefore, a transient simulation is necessary to
be conducted. In transient simulation, it is crucial that the time-steps are sufficiently.small to
stabilize the simulation results. In this method, a volume fraction, a, is defined for each phase,
which represents the ratio of the volume of this phase within a computational cell to the total
volume of the cell. The sum of the volume fractions for all phases within each computational cell

must be equal to one. In this case, this can be expressed as follows:
Aoyt + Agir = 1 ®3)

The VOF model solves a single momentum equation-and a single continuity equation. The
density and viscosity terms in these equations-are defined with the volume fractions of both

phases, as shown below:
P = QoitPoit t AqirPair (4)
K= Qoiloit T XgirHair (5)

As a resultjonly a'single velocity field is obtained that directly couples the phases at the
interface. To track the phase interface, the continuity equation is solved again using the volume

fraction of one phase, as follows:

9(@0itPoi =
(aoa—ltpOl) +V- (aoilpoilU) =0 (6)



The volume fraction of the other phase is obtained from Equation (3). By solving the continuity
and momentum equations using the VOF model, the velocity and pressure distributions of the
fluid mixture, as well as the volume fraction of each phase, are determined. Two methods are
used to perform numerical simulations: steady-state laminar flow and DNS. In the DNS
approach, the goal is to capture all structures and characteristics of the flow on all scales and at
all time steps. Although DNS provides a detailed and accurate representation of the flow field, it
is computationally expensive. The challenges of DNS include the choice of temporal and spatial
discretization methods, minimizing numerical errors, determining the appropriate grid size, and
ensuring sufficient computing resources. According to Kolmogorov theory, which describes the
size of the smallest eddies in turbulent flows, the smallest element.in the computational grid
should be of the order of the Kolmogorov scale (21). As.aresult, the number of elements

required for an isotropic homogeneous turbulent flow problem is approximated by N = 4 -

9

4 Ref, where Re; represents the turbulent Reynolds'number defined as k'/?L /v, and L is the

characteristic length of the flow. Wilcox et al. (22) presented N = (3Rer)§ for the cavity flow
problem, where Re, = u,H/(2v);H"is the cavity width, and u, = U,,/20. It is noteworthy that
all these equations were derived for a specific problem, raising doubts about their applicability to
different types of fluid flow problems. As the Reynolds number increases, turbulent effects in the
flow also increase, 'so'that a smaller computational grid size is required. For this reason, DNS has
so far been limited to low and medium Reynolds numbers.

CFD solvers

Two different CFD codes were used for numerical simulations. NEK5000 is an open-source code
based on the spectral element method (SEM) for spatial discretization. SEM combines the

accuracy and rapid convergence of spectral methods with the flexibility of the finite element

10



method. As a result, SEM is often chosen as the discretization method for DNS. The details of
this method are beyond the scope of this study and are presented in (23) . NEK5000 facilitates
DNS, which is essential for obtaining accurate numerical results, especially for fully turbulent
flows. The DNS was performed to achieve an accurate and reliable solution of the fluid flow in
the wet clutch for further investigation of the flow regime. The other CFD code used in this work
is OpenFOAM, which is also open-source and is based on finite volume discretization.
OpenFOAM was used for modeling steady-state laminar simulations of fluid flows due'to its
simplicity and flexibility.

Boundary conditions

A fixed volumetric flow rate is chosen for the inlet boundary, with a gauge pressure of zero
(Pyauge = 0) at the outlet. The grooved disk is subject to.a,moving wall boundary condition with
a constant rotational speed, while the non-grooved disk.is‘treated as a stationary wall with a no-
slip condition. The presence of grooves makes it difficult to apply rotational speed to the friction
disk, since the groove sidewalls are oriented perpendicular to the direction of rotation. Applying
the rotation to these sidewalls requires.the use of dynamic meshes, which increases both
computational cost and complexity. Alternatively, the multiple reference frame (MRF) model
can be used. In this model, the grooved disk remains stationary while the non-grooved disk
rotates in the opposite.direction. Thus, the desired rotation is achieved by positively rotating the

entire reference frame using the MRF model. The boundary conditions are depicted in Fig. 2.

In the two-phase simulations based on the VOF model, the volume fraction of the oil at the inlet
is set to one, which indicates a pure oil in-flow. At the outlet boundary, the oil exits as a free jet
due to the high rotational speed, while the air is drawn into the flow domain due to a positive

radial pressure gradient near the outlet, caused by the centrifugal force. Hence, the volume

11



fraction of the backflow oil is designated as zero, symbolizing the penetration of air into the
domain. This is achieved by setting the “InletOutlet” boundary condition for the volume fraction
at the outlet boundary. The initial condition for the volume fraction of the oil is set to 0.8 in order
to achieve faster convergence.

Mesh generation

To ensure the accuracy and convergence of the simulation results, three-dimensional hexahedral
meshes are generated for all cases. For the steady-state laminar simulations in OpenFOAM, the
structured mesh has been generated using the commercial software ANSY.SJICEM-CFD with
approximately 1.5x10° hexahedral cells. Fig. 3. Computational gridshdws-the computational grids.
To study the independence of the solution from the mesh, three different meshes were used,
containing 4.8x10%, 7x10%, and 1.5x10¢ cells. The drag terguewvalue on the stationary disk was
considered as the output parameter. The variation in drag terque across the three meshes was less
than 2%, which confirms that the results are not significantly affected by the grid size. For the
DNS cases of the NEK5000, the size of the elements must be fine enough to capture the smallest
eddies that exist in the flow. Therge'is'no general criterion to determine the number of elements or
the appropriate size of elements required to perform DNS for different flow problems. Most
studies refer to Ref. (2&), which suggests the number of elements as a function of Re, required
for obtaining homogenous isotropic turbulence. However, this relationship is specific to a
particular problemrand cannot be generally applied to different flows. Nevertheless, following
the practice applied to the DNS of rotating cavity flows, (e.g. (24-27)), four 3D meshes with
1.8x10°, 2.8x10°, 8.2x10°, and 1.03x10" cells were generated to study the independence of the

solution from the mesh size. Again, the drag torque value on the stationary disk was considered

12



as the output parameter. The change in drag torque between the two finest meshes was 2.3%,

indicating that the calculated results are independent of the grid size.

Time-stepping and convergence criteria

OpenFOAM can solve both the steady-state and transient problems. For the single-phase cases in
OpenFOAM, the SimpleFoam solver was used, which is a steady-state solver based on'the
SIMPLE algorithm. For the multiphase cases, the InterFoam solver was utilized, which solves
two-phase flow problems over time using the VOF model and the SIMPLE-algorithm. To
maintain stability in transient simulations, the Courant-Friedrichs—Lewy.(CFL) number should
generally be kept below one. To achieve this, the time step valueishould be set to a very small
value, especially since the element sizes are also very small. The initial time step was set to 107>
s, and the variable time-stepping mode was enabled to,autematically maintain the CFL limit. The
CPU model used for the simulations is Intel(R) Xeon(R) E5-2696 v4. The number of CPU cores
used for the OpenFOAM simulations was 16, and the computation time for each simulation was

approximately 24 hours to meet thé convergence criteria.

The convergence criterion.was set.to ensure that the L,-norm of residuals is less than 5x107 for
single-phase flows and10™*fer two-phase flows in all the governing equations. It is well known
that DNS cannot'be assumed stationary in time. This is because the goal of DNS is to capture all
spatial and temporal characteristics of the flow without any simplifying assumptions or
modeling. Thus, all cases related to NEK5000 are time-dependent. Given the large number of
cells and their small size, the appropriate time step for this case is about 10® s, which imposes a
huge computational cost. Therefore, the operator integration factor scheme (OIFS) module of

NEK5000 was used, which allows the target CFL number of the simulation to be increased up to

13



4 without causing divergence or instability. With the application of OIFS, the time step value
could be increased up to 1076. The number of CPU cores used to perform the DNS simulations
was 60, corresponding to the large amount of computational grids, and each simulation took

about 7-10 days.

In NEK5000 simulations, the residual tolerances were set to 10° and 10°® for pressure and
velocity. Transient simulations were performed until the drag torque on the stationary disk and

the average of oil volume fraction in the whole domain reached a constant value'in terms of time.

RESULTS AND DISCUSSION

In this section, numerical and analytical results for fluid flow in wet clutches under both single-
phase and two-phase flow conditions are presented and discussed. The main objective is to
develop a novel analytical model that can'estimate the drag torque and critical speed in the whole
range of clutch rotational speed with'reasonable accuracy. To achieve this, a reliable CFD model
is needed to evaluate the analyticalresults.

Single-phase flow condition

In this section, at first'the results of the CFD simulations are validated by comparison with
existing experimental data. Subsequently, DNS simulations are performed to obtain accurate
results and determine the flow regime based on the presence of the velocity fluctuations in terms
of time. Confirming the laminar regime for the flow, a steady-state laminar CFD model is then
used to evaluate the accuracy of the analytical model proposed by Leister et al. (13), in
comparison to the earlier model (12).

CFD model validation

14



For the single-phase simulations, the geometry of Case 1 introduced in

15



Table 1 is generated, and the results are compared with experimental data. Error! Reference
source not found. displays the non-dimensionalized tangential velocity contours in the grooved
and non-grooved areas of the clutch. The contours are based both on experimental observations
and on the numerical results of the DNS and OpenFOAM simulations of the laminar flow. In the
experimental data, a region of high-velocity can be seen in the center of the grooved region,
which is also present in the numerical results. Furthermore, both the experimental and numerical
results demonstrate a linear change in velocity magnitude from one disk to another‘in the non-

grooved region, which is similar to a Couette-type flow.

A comparison between the experimental and numerical wall shear stress can also be made to
better understand the flow regimes and their effects on clutch-performance. Error! Reference
source not found. shows the comparison of the numerical andexperimental results for the non-

dimensionalized wall shear stress, which is given as t,, i, = 4R, w/h in the grooved region.

Error! Reference source not found.a shews,that the comparison between the numerical and
experimental results is satisfactory, with'a maximum difference of about 6%. As one can see,
both curves drop slightly in the'Circumferential direction. Similarly, Error! Reference source
not found.b shows good @greement between the numerical and experimental results with a

maximum deviation of about 3%, which is within an acceptable error range.

Fig. 6 illustratesithe non-dimensionalized tangential velocity obtained by the steady-state laminar

simulation in OpenFOAM and its comparison with experiment (14) across the non-
dimensionalized axial direction at the center of the groove, where 9% = 0.5. It is obvious that

the numerical and experimental data coincide, showing no significant difference between them.

DNS and laminar simulations

16



After validating the DNS simulation with the experimental results and ensuring that the
numerical results are in good agreement with the experimental results, the DNS simulation was

performed for the fluid flow in the wet clutch (Case 1 in

17



Table 1) at two rotational speeds of 23 and 80 rad/s. DNS provides the most accurate results for
the flow characteristics, regardless of the flow regime. The choice of these two speeds is based
on the fact that the critical speed for this case, as will be discussed later, is 85 rad/s, and choice

of 80 rad/s as a higher value assists in examining the entire single-phase region.

Most previous studies that focused on numerical simulation of flow in wet clutches assumed a
laminar flow regime (9, 12, 13). However, none of them has thoroughly investigated.whether
their assumption is correct or incorrect, which is crucial for a comprehensive understanding of
flow physics in open clutch. The best-known characteristic of a turbulent flow is'that the velocity
and pressure of the fluid in a turbulent flow are subject to irregular.fluetuations in magnitude and
direction. Therefore, turbulence is inherently chaotic and unpredictable. Turbulence models
attempt to capture the essential characteristic of turbulence in a:deterministic way based on the
flow governing equation. In DNS however, there is no turbulence modeling and the smallest
temporal and spatial scales of the flow are solved directly. As a result, any turbulence in the flow
can be identified in the temporal fluctuation.of velocity or pressure. Conversely, if the velocity
and pressure at different points of the flow domain reach a constant value with respect to time

and are stable, it can be concluded.that there is no turbulence in the flow.

Fig. 7. Variation of velocitysmagnitude in 4 arbitrary locations in terms of shows the variation of

velocity magnitude at four arbitrary locations in terms of time obtained from DNS simulation at

w = 80 rad/s. The locations where the velocity magnitude is obtained are at R,,, = Rl:RZ =

0.0881 mand 8 = 2°,4°,8° and 10°, at% = 0.5. It is obvious that the velocity magnitude

varies at first, but after about 2 x 10 3s, it stabilizes and reaches a constant value in all four
graphs. Similar results are obtained for the pressure value. Therefore, no turbulence can be seen

in the DNS results.

18



In the following, a steady-state laminar simulation is performed for the two conditions mentioned
above using OpenFOAM, and the results are compared with the DNS results. This is to ensure
that there is no difference between the DNS and steady-state laminar results and validating the
laminar regime assumption for the following studies. To compare the results of both cases, an
approach described in Refs. (28-31) is to select a key parameter that is directly affected by the
flow physics and compare its values at similar locations. In this study, the wall shear stress and

drag torque are chosen as comparable parameters.

Table 2 displays the details of the individual simulations and the measured drag torque on the
stationary disk for each case. The calculated drag torque for laminarand DNS cases differs only

by 0.001 N.m, which is negligible.

Fig. 8 demonstrates the non-dimensionalized wall shear stress along the clutch radius for w = 80
rad/s, at different angular positions (taking into account the angular direction shown in Fig. 1b).
Based on the simulations of the two-phase flow simulations presented in section 4.2.2, the
critical speed in this case is w, =,85rad/ssComparing the laminar and DNS results in Fig. 8a
and Fig. 8d, there is no noticeable'difference between the two, the curves follow each other
closely. In Fig. 8b and Fig..8c; however, some discrepancies can be observed in certain regions
(around R = 0.084wmm to R = 0.086 mm). These discrepancies are particularly noticeable at

6 = 4° and 8= 8""near the grooves. The wall shear stress is constant in the Couette flow along
the wall (here'in the tangential direction) and depends on the pressure gradient in the Poiseuille
flow. In the clutch, the radial flow of the oil behaves similarly to the Poiseuille flow at the
domain inlet so the wall shear stress varies considerably. At higher radii, the dominant flow
behavior shifts towards Couette flow due to the increase in the centrifugal momentum of the
flow -caused by the increase in radius- so that the value of the wall shear stress becomes

19



independent of the pressure gradient and only varies linearly with the radius. This leads to a
decreasing gradient of the wall shear stress curve. The graphs clearly show that the value of the
dimensionless drag torque varies so slightly and remains almost constant for radii above 0.085

m, which indicates a pure Couette flow.

Based on this description, the DNS results in Fig. 8b and Fig. 8c are consistent with the flow
physics and the sudden peak in the laminar simulation results could be due to modeling-and/or
numerical errors. Consequently, it can be deduced again that the flow regime is lfaminar
throughout the range of rotational speed in which the flow is single-phase (from0 to 80 rad/s).
Therefore, this validated CFD setup with laminar flow can be used.forthe following
investigations. Finally, it should be noted that the general methed for.determining the flow
regime is based on the value of the Reynolds number. Ifthe,Reynolds number, similar to the

flow in the channel (Poiseuille flow) and based.on the hydraulic diameter, is defined as equation

(7):

Reh = (7)

Rey, for the two cases is 26.4 and 91.7, which are both small and indicate that the flow regime is
predominantly laminar-over. the entire range of rotational speeds. Moreover, in Ref. (32), it was
found that for flows in rotor-stator cavities, Re, = 8 x10 is the beginning of the flow transition
from laminar te turbulence. Moreover, Dmitrenko (33) presented a solution for the critical
Reynolds number near a rotating disk based on the stochastic equations of the continuum laws
and the equivalence of measures between random and deterministic motions. They argued that

the critical Reynolds number is 3.25 X 10° < Re,, < 7.3 X 10° based on some assumptions.
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It is important to clarify that these conclusions refers to a single rotating disk in an infinite fluid,
not to a system of rotor and stator. Also, as claimed in Ref. (34), the initial breakdown of laminar
flow in a system of rotor and stator occurs around Re, ~ 2 x 10>, which has been also
confirmed implicitly in Ref. (35). While there is considerable discrepancy in the suggested
values for the transitional Reynolds number in the different references, adopting any of these
values as the criteria leads us to assume laminar flow in the present cases. This assumption is
based on the fact that the highest rotational Reynolds number (Considering R, as characteristic

length) examined in this study is 14,320.
Evaluation of the analytical model performance in single-phase condition

As already described, the use of radial grooves in open wet.clutches has a significant influence
on the clutch performance. Studies have shown that.ithe presence of these grooves increases
aeration and reduces the critical speed (10). Various analytical methods for predicting drag
torque and pressure gradient distribution have been proposed in literature, but they are often

unable to accurately predict the behaviorof grooved clutches (2, 6, 7)

The presence of grooves causes non-smooth geometry and additional complexity in the flow
physics, which makes the prediction of flow properties with analytical approaches extremely
difficult. One approach, as outlined by Pahlovy et al. (12), explicitly models the grooves by

introducing ancequivalent gap height ratio for the grooved disks.

A
th,Pahlovy =h+H ag = h + Hﬁ ©

Based on this analytical approach, the drag torque is obtained as:

TUW
T_ M

= ey (R,* = Ry") (9)

21



where h has been replaced by h.,. Although this approach agrees partially with some numerical
and experimental data, Leister et al. (13) have demonstrated that this model has weakness in
predicting drag torque, especially when there are variations in the geometrical parameters of the
disks and grooves. Their new approach is based on concept of the hydraulic diameter, a common
method for simplifying complex geometries in fluid mechanics. Based on this concept, the

equivalent gap height was introduced as follows:

D 2A hm(R1+R)+nHW
heq:_h:_zu (10)
2 P m(R1+R2)+nH

The investigation indicates that this model performs better than the earlier model of Pahlovy et
al. (12). However, further experiments and calculations are necessary:to obtain a more accurate
conclusion. It is important to note that the model has not been validated with experimental or
numerical data. . Further research is required to thoroughly investigate the effect of geometric
features, such as the height and width of the groove,ta gain a more comprehensive and accurate
understanding. Having established a validatediand accurate CFD model for the simulation of
fluid flow with the laminar regime.in the previous section, several simulations are performed for
Case 1 to investigate the accuracy of the new analytical model under single-phase conditions.
This is done by varying the-gap height, the groove height and the groove width and compare the

simulation resultswithithe two analytical models.

Fig. 9a displays the changes in dimensionless drag torque resulted from the simulation and the
two aforementioned models as the gap height changes. The drag torque is non-dimensionalized
by the maximum value obtained in the simulations. The rotational speed is set to 30 rad/s and the
groove height and width to 0.97 and 1.35 mm, respectively. The drag torque decreases with
increasing gap height. This is comparable to the behavior of the shear stress in the Couette flow

when the gap between the two plates increases. It can be seen that the drag torque estimated by
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both analytical models deviates significantly from the numerical results at smaller gap heights.
The maximum deviation is around 27%, at h = 200 um, which represents a considerable

difference. From h = 500 um, however, the numerical and analytical data align.

When comparing the two analytical models, the predicted values are close to each other,
although the model for the hydraulic diameter is slightly more accurate. The analytical groove

models are therefore more suitable for larger gap heights.

Fig. 9b illustrates how the dimensionless drag torque changes with the groove depth. The drag
torque is non-dimensionalized by the drag torque of a non-grooved clutch., The rotational speed
is set to 30 rad/s and the gap height and groove width are set to 0.6 mm_ and 1.35 mm,
respectively. It is obvious that an increase in the groove height and i.e. an increase in the cross-
sectional area of the groove has a favorable effect on the drag.torque, as the oil flow is facilitated
radially and the oil exits the gap between the twordisks more quickly. The deviation of the
hydraulic diameter model from the numerical results is about 50% less than with the previous

model (12).

This is also evident in Fig. 9c,/which shows the variation of the dimensionless drag torque in
terms of the groove width. The maximum differences between the numerical data and hydraulic
diameter model in.these cases are 8.2% and 7.1%, respectively. The CFD results suggest a
gradual decrease. in‘drag torque in terms of groove depth and width, while analytical curves (for
both models) decrease linearly with a steeper slope. The formula for the equivalent gap of the
hydraulic diameter model improves the prediction of drag torque value in comparison to Pahlovy
model (12). With increasing gap width and depth, the difference between the numerical and
analytical results increases, but it should be noted that the practical values of the groove depth

and width do not exceed the intended values.
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Fig. 9d shows the dimensionless drag torque values for the condition, in which the rectangular
cross-sectional area of the groove is constant (HW = 1.31 mm?), while the values of H and W
vary. The drag torque is non-dimensionalized by the drag torque of a non-grooved clutch. The
horizontal axis of this diagram is the aspect ratio of the grooves (H/W). It can be seen that the
Pahlovy model (12) does not capture the variation of the aspect ratio, while the hydraulic
diameter model captures this variation and as the aspect ratio increases, the experimental and

numerical values converge.

It seems that due to the definition of h,, in Pahlovy model, Equation (8), the effect of groove
height (H) dominates the other variables in the calculation of h., becauset is multiplied by the
area ratio (Agroove/Aaisk), Which may not be sufficiently consistent'with the physics of the flow,
and it causes the deviation of analytical results from,the numerical results. In the hydraulic
diameter model, ., is a function of A, W, and H'~ln contrast to the model of Pahlovy et al. (12),
the hydraulic diameter model considers all-geometric variables and thus provide more accurate
results. Further modifications of thisimodel in the following investigations could improve its

predictive capabilities.

Two-phase flow condition

As previously deseribed, aeration, which decreases the drag torque on the stationary disk, starts
at a certain rotational speed. Under this condition, the flow within the domain is two-phase.

To analyze the flow characteristics of a multiphase flow, experiments, analytical models and
numerical simulations can be utilized. However, the existing analytical models are not enough
accurate in predicting the drag torque in the two-phase conditions, and the hydraulic diameter
model has not been derived for two-phase conditions at all. Furthermore, numerical simulation is
not efficient for the computation of drag torque and critical speed in engineering applications,
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due to the high computational cost and time-consuming nature of multiphase simulations. The
hydraulic diameter model has shown acceptable accuracy in predicting the drag torque in single-
phase conditions. Therefore, in this section, after creating a two-phase flow simulation model
using OpenFOAM, the hydraulic diameter model is generalized to cover the two-phase condition
employing a simplifying assumption and mathematical operation, and the results are compared
with numerical results and show good agreement. Moreover, the analytical estimation of the
critical speed is evaluated by comparison with the results of the CFD model.

CFD model validation

To validate the two-phase simulations carried out by OpenFOAM, a comparison was conducted
between the numerical results and the experimental data from Neupertiet al. study (10) in
identical conditions. The geometrical parameters are those listed in Table 2 as Case 2.

Error! Reference source not found. illustrates the drag torque in terms of rotational speed for
both the experimental and numerical results. As can be seen, the numerical results are in good
agreement with the experimental results. It should be noted that the critical speed computed by
the numerical approach is w. = 860 »pm, which is 3.5% different from the value measured by
the experiment, w, = 830 rpm.

Hydraulic diameter modelgeneralization

Leister et al. (13)'simplified the flow equation based on an order-of-magnitude analysis and

provided anexplicit formula for calculating the radial pressure gradient in the domain:

dp 61Q 3prw?
—_—= - — e 11
dr mh3r 10 ( )

Given the good accuracy of the hydraulic diameter model for estimating the drag torque value in
single-phase flow condition, the approach of Pahlovy et al. (12) is used to generalize the
hydraulic diameter model to cover the two-phase flow condition. By defining the volume
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fraction of the fluid as a and introducing a critical radius, 7y, it is assumed that the flow domain
from R, to ry is filled with oil and from r, to R, with air. Although this assumption lacks
physical accuracy, it helps in simplifying the equations and mathematical calculations.

According to this assumption, « is defined as:

_ r¢-RZ
"~ RZ-R? (12)
Integrating equation (11) yields:
6 3pw?
P(r)~P(R) = —ZZIn() + 2% —R%) (13)

At the interface of air and oil, there should be a pressure drop. Ifithe inner and outer boundary of

critical radius, ry, is shown by r,* and r,~ , the pressure drop,can be written as:

P(ry*) — P(ry7) = 2% (14)

where ¢ is the surface tension and ¢ is the'contact angle. Based on Equation (13):

_ 6 5 3pw?, _
P(ry) —P(R) = — 22 In(y 6 — Ry?) (15)

Substituting Equation (14) into Equation (15) gives:

+y v 6uQ g 3pw? 2 _ p 2\ _ 20C0s¢
PO) = PR & 2in (2) + 22 (172 - R,”) - 2222 (16)

The surface tension coefficient for the interface of air and oil is given as (10):

o = —8.444 X 107°9,;; + 0.02992 (17)

where 9,,;; is the temperature of the oil and taken at 30°C. Pahlovy et al. (12) mentioned that in
the equilibrium condition, the pressure at the beginning of the air layer is equal to the pressure at

the entry of the flow domain. Regarding this assumption, the left-hand side of equation (16),
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should be equal to zero. If it is assumed that the value of r,~ is approximately equal to r, the
critical radius can be obtained. Computing the oil volume fraction from equation (12) and

multiplying that by equation (9) provides the analytical value for the drag torque value as:

AT UW
2heq

T = (R,* —RY (18)

This analysis is described in more detail in the Appendix. Once the equations are derived, several

numerical simulations are performed to evaluate the accuracy of the obtained equations.

Fig. 11a illustrates the contours of the oil volume fraction for w = 100 rad/s, and Q =

1 L/min during the simulation time. These contours highlight the dominance of the air phase
over the oil phase in the clutch. As the simulation time passes,the.air/phase extends and the oil
phase shrinks. Fig. 11b presents the drag torque as a function of rotational speed, which was

obtained from CFD simulations and equation (18) at flow rates of Q = 1,3 and 5 L/min.

The numerical and analytical results show good agreement, with a minor discrepancy at the start
of the two-phase region attributed to thexdivergence in critical speed estimation. This

discrepancy, amounting to around 3%, can be considered negligible.

Additionally, a significant difference can be observed at w = 140 rad/s for Q = 5 L/min,
which is probably caused by some inconsistent initial conditions. Consequently, this approach is
proposed as'an extension of the hydraulic diameter model for the two-phase flow, and can be
used in future studies to estimate the drag torque across the entire operation range of the wet

clutch, either single-phase or multiphase.

Table 3 provides the critical angular speeds estimated with equation (11) and the values obtained

from CFD simulations. It is important to note that, after the start of aeration, the pressure at the
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outer diameter of the clutch is lower than the ambient pressure due to an inverse pressure

gradient.

By defining the other parameters, the critical rotational speed is obtained analytically by setting
equation (11) to zero. The difference between the values at Q = 1 L/min is considerable,
amounting to 20%; however, this difference decreases at higher flow rates. This occurs because
higher flow rates fill the domain capacity more quickly, resulting in improved and faster
convergence in numerical simulations. The difference between the values in the other.two cases

are sufficiently small.

CONCLUSIONS

The present study focuses on a new analytical model called “hydraulic diameter model” for
predicting the drag torque in a grooved wet clutch. For evaluating the analytical model
performance, numerical simulations were conducted using two open-source CFD codes:
OpenFOAM and NEK5000; the latter can perform DNS. Besides, the two-phase flow was
simulated with the OpenFOAM code.. Two series of experimental data from previous studies

were used to validate the numerical results.

Firstly, DNS is performed to.obtain accurate results for the fluid flow in the wet clutch,
regardless of the flow regime. Afterward, the presence of turbulence in the flow is investigated.
This investigation‘proved that no sign of turbulence was found in the flow. A comparison
between the steady-state laminar and DNS simulations confirmed the reliability of the laminar
CFD maodel for further investigations. The CFD model was then used to evaluate the accuracy of
the hydraulic diameter model in the single-phase condition. The predicted values of the model

were approximately 50% closer to the numerical results of Pahlovy’s model.
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The difference between the analytical and numerical values was at most 8%, which is reasonable.
After ensuring the good performance of the model in the single-phase condition, an approach
similar to the model of Pahlovy et al. (12) was suggested for extending the hydraulic diameter
model to the two-phase flow, resulting in a correlation for the oil volume fraction and drag
torque in two-phase condition. Several CFD simulations were performed to validate the results
obtained with the generalized hydraulic diameter model, which exhibited good agreement.
Therefore, a revised version of the hydraulic diameter model has been presented. With the
analytical model extended to the two-phase flow, the calculations can be performed more

quickly, allowing more design iterations.

Even if analytical models -such as the model presented in thissstudy- facilitate the calculation of
drag torque and critical speed compared to experiment and CFD, they are not without limitations.
For example, it is known that the geometry of the oilinlet and outlet influences the drag torque
(10). The value of the drag torque differs significantly when oil is injected into the clutch and
when the clutch is deeply lubricated. Sincewradial grooves are simple in design and construction,
they have been the most studied in‘the literature and most analytical models have been extracted
for this type of groove. However, there are other types of grooves that are widely used in
industry and automotive applications and can be studied analytically. According to these issues,
some potential topics for future studies include examining the impact of different clutch groove
patterns on performance, such as inclined, sunburst, waffle-shape, and conical patterns, through
numerical and analytical analysis. Besides, the concept of hydraulic diameter in the clutch can be
modified and extended to various groove patterns to achieve more accurate results. Additionally,

a new groove pattern, similar to the flow streamlines -suggested in some recent studies- can be
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investigated to obtain its performance in single-phase and two-phase flows through experiments

and CFD.
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NOMENCLATURE
4 Area (m?) Z  Axial direction (m)
F: Gravitational acceleration (m/s?) a  Volume fraction
T Groove height (mm) 6  Tangential direction (rad)
n Gap clearance (mm) 9  sTemperature (°C)
K Turbulent kinetic energy (m?/s%) . wDynamic viscosity (Pa.s)
N Number of grid elements v, Turbulent kinematic viscosity (m2/s)
. Number of grooves p  Density (kg/m®)
p Pressure (Pa) o surface tension (N/m)
0 Volumetric flow rate (L/min) ¢  Contact angle (rad)
R, Inner radius (mm) o  Rotational speed (rad/s)
R, Outer radius (mm)
Re Reynolds number
Re, Turbulent Reynolds number
- Radius (m)
T Drag torque (N.m)
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Time (s)
i Velocity vector (m/s)

Groove width (mm)

APPENDIX: Description of the hydraulic model generalization to twe<phase

condition

Based on Leister et al. (13), the Eq. (A.1) defines the pressure distribution in the radial direction
in the clutch. It should be noted that the pressure gradient in the circumferential and axial

directions is assumed negligible, the former due to the assumption ef'symmetric flow around the
z-axis and the latter because of the % <« 1 and the variation of the parameters in the axial

direction is very small compared to the radial direetion. Subsequently, this equation may be
integrated in terms of r as below:

dp 61Q 3prow?
—_—= —-— —_— Al
dr mh3r 10 ( )

fr dp dr — L; (_ 6uQ + 3prw2) dr (A.2)

R1E mh3r 10

2
P(r) = P(Ry) =~ Z%In() + 2~ — R (A)

The above equation can be used to explicitly calculate the pressure at each radius in the flow

domain.
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Afterward, we consider the simplifying assumption of Pahlovy et al. (12) . They assumed that by
defining a critical radius, r,, the flow domain is filled with oil from R, to r, and with air from r,

to R,. Fig. Al shows a schematic of this assumption.

3 —Ri

 R3-RY

(A4)

It is important to note that this assumption is not physically true, because the experiments show

that the distribution of the two phases is completely heterogeneous.

At the interface of air and oil, there should be a pressure drop that is balanced by the surface
tension term. If the inner and outer boundary of critical radius, ry,.is'shown by r,* and r,~ , the

pressure drop can be written as:

P(ro*) — P(rp™) = 22222 (A5)

where o is the surface tension and ¢ is the centact angle. Putting r,~ in equation Error!

Reference source not found. gives:

_ 6 . 3pw? , _
P(re) = P(Ry) = — 2SI NS (5 — Ry?) (A6)

Substituting Eq. (A.5).intaEq. (A.6) gives:

[ § 61Q ry 3pw? ; _ 2 20c0s¢Q
PG = PR =, Z%21n (2) + 22 (172 - R,”) - 2222 (A7)

Now the pressure value at the beginning of the air phase with consideration of surface tension is
achieved. There are a lot of empirical and theoretical relations to measure the surface tension
coefficient in terms of temperature and other thermophysical parameters in literature. Still,
because the oil used in this study is identical to the one used in (10-11), the equation for surface

tension coefficient at the interface between air and oil is given as follows (10):

32



o = —8.444 x 10759,; + 0.02992 (A.8)

where 9,;; is the temperature of the oil and taken at 30°C. Pahlovy et al (12) claimed that at the
equilibrium condition, the pressure at the beginning of the air layer is equal to the pressure at the
entry of the clutch domain. Regarding this assumption, the left-hand side of Eq. (A.7) must be
equal to zero. If the small difference between r,~ and r, is neglected, the r,~ can be substituted
with ry. Therefore, the critical radius can be obtained by solving the Eq. Errork Reference
source not found.. Note that this equation must be solved by numerical methods.and cannot be

solved straightly for ry,.

_%LTL (I:ci) 3Pw ( ro? — Rlz) Zacos<p —0 (A9)

Computing the oil volume fraction from Eg. (A.4) and multiplying that by Eq. (9) provides the
analytical drag torque value as:

ouwa)

T= e (R =R (A.10

As mentioned before, numerical 1nvestigations proved that the aforementioned equations have a
reasonable accuracy in predicting.the drag torque value in two-phase condition. But there are
some deviations at the“beginning of the aeration between numerical and analytical results. One
could note that the onset of aeration occurs in a range of rotational speeds, not only in a specific
point (10). However, the derived model considers a particular speed as the limit between two
conditions: Fully single-phase and fully two-phase flow. The difference between analytical and
numerical results around the critical speed could be due to this fact and needs to be investigated

in future works.
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Fig. Al. Schematic of the Pahlovy’s assumption for oil volume fraction (12) P Q\
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Table 1. Geometrical parameters of the wet clutches considered

Quantity Symbol Case 1 Case 2
(14) (10)
Groove depth [mm] H 0.6 0.6
Groove width [mm] W 1.35 15
Inner radius [mm] Ry 82.5 67.5
Outer radius [mm] R, 93.75 84.25
Number of grooves N 32 60
Gap clearance [mm] h 0.6 0.15
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Table 2. Comparison of simulation outputs between two different CFD methods

Solver Flow regime model Rotational Drag torque (N.m)
speed (rad/s)
OpenFOAM Laminar 23 0.07836
NEK5000 DNS 23 0.07984
OpenFOAM Laminar 80 0.2552
NEK5000 DNS 80 0.2577
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Table 3. Comparison between numerical and theoretical critical velocities for the two-phase condition

Rotational speed (rad/s)
Q (L/min) Equation (11) Numerical Difference
1 47.7 60 20%
3 82.55 85 2.9%
5 114.97 110 4.5%
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