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Kurzfassung 

Nasslaufende Lamellenkupplungen realisieren in Getrieben von Schiffen und Fahrzeugen fast 

ausnahmslos sicherheitskritische Anwendungen, da ein Ausfall der Kupplung zur Manövrierunfähigkeit 

des Schiffes führt oder mit einem Drehmomentverlust verbunden ist. Die Auswertung des aktuellen 

Stands der Forschung zeigt eine Forschungslücke bezüglich des thermischen Verhaltens von nassen 

Kupplungen in industriellen Anwendungen, insbesondere hinsichtlich der Ölverteilung und des 

Einflusses einer druckbehafteten Zwangsbeölung durch den Innenmitnehmer. Der Fokus dieser Arbeit 

liegt auf der Erweiterung des Wissens über das thermische Verhalten von nassen Industriekupplungen 

mit einem ganzheitlichen Ansatz, der simulative und experimentelle Ansätze in effizienter Weise 

kombiniert. Die Untersuchungen werden größtenteils mit Serienbauteilen durchgeführt. Zu den 

theoretischen Ansätzen gehört die Entwicklung eines effizienten, echtzeitfähigen Temperaturmodells 

für Temperaturberechnungen und Vorhersagen. Darüber hinaus wird ein 3D-CFD-Modell zur Analyse 

von Öl- und Druckverteilungen an den Reibflächen erstellt. Zur Validierung werden experimentelle 

Untersuchungen zur Bestimmung des Reibungs- und thermischen Verhalten durchgeführt. Zusätzlich 

wird die Ölverteilung experimentell durch Hochgeschwindigkeitskameraaufnahmen auf dem Prüfstand 

unter Verwendung von transparenten Teilen, die mit 3D-Druck und Laserschneiden hergestellt wurden, 

visualisiert. Ein wichtiges Ergebnis ist, dass der Öldruck an der Reibfläche die 

Drehmomentübertragungsfähigkeit der Kupplung deutlich reduziert. Die vielfältigen weiteren 

Ergebnisse und Einflussfaktoren in Bezug auf das thermische Verhalten nasser Industriekupplungen 

können zudem zur optimierten Auslegung von zukünftigen Kupplungen verwendet werden. 

 

Abstract 

Applications of wet clutches in the gearboxes of ships and vehicles are almost without exception safety-

critical applications, since a clutch failure results in an inability to maneuver the vessel or is associated 

with a loss of torque. Evaluation of current research shows a lack of knowledge concerning the thermal 

behavior of wet clutches in industrial applications, in particular regarding oil distribution and the 

influences of pressurized oil supply through the inner carrier. The focus of this work is about enhancing 

knowledge on the thermal behavior of wet industrial clutches by a holistic approach that combines 

simulative and experimental investigations in an efficient manner. The investigations are mainly 

performed with parts from serial production. The theoretical approaches include the development of an 

efficient real-time capable temperature model for temperature calculations and predictions. 

Furthermore, a 3D-CFD model is established to analyze oil and pressure distributions at the friction 

interfaces. Experimental investigations are performed to determine friction and thermal behavior for 

validation purposes. Additionally, the oil distribution is experimentally visualized by high-speed camera 

recordings on the test rig using transparent parts manufactured with 3D printing and laser cutting. One 

important finding is that the oil pressure at the friction interface significantly reduces the torque transfer 

capability of the clutch. Additionally, the results and identified influencing factors relating to the thermal 

behavior of wet industrial clutches can be used to optimize the design of future clutches. 

 





Contents 7 

 

Contents 

1 Introduction .................................................................................................................................... 1 

2 Literature Review ........................................................................................................................... 3 

2.1 Wet Multi-Plate Clutches in Industrial Applications ................................................................. 3 

2.1.1 Setup and Operating Principle ............................................................................................ 3 

2.1.2 Tribological System and Friction Behavior .......................................................................... 4 

2.1.3 Characterization of Friction Behavior .................................................................................. 6 

2.1.4 Fundamentals of Lubrication and Drag Torque ................................................................... 7 

2.1.5 Industrial Operating Conditions and Requirements ............................................................ 8 

2.1.6 Materials and Oil .................................................................................................................. 8 

2.2 Thermal Behavior of Wet Multi-Plate Clutches ........................................................................ 9 

2.2.1 Governing Equations for CFD and Temperature .............................................................. 10 

2.2.2 Modeling of Energy Input by Friction ................................................................................. 11 

2.2.3 Modeling of Oil Flow .......................................................................................................... 12 

2.2.4 Conjugate Heat Transfer Coefficients ............................................................................... 13 

2.2.5 Thermal Calculation Models and Results from Numerical Studies ................................... 13 

2.3 Experiments ........................................................................................................................... 15 

2.3.1 Plate and Oil Temperature Measurements ....................................................................... 15 

2.3.2 Investigations for Optical Validation of Oil Flow ................................................................ 15 

2.3.3 Investigations of Friction Behavior .................................................................................... 16 

2.4 Conclusion of the Literature Review ...................................................................................... 17 

3 Research Gap, Objectives and Solution Approach ................................................................. 19 

3.1 Research Gap and Objectives............................................................................................... 19 

3.2 Solution Approach ................................................................................................................. 20 

4 Parts and Oil, Experimental and Numerical Tools ................................................................... 23 

4.1 Parts and Oil .......................................................................................................................... 23 

4.2 Test Rig KLP-260 .................................................................................................................. 23 

4.3 Test Rig LK-4 ......................................................................................................................... 25 

4.1 High Speed Camera .............................................................................................................. 26 

4.2 Simulation Tools .................................................................................................................... 26 

5 Investigation Methods for Thermal Behavior of Wet Clutches ............................................... 29 

5.1 Preliminary Considerations and Requirements ..................................................................... 29 

5.2 Real-Time Temperature Calculation and Temperature Prediction ........................................ 30 

5.2.1 Mathematical Model .......................................................................................................... 32 

5.2.2 Temperature Prediction ..................................................................................................... 33 

5.2.3 Characterization of Transient Plate and Oil Temperature Courses .................................. 34 

5.3 CFD Model for Calculation of Oil Distribution and Reduction of Axial Force ........................ 35 

5.3.1 Calculation Domains and Meshes ..................................................................................... 35 



8 Contents 

 

5.3.2 Governing Equations and Solvers ..................................................................................... 37 

5.3.3 Boundary Conditions and Initialization .............................................................................. 38 

5.3.4 Model of Reduction of Axial Force Due to Hydrodynamic Pressure ................................. 39 

5.4 Experimental Investigations of Friction Behavior and Temperature ...................................... 40 

5.5 Experimental Investigations for Visualization of Oil Flow ...................................................... 42 

6 Validation and Plausibility Checks of Investigation Methods for the Thermal Behavior .... 45 

6.1 Real-Time Temperature Calculation and Temperature Prediction ........................................ 45 

6.1.1 Plausibility of Plate Temperatures in Comparison to KUPSIM Simulations ...................... 45 

6.1.2 Validation of Plate Temperatures and Pressure in Comparison to Measurements .......... 46 

6.1.3 Validation of Temperature Prediction ................................................................................ 49 

6.2 Sensitivity Analysis and Optimization of Temperature Prediction Method ............................ 49 

6.2.1 Design of Sensitivity Analysis ............................................................................................ 50 

6.2.2 Evaluation of Sensitivity Analysis ...................................................................................... 50 

6.2.3 Optimization of Real-Time Temperature Prediction Method ............................................. 51 

6.3 CFD-Model for Calculation of Oil Distribution and Reduction of Axial Force ........................ 53 

6.3.1 Plausibility of Flow Modeling Assumptions ........................................................................ 53 

6.3.2 Study on Mesh Independence of Solutions ....................................................................... 54 

6.3.3 Validation of Calculated Oil Pressure ................................................................................ 55 

6.3.4 Plausibility of Calculated Heat Transfer Coefficients ........................................................ 56 

6.4 Experimental Investigations for Visualization of Oil Flow ...................................................... 57 

6.4.1 Geometrical Quality of 3D Printed Parts ........................................................................... 57 

6.4.2 Transparency of the Material ............................................................................................. 59 

7 Results and Discussion .............................................................................................................. 61 

7.1 Visualization of Oil and Dynamic Filling Behavior ................................................................. 61 

7.1.1 Filling Behavior with Eight Friction Interfaces .................................................................... 62 

7.1.2 Filling Behavior with Four Friction Interfaces .................................................................... 63 

7.1.3 Influence of Oil Distributor Pattern on the Filling Behavior ................................................ 64 

7.2 Thermal Behavior and Temperature Distribution .................................................................. 65 

7.2.1 Influence of Lubrication and Clutch Type .......................................................................... 65 

7.2.2 Variations in Operating Conditions .................................................................................... 66 

7.2.3 Variations of Oil Distributor Patterns ................................................................................. 67 

7.2.4 CFD Simulation: Variations of Oil Distributor Pattern and Operating Conditions .............. 70 

7.2.5 Heat Transfer Coefficients during Continuous Slip ........................................................... 71 

7.2.6 Reduction of Axial Force due to Pressure Distribution ...................................................... 72 

7.3 Overall Summary of Results .................................................................................................. 74 

8 Recommendations for Industrial Application ........................................................................... 77 

8.1 Recommendations for Implementation .................................................................................. 77 

8.2 Variables Influencing the Thermal Behavior .......................................................................... 78 

8.2.1 Oil Distributor Pattern Design ............................................................................................ 78 

8.2.2 Oil Flow Rate ..................................................................................................................... 79 



Contents 9 

 

8.2.3 CoF, Sliding velocity and Clutch Pressure ........................................................................ 79 

9 Summary and Outlook ................................................................................................................ 80 

9.1 Summary ............................................................................................................................... 80 

9.2 Outlook .................................................................................................................................. 82 

10 Literature ...................................................................................................................................... 83 

 





Nomenclature 11 

 

Nomenclature 

 

Symbol Unit Name 

A m² surface 

α W/m²K conjugate heat transfer coefficient 

 β̅ 1e-6/K coefficient of linear thermal expansion 

C J/K thermal capacity 

c m contour 

c J/kgK specific heat 

Δ - differential 

d m diameter 

η Pas dynamic viscosity 

fx,y,z N/m³ volume force component in cartesian x,y,z direction 

F N force 

J kgm² inertia 

λ W/mK heat conduction coefficient 

μ - CoF 

n rpm differential speed 

ν m²/s kinematic viscosity 

ω 1/s angular velocity 

P W thermal power 

p N/mm² surface pressure 

Q̇ W thermal (friction) power 

q̇ W/m³ internal heat source 

Q J (friction) work 

rm m mean radius 

R K/W thermal resistance 

Re - Reynolds number 

ρ kg/m³ density 

Tf Nm friction torque 

T K temperature 

t s time 

ϑ °C temperature 

u m/s flow velocity component in x-direction 

V̇oil mm³/s absolute oil flow rate 

v̇oil mm³/mm²s specific oil flow rate 

vs m/s sliding velocity 

v m/s flow velocity component in y-direction 
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Symbol Unit Name 

w m/s flow velocity component in z-direction 

x  cartesian x-direction 

y  cartesian y-direction 

z  cartesian z-direction 

z - number of friction interfaces 

 

Indices 

 

ax axial m mean 

conv convection nom nominal 

d drag torque o outer 

eff effective red reduced 

f friction s sliding 

fp friction plate sp steel plate 

g groove syn synchronized 

hc heat conduction therm thermal 

i inner   

 

Glossary 

AI artificial intelligence 

ATF automatic transmission fluid 

CFD computational fluid dynamics 

CHT conjugate heat transfer 

CoF coefficient of friction 

DIN Deutsches Institut für Normung e. V. 

EHL elastohydrodynamic lubrication  

FEM finite element 

FVA Forschungsvereinigung Antriebstechnik e.V. 

GUM Guide to the Expression of Uncertainty in Measurement 

LIF Laser Induced Fluorescence 

LL load level 

LS load stage 

MP multi-purpose 

neutrography dynamic neutron radiography 

PIV Particle Image Velocimetry 

RZ refinement zone 
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SLA Stereolithography Apparatus 

ST static loads 

vof volume of fluid 
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1 Introduction 

In industrial applications (e.g. marine), wet multi-plate clutches are frequently used for the connection 

of auxiliary units, e.g. for connecting and disconnecting compressors, fans, (fire-fighting) pumps and as 

slipping clutches. Applications as slipping clutches are for example the trolling mode and the so-called 

fire-fighting mode. Trolling mode is a variation of the propeller speed at constant engine speed to realize 

propeller speeds below idle speed for harbor and canal cruising as well as positioning tasks. In fire-

fighting mode, the drive motor runs constantly at the rated speed to drive a fire pump. At the same time, 

the drive speed of the propeller is controlled by a slipping clutch. This results in great thermal loads on 

the clutch depending on the speed of the motor. 

The applications in the gearboxes of ships and vehicles are almost without exception safety-critical 

applications, since a clutch failure results in an inability to maneuver the vessel or is associated with a 

loss of torque. To prevent this condition, the clutch is designed with a high degree of safety in mind. 

Thermal overloading of the clutch during operation must be avoided. In this context, the steadily 

increasing requirements in terms of power density are in competition with the demand for high 

operational reliability. As a result, clutches are either over-dimensioned (focus on safety) or there is a 

possibility of failure due to thermal overload during operation. 

The loads on the clutch can be quantified by mechanical and thermal load spectrums. Previous 

investigations have shown that the thermal behavior of multi-plate clutches mainly influences their 

damage behavior and service life. Knowledge of thermal behavior is therefore indispensable for 

quantified estimation of the service life. 

Investigations of the thermal behavior are typically carried out by means of time-intensive test series. 

The tests require extensive test rig capacities that are often not available to this extent in the industrial 

environment. In the case of industrial clutches (e.g. marine), the size of the clutches and transmitted 

torques are very large, which is why tests can often only be carried out with reduced reference systems. 

For example, the diameter or the number of friction interfaces is reduced compared to the practical 

application to be able to use existing test rigs. Regardless of size, the challenge is to set up 

representative test conditions to simulate operating conditions that are close to the application. The 

deviations of the load conditions between test and practice make it difficult to transfer the test rig results 

to the application in the gearbox. 

Simulative investigations of thermal behavior of clutches offer an important step towards reducing effort 

and designing operating conditions more freely. In this context, a degree of detail of modeling adapted 

to the respective problem should be implemented to optimize the computational and modeling effort. 

Established programs, such as for example the KUPSIM simulation program, already allow virtual 

thermal investigations of clutches. KUPSIM makes it possible to estimate the thermal behavior of the 

clutch under changing loads. 

During the development of KUPSIM, the focus was on lubrication situations and geometries of inner 

carriers typical for applications in the automotive sector. However, in industrial applications, different 

inner carrier designs are typically used. The lubrications of these so-called industrial inner carriers differ 

from that of clutches used in the automotive sector. Industrial inner carriers have a bore system (oil 

distributor pattern) by which the oil is supplied to the clutch package in axial and radial directions in a 

volume-flow- or pressure-controlled manner.  

The need for further research on the thermal behavior of clutches in industrial applications is therefore 

identified in the following sections after presenting the current state of research, and the results of the 

performed investigations are presented. 
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2 Literature Review 

2.1 Wet Multi-Plate Clutches in Industrial Applications 

2.1.1 Setup and Operating Principle 

Wet multi-plate clutches are categorized as shiftable clutches with external actuation [Ver71]. They allow 

shifting with differential speed and enable stepless adjustment of the transmitted torque. Clutches can 

operate as a clutch to synchronize two rotating shafts, or as a brake to brake a shaft against a stationary 

housing. 

The plate pack consists of various clutch plates, among which power is transmitted by frictional torque. 

The plates have alternating internal or external teeth, whereby they are connected to the corresponding 

inner and outer carriers. This connection is rotationally fixed, but axially displaceable. Thus, an axial 

force can press the plates together and establish frictional contact [Nie83]. 

In addition to the classification into inner and outer plates, plates can be categorized as steel and friction 

plates depending on their function. A conventionally designed plate pack of a clutch consists of steel 

and friction plates arranged in alternating sequence. A steel plate corresponds to a steel ring with teeth 

and two flat contact surfaces. A lining plate consists of a toothed carrier plate to which a friction lining is 

applied on both sides to establish frictional contact with the two adjacent steel plates. The lining can be 

made of paper, carbon or sintered metal and has grooves to improve oil cooling [Fis16, Nie03]. 

Figure 1 shows a typical structure of a multi-plate clutch. The sectional view on the left shows a plate 

pack containing four externally toothed steel plates and three internally toothed friction plates, resulting 

in six friction interfaces. The outer and inner diameters do and di refer to the friction lining between the 

steel and friction plate. The top view on the right shows a partial segment of a friction lining and the 

mean friction radius rm. 

 

Figure 1: Sectional view of a multi-plate clutch with friction lining diameters (left) and partial segment 
of a friction surface with mean friction radius (right) according to [Mei17] from [Sch22a] 

When the plates are separated with a thin gap, the clutch is in the open state, where no torque can be 

transmitted. Applying the axial force Fax to the clutch leads to contact between the plates, and the clutch 

is in the closed state. The coefficient of friction (CoF) µ and the applied axial force at the interface 

together with the number of friction interfaces z and the mean friction radius rm define the transmittable 

friction torque [Mei17, Win85]. 

Tf=Fax⋅μ⋅rm⋅z (2.1) 

According to Winkelmann [Win85], the mean friction radius can be determined as the arithmetic mean 

of the friction surface diameters do and di: 

rm=
do+di

4
 (2.2) 

The contact area between a steel and friction plate in the closed state is called the gross friction area. 

Groove patterns are not considered in the definition of the gross friction area [Hen14, Mei17]. The gross 

friction area is calculated from the inner and outer diameters of the friction lining. 
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A=
π⋅(do

2-di
2)

4
 (2.3) 

To compare the loads on clutches of different sizes, the characteristic values of the clutch pressure and 

sliding speed are widely used. According to [Nie03], the nominal clutch pressure sets the axial force in 

relation to the gross friction area. 

p=
Fax

A
 (2.4) 

The sliding velocity vs can be calculated from the relative angular velocity Δω or differential speed Δn of 

the plates. Their relationship can be described by the following equation: 

vs=Δω⋅rm=
2π

60
⋅Δn⋅rm (2.5) 

2.1.2 Tribological System and Friction Behavior 

Tribology examines mechanical systems in terms of friction, lubrication and wear. In the optimization of 

tribological systems, the minimization of energy and material losses can be seen as the main objective. 

Crucial for this is the knowledge of the CoF during operation [Czi20]. 

Friction and wear are influenced by many parameters. The current operating conditions, external 

influences and complex interactions between the friction partners affect the behavior of the friction 

system. The tribological system (tribosystem) of a wet multi-plate clutch consists of the friction pairing 

of the steel and lining plates and the lubricant. The tribological system is influenced by the geometry 

and material properties of the plates, the loads, as well as the physical properties of the lubricant and 

other surrounding fluids as sketched on the left side of Figure 3.  

To be able to assess these complex mechanisms, the behavior of the tribological system can be 

described by the current CoF. Figure 2 provides an overview of the influencing variables obtained from 

various sources [Mei17, Nau19, Rao12, Wei12, Zou13] that can affect the CoF. 

 

Figure 2: Overview of the influencing variables on the CoF of a wet multi-plate clutch translated from 
[Mei17] 

From this multitude of influencing variables, the sliding velocity vs should be emphasized for wet clutch 

systems as it influences e.g. interfacial lubricant film thickness. Based on this, the Stribeck-Curve can 

be used to classify different friction states. The Stribeck-Curve as shown in Figure 3 on the right is a 

graphical representation of the CoF as a function of the interfacial lubricant film thickness [Wäs14]. 
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Herein, the lubricated friction states are defined as fluid friction, mixed friction and boundary friction. 

During the engagement process of a wet multi plate clutch all three states are present whereas the 

boundary friction is the most important friction state [Czi20, Lay11, Pfl88]. According to Voelkel [Voe20] 

the surface topography of the friction lining is designed such that the formation of hydrodynamic load-

bearing components is avoided as far as possible. While the clutch is disengaged (open) drag torque is 

transferred due to shear stresses of the fluid (fluid friction). As these are parasitic losses the objective 

during clutch development is to avoid them. 

  

Figure 3: Sketch of tribological system at the friction interface (left) and Stribeck-Curve showing 
influence of film thickness on CoF (right) translated from [Zör17] 

Further insight in terms of a model for the inner and outer friction boundary layer is developed by Winkler 

[Win08] for the use case of synchronizers. According to literature [Egu01, Ing10a, Voe20] this model is 

also fully applicable to wet clutch applications. 

Figure 4 schematically shows the structure of the outer boundary layer consisting of a base layer which 

carries the adsorption layer consisting of polar groups and attached alkyl chains. According to the 

summary description of Voelkel [Voe20] this adsorption layer interacts with lubricant molecules. 

 

Figure 4: Schematic structure of the outer boundary layer translated from [Win08] 

The outer boundary layer determines the friction behavior of the clutch. To minimize free energy, the 

surfaces react with the surrounding materials. Even during production, the free surface generated due 

to machining reacts with the surrounding substances such as coolant/lubricant or atmospheric oxygen. 

In the gearbox, locally occurring mechanical stresses during the friction process, which are greater than 

the bonding forces of the boundary layer components, lead to new free surfaces. These react 

immediately with the surrounding substances, i.e. with components of the lubricant, the material of the 

friction partner or other substances added to the contact, such as removed boundary layer components 

from other areas. These reactions show a strong dependence on temperature. [Win08] 
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2.1.3 Characterization of Friction Behavior 

Rearranging of equation (2.1) enables the calculation of the CoF from measurements of the axial force 

and friction torque. Thereby courses of CoF over time and CoF over sliding velocity are obtained (µ-v-

curves). Since the CoF depends on many influencing variables, it is suitable to introduce characteristic 

values of CoF to enable systematic characterization of the friction behavior of different friction systems.  

The reasonable application of characteristic values depends on operating conditions. Typically, 

according to sliding speed ranges different characteristic values are used to characterize the friction 

behavior. According to Meingassner [Mei17] three speed ranges are distinguished as micro slip (or no 

slip as static friction, vs,m = 0 … 0.0001 m/s), low speed slip (vs,m = 0.0001 … 0.5 m/s) and brake shift 

(vs,m > 0.5 m/s) as pictured in Figure 5. 

 

Figure 5: Classification of the operating modes of wet multi-plate clutches according to sliding velocity 
from [Mei17] 

Using the data of the µ-v-curve the average CoF (µavg) is calculated by averaging in the interval of 

0…60 % of maximum differential sliding velocity, as visualized in Figure 6. The average CoF indicates 

the torque transfer capability of the clutch [Acu14, Sto19, Sto18a, Voe19]. 

Furthermore, the value µ2/µ5 is calculated by division of the CoF at 50 % of max. sliding velocity (µ2) and 

the maximum of the CoF in the interval from 0 … 10 % of max. sliding velocity (µ5). The characteristic 

value µ2/µ5 is a measure for the gradient of the µ-v-curve (dµ/dv). Near the end of engagement, the CoF 

should decrease as sliding velocity decreases to achieve good control and comfort from the clutch 

package and to avoid self-excited vibrations (shudder) [Acu14, Mäk05b, Oht94, Ran04]. 

Shudder can occur when dµ/dv in the µ-v-curve is negative [Mäk05b] which is equal to µ2/µ5 < 1.0 

[Acu14]. The friction behavior is stable with values of µ2/µ5 > 1.0 [Acu14, Sta13, Sto18a]. 

 

Figure 6: Specific values friction behavior according to [Hen14, Sta13] from [Sto21] 

According to Meingassner [Mei17] and Voelkel [Voe20], µtop is a good characteristic value to describe 

the friction in unsteady low speed slip. It represents the value of the CoF at maximum differential speed. 

Figure 7 shows an explanation for the measured value for two types of µ-v-curves leading to equivalent 

values of µtop according to Strobl [Str22]. 
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Figure 7: Explanation of µtop for two types of µ-v-curves with equivalent values of µtop from [Str22] 

2.1.4 Fundamentals of Lubrication and Drag Torque 

The transmittable torque and the endurable friction power of a multi-plate clutch are to a large extent 

limited by the thermal behavior of the clutch. To reduce the thermal load, multi-plate clutches are 

operated wet in many applications. In this case, the clutch plates operate in a lubricated environment 

that primarily serves to dissipate heat. Lubrication can be carried out centrally via the inner carrier and 

can also be implemented as pressure lubrication by means of appropriate seals. Alternatively, a multi-

plate clutch can be operated with sump lubrication, whereby the plates rotate in an oil sump with a 

defined oil level. 

To allow oil to flow between the plates even in the closed state, the friction lining often has a groove 

pattern. In addition to the cross-section and the arrangement of the grooves, heat dissipation to the 

cooling oil and the surrounding components is influenced by many other factors. Important factors are 

the supplied oil flow, the oil distribution within the interfaces, and the air intake into the cooling oil. To be 

able to compare the volume flow between different sizes, the characteristic value of the specific oil flow 

rate is used, 

v̇oil=
V̇oil

A⋅z
 (2.6) 

which relates the total oil flow rate 𝑉̇oil to the gross friction area A of the clutch [Nie03, Wit13]. 

However, the improved cooling due to wet operation simultaneously increases the power losses of the 

clutch. The losses of a wet multi-plate clutch are referred to as drag torque. These occur in the open 

state and are therefore load independent. The drag torque is generated by fluid shear in the air gap 

between the plates, which is filled with cooling oil [Nie03]. Especially when several wet multi-plate 

clutches are applied in an application, the drag torque can account for a significant proportion of the 

power loss of the overall system [Plo17]. 

The drag torque depends on many factors that can be considered to reduce these losses. These include 

the grooving of the friction lining, the clearance between the plates, the oil flow rate supplied and the 

temperature or viscosity of the cooling oil. The number of friction interfaces and their mean diameter 

also influence the drag torque. Nevertheless, these parameters are largely responsible for the maximum 

transmittable torque and are therefore defined by the application. In addition, the drag torque is strongly 

dependent on the differential speed, which is also mostly defined by the application [Drä13, Drä16, 

Drä15, Oer00, Poi22]. 

Analysis of drag torque is usually performed on the drag torque over the differential speed curve. This 

curve can be separated in three phases depending on differential speed and drag torque behavior. The 

rise and fall to the maximum drag torque occurs in phase one. Initially the gap between the plates is 

approximately fully filled with oil and the drag torque increases almost linearly until reaching a peak 

value. After reaching the peak the drag torque decreases indicating that the gap is now filled with an oil-

air mixture. The drag torque continuously decreases until it reaches a plateau with an approximately 

constant value indicating the beginning of phase 2. The air input into the cooling oil can be explained by 
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the fact that the centrifugal force of the rotating clutch promotes a larger volume flow than supplied. In 

phase 3, a renewed increase in drag torque can be observed due to wobbling plates [Drä16, Poi22]. 

2.1.5 Industrial Operating Conditions and Requirements 

Typical use cases for wet multi-plate clutches include the acceleration of large propeller and generator 

masses in a secure manner in the marine industry, or comparable heavy-duty applications in other 

industrial and agricultural powertrains. These applications require clutches with high torque and high 

heat capacity [Gro22, Lin18]. 

The shifting cycles involve transitions between open and closed modes. However, non-stationary and 

continuous slip under high clutch pressures are also typical modes of operation in industrial / marine 

clutches [Gro22]. The application as shifting element enables synchronization of rotational speeds and 

transmission of torque. The clutches face high differential speeds and clutch pressures, but compared 

to continuous slip, this is usually for a limited period of time [Sch19]. 

Production batch sizes of large clutches used in maritime and industrial environments are small and 

often do not allow extensive functional and durability tests on prototype parts. Further limitations of the 

experimental validation can be found in the clutch sizes, with diameters in the range of more than one 

meter, and the large torques that are transmitted. Due to the high security and durability demands, 

designs based on assumptions of worst-case scenarios are used. This leads to over-dimensioning of 

the clutches and increases costs as well as weight, fuel consumption and CO2 emissions [Gro21b]. 

2.1.6 Materials and Oil 

Materials and oils are key parameters that define the performance of wet friction systems such as high 

CoF, good friction characteristics (e.g. decreasing CoF at the end of the engagement), high temperature 

resistance and durability, minimal run in period, minimal wear, and a low influence of oils and their 

additives [Kea97, Lam06, Ran04, Sto21]. According to [Bac10] the selection of the best friction lining 

always depends on multiple functional and economical requirements. Nevertheless, proven materials 

for industrial applications are combinations of steel plates with sinter-based friction linings and high 

viscosity oils [Hoe01].  

Sintered friction linings based on bronze and iron represent the largest group of metallic friction linings 

[Ber17]. Depending on the manufacturing process used, sintered friction linings can be divided into 

scatter sintered and foil sintered friction linings. In the case of scatter sintered friction linings, the sintered 

friction lining and the bonding layer are scattered directly as powder onto the steel plate and then 

sintered in the furnace. This produces a uniform, non-detachable bond with the carrier plate. A plane-

parallel surface and the desired grooving of the friction lining is achieved by pressing. In the foil process, 

on the other hand, the friction lining is first prepressed and then bonded onto a previously copper-plated 

carrier plate. After application of the friction lining, the friction plate must be ground to achieve thickness 

tolerances and the required parallelism. The grinding process can deteriorate the friction behavior by 

clogging the pores. [Hoe01] 

Besides the sinter and steel material, the friction behavior of multi-plate clutches is significantly 

influenced by the composition of the oil, its additives and viscosity as well as the ageing condition 

[Hau07, Lay11, Müh18]. The oil considerably influences the friction behavior of the clutch and the shifting 

comfort. Furthermore, the oil supply ensures cooling and lubrication of the shifting elements. The 

additives play a key role in ensuring that the wide range of requirements placed on the oil are met. The 

oils typical temperature resistance is within the range of about -40°C to 150°C [Lay11]. Thermal ageing 

of the oil should be avoided, due to the high thermal resistance of the oil. Foam formation must be 

avoided, and deposits and corrosion must be prevented. Compatibility with the materials that meet the 

oil must be achieved. Finally, the additives contained in the oil ensure that there is a high static CoF and 

- for reasons of comfort, good friction characteristics. 
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2.2 Thermal Behavior of Wet Multi-Plate Clutches 

The thermal behavior of wet multi-plate clutches mainly influences their service life and damaging 

effects. Especially peak temperatures and the temperature profiles over time influence spontaneous and 

permanent damages of the clutch [Hen14, Lin17]. 

The temperature in the clutch plates rises through heat input during the slip phase. The relative 

movements of the plates at the friction interfaces of the closed clutch lead to friction losses that occur in 

the form of thermal power. Under the assumption that there are no further power losses, the thermal 

power Q̇ is defined as the difference between input and output power. 

Q̇=Pin(t)-Pout(t)= T𝑓(t)⋅(ωin(t)-ωout(t)) (2.7) 

Integrating the thermal power over the duration of one synchronization process results in the friction 

work that defines the thermal load. 

 

Q= ∫ Pin(t)-Pout(t) dt
tsyn

0

 (2.8) 

The thermal load of a clutch increases with the frequency of shift cycles and the height of specific loads. 

The sum of friction work of the shifting cycles per hour is the value of the friction work per hour. The limit 

value from the manufacturer for the maximum permissible friction work per hour must not be exceeded 

during operation [Zör17]. 

Basically, heat transfer can be described by different phenomena: by heat conduction between 

components, by convection as well as by heat radiation. The latter is negligible regarding wet multi-plate 

clutches. 

The advantage of a wet multi-plate clutch compared to a dry clutch is the ability to transfer the heat 

introduced by friction to the fluid by forced convection on the cooling oil. This process can be described 

by Newton's cooling law. 

The heat distribution within a wet clutch is shown qualitatively in Figure 8. In the case of a steel/paper 

friction interface, the heat input occurs almost exclusively in the steel plates. This is due to the different 

thermal conductivity of the materials. The paper lining behaves like a heat conductor, which is why the 

carrier plate can hardly absorb any energy. This different distribution of heat results in very high peak 

temperatures in the steel plates. At the steel/sinter interface, on the other hand, heat is distributed evenly 

over all components, which results in a balanced temperature distribution with comparatively lower peak 

temperatures [Voe18, Woh12]. 

 

  

Figure 8: Comparison of temperature distributions (red: steel plate, green: friction lining, blue: carrier 
plate) of two friction interfaces with paper (left) / sinter (right) friction linings at the same 
specific loads according to [Woh12] 

Heat is also transferred to the surrounding components, such as shafts and housings. This occurs via 

the contact surface of the plates with the shafts in the splines [Gro21b, Voe18]. 
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2.2.1 Governing Equations for CFD and Temperature 

The basic equations of hydrodynamics are used to calculate the oil flow and solid temperatures in wet 

multi-plate clutches in this thesis. These equations are based on the continuum mechanical conservation 

laws for mass, momentum and energy (a.o. [Bar10, Dur06, Pol09, Sch06]). 

Depending on the kind of observation, the properties in a moving fluid are either determined on a fixed 

point in space (Eulerian approach) or by following the fluid parts along their streamlines (Lagrangian 

approach). In the context of this work, the Eulerian approach is used, in which the changes of the flow 

variables at a fixed fluid element (balance volume) are considered. The equations consist of the local 

derivative at the balance volume and a convective derivative of the quantity, which results from the 

change of the quantity flowing in and out of the balance volume. 

Flows can be further categorized into compressible and incompressible flows. Compressible fluids react 

to pressure changes with a change in density and volume. Incompressible fluids do not show any density 

changes due to pressure. Furthermore, laminar and turbulent flows can be distinguished from each 

other. Laminar flows are characterized by flows flowing in smooth paths with layers, whereas turbulent 

flow is fluid motion characterized by chaotic changes in pressure and flow velocity. 

With computational fluid dynamics (CFD), quantities such as density, pressure, velocity, temperature 

and friction of a flow can be calculated. For this purpose, the fluid is divided into fluid elements, to which 

volumes with continuum properties are assigned. Corresponding balance considerations are then 

carried out on these volume elements. A sufficiently fine subdivision of the balance volumes should be 

considered to resolve the flow well. Furthermore, a lower limit results from the compliance with the 

continuum assumption on which the derivation is based. Recommendations for a lower limit of the 

volume element size with the same side length are approx. 0.215 μm to 1 μm [Bar10]. 

In the following, the equations for conservation of mass, momentum and energy are given in 

dependence of cartesian coordinates (x, y, z) and time t. A detailed derivation and description of the 

equation components can be found, for example, in [Bar10] and [Pol09]. 

The mass conservation equation at a volume element describes that the temporal change of the mass 

in the volume element is equal to the difference between incoming and outgoing mass flows at the 

volume element. Mathematically, this can be represented for a compressible flow as follows. 

∂u

∂x
+

∂v

∂y
+

∂w

∂z
=0 (2.9) 

Here u,v,w are the velocity components belonging to the corresponding coordinate direction. 

The balance of momentum conservation at the volume element is established by considering the change 

in time of the momentum within this volume. The momentum change is calculated as the difference of 

the momentum currents entering and leaving the volume element, the surface forces acting on the 

volume element and the mass forces acting on the mass of the volume element. The momentum of a 

fluid element is the product of its mass and velocity. The resulting system of equations is also known as 

the Navier-Stokes equations. The Navier-Stokes equations for an incompressible flow with Newtonian 

fluid behavior and constant viscosity are. 

ρ⋅ (
∂u

∂t
+u⋅

∂u

∂x
+v⋅

∂u

∂y
+w⋅

∂u

∂z
)  =fx-

∂p

∂x
+η⋅ (

∂2u

∂x2
+

∂2u

∂y2
+

∂2u

∂z2
) (2.10) 

ρ⋅ (
∂v

∂t
+u⋅

∂v

∂x
+v⋅

∂v

∂y
+w⋅

∂v

∂z
)  =fy-

∂p

∂y
+η⋅ (

∂2v

∂x2
+

∂2v

∂y2
+

∂2v

∂z2
) (2.11) 

ρ⋅ (
∂w

∂t
+u⋅

∂w

∂x
+v⋅

∂w

∂y
+w⋅

∂w

∂z
)  =fz-

∂p

∂z
+η⋅ (

∂2w

∂x2
+

∂2w

∂y2
+

∂2w

∂z2
) (2.12) 

Here ρ corresponds to the density of the fluid element, f describes an applied volume force, p 

corresponds to the pressure and η is the dynamic viscosity 

The basis of temperature calculations within the solids of a wet multi-plate clutch is derived from the 

three-dimensional fundamental heat transfer equation (2.13). The equation can be derived by applying 
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the principle of conservation of energy to the balance of the thermal energy of a volume element inside 

a heat-conducting body. In sum, energy can neither be dissipated nor generated, so the addition of heat 

during a time interval must lead to a corresponding increase in the internal energy. This is consistent 

with the First Law of Thermodynamics for an open system without work and without consideration of 

kinetic or potential energy. Details on derivation and further explanations can be found in [Pol09]. 

𝜌𝑐
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝜆

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜆

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜆

𝜕𝑇

𝜕𝑧
) + 𝑞̇ (2.13) 

Here c is the specific heat, T is the temperature, λ is the heat conduction coefficient and q̇ is an internal 

heat source. 

2.2.2 Modeling of Energy Input by Friction 

The energy input on the friction surface corresponds to the friction work performed per unit of time. 

Therefore, modeling of energy input during the slip phase assumes that the friction work is completely 

dissipated as heat [Gei37]. According to equation (2.7) the energy input is defined as the product of 

differential speed and friction torque. Thus, the modeling of energy input by friction corresponds to the 

question of an accurate friction torque or CoF model [Voe17]. The results presented below have been 

published by Strobl, Schermer, Grötsch, Pointner-Gabriel, Voelkel, Pflaum and Stahl  [Str22]. Modeling 

the friction behavior of wet multi-plate clutches is difficult whereas the friction behavior is the key 

parameter defining thermal loads and comfort characteristics [Göp21] at the same time. Experimental 

research on the friction behavior of wet clutches shows various influencing factors e.g. oil, material and 

applied load (a.o. [Acu14, Ing10b, Kat19, Mäk05b]). Due to lack of hands-on applicable friction models, 

energy input is often modeled with constant CoF, friction maps (e.g. [Gro21b]) or models lacking any 

possible physical interpretation (e.g. [Ma19]). The development of state-of-the-art friction models is 

based on physical modeling or curve fitting methods. Sophisticated physical modeling approaches exist 

in the case of elastohydrodynamic lubrication (EHL) based on Reynolds linear elasticity and load 

balance equations [Bjö13]. For low entrainment speeds during ball on disc tests, the deviations between 

numerical predictions and experiments of CoF are in general less than 10 % [Bjö13]. However, the large 

gap and the porosity of the friction lining prohibit application of EHL methods to wet clutches [Ing10a]. 

Nevertheless, there are physical models from application of dynamic pressure lubrication theory and 

Hertz contact theory enabling the estimation of CoF in wet clutches and helping to understand the friction 

mechanisms [Wan18, Yos19]. However, their practical relevance is limited which is caused by the 

assumptions and simplifications during model derivation. Besides these physical approaches, many 

empirical models exist that are parameterized by curve fitting with measurement data. The models 

consist of linear/quadratic (a.o. [Yan98]), logarithmic (a.o. [Gao02, Yan98]), exponential (a.o. [Dav00]) 

or hyperbolic (a.o. [Mar07]) terms or combinations of these mathematical terms (a.o. [Häg16, Yan98]). 

Another approach is the fitting of the Stribeck-curve to measurement data (a.o. [Bar15, Zha09, Zha18]. 

All of these models have sliding velocity (respectively rotational speed) in common as an input 

parameter, sometimes extended by clutch pressure and contact temperature [Häg16, Yos19, Zha18]. 

Logarithmic approaches are motivated by the logarithmic dependence of shear stress of organic friction 

modifier boundary films [Ing10a], but need special assumptions for zero sliding velocity. Stribeck-curve 

models distinguish between the friction behavior with the constant static friction coefficient and kinetic 

friction coefficient and try to combine curve fitting methods with the possibility of physical interpretation. 

Most of these empirical models concentrate on reproducing the friction behavior of a single tribological 

system. Furthermore, sliding velocity is often considered to be the only variable model input parameter. 

As a result, it is not possible to identify the main influencing parameters on the friction behavior, and 

evaluation of applicability across different tribological systems is impossible.  

Recent research also applies data mining [Wu21] and machine learning [Shu21] techniques on the 

torque transfer behavior of wet clutches. The data mining approach analyses friction behavior and states 

the main influences on the CoF of the studied tribological system in descending order as clutch pressure, 

friction surface temperature, feeding oil temperature and differential speed. The authors state that their 
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approach is superior to the classical one factor at a time and designed experiment approaches, but do 

not rate the high effort of experiments to apply their method. The machine learning approach focuses 

on a non-linear torque transfer function representing the whole clutch system, and therefore is not a 

contribution for modeling the CoF. 

2.2.3 CFD Approaches and Modeling of Oil Flow 

The oil flow defines cooling conditions within the clutch and is therefore an important part of thermal 

models. The flow situation, which has a major influence on cooling, differs significantly for closed (friction 

and closed cooling phase) and open (open cooling phase) clutches. Excerpts of the text presented 

below have been published by Grötsch, Niedenthal, Völkel, Pflaum and Stahl [Gro22, Gro20]. 

Most CFD publications focus on the open phase and the calculation of cooling performance and drag 

torque (a.o. [Bin18, Gro20, Neu19]). Computational methods for the calculation of lubrication in open 

clutches are current topics of research [Gro19a, Neu19, Pan19, Par19, Pen19]. The approaches can be 

categorized into analytical or reduced 2D CFD models and 3D approaches [Cui14a, Hu09, Iqb13, Iqb14, 

Mah15a, Pah14, Pah16a, Pah16b, Pah17, Pen19, Sun14, Yua11, Yua10, Yua07]. Due to the limited 

options of the consideration of the various influencing factors of the complex flow conditions, especially 

in the grooves, 2D models usually only give acceptable results for non-grooved clutch designs. 

The state of the art is therefore the development of 3D numerical fluid simulation models. At higher 

speeds, it is necessary to consider a multiphase (oil-air-mixture) flow [Yua03]. Most common is the 

volume of fluid (vof) method [Asa18, Jam11, Mah15b, Mah16, Mah17, Neu17, Ter18a, Ter18b, Wu15]. 

Results from these models show a good match between calculation and test rig measurements. Due to 

the high computational costs and calculation times of this method, strong simplifications of the clutch 

geometry are often applied. Groove designs with symmetries or periodicity are preferred to reduce 

model sizes. Transient and stationary solutions can be obtained with the vof method. 

Other approaches for the calculation of open clutch lubrication are mixture models [Tak11] and cavitation 

[Gro19a, Rud11, Sin02] models. These solve the multiphase flow region by considering a viscosity of 

the oil-air-mixture. One advantage of these is short computational time. Furthermore, Dümeland 

[Düm84] describes the flow state in the gap with an analytical solution of basic hydrodynamic equations. 

This solution can be used to calculate the possible oil flow rate when the gap is filled, as well as the 

pressure and velocity distribution in radial direction. 

Besides open clutch modeling, few models consider the closed state that can be solved stationary (a.o. 

[Beh18, Mar09, Ter18a]) or transient (a.o. [Cui14b]), often with constant sliding velocity. Solving the two-

phase-flow of oil-air mixtures at the friction interfaces is also computationally expensive (a.o. [Bas16, 

Beh18, Ter18a]). Nevertheless, recent publications show that CFD simulations enable the estimation of 

the oil distribution at each friction interface depending on loads and oil distributor patterns [Bas16, 

Gro22, Ter18a] of a closed clutch. The influence of the pattern of oil distributors at the inner carrier for 

automotive / motorcycle clutches shows nonlinear effects on oil distribution at each friction interface. 

Even six evenly distributed oil inlets lead to non-uniform oil distributions [Ter18a], which corresponds to 

the experimental investigations of [Grü13]. The authors state that the design of the inner carrier 

dominates oil distribution at the friction interfaces [Grü13]. On the other hand, clutches with pressurized 

oil-supply, which is typical in industrial applications, show uniform oil distribution if sufficient oil is 

supplied to ensure single-phase flow conditions. The design of the oil supply in the inner carrier has no 

influence on the stationary oil distribution in the sealed clutch [Gro22]. 

Another approach is to simplify the oil flow by means of the homogenized Reynolds equation [Mar09] or 

by solving a simplified 1D flow model [Häm95, Voe18]. This significantly reduces computational costs 

but prohibits oil distribution analysis and introduces new input parameters that have to be gathered by 

preliminary simulations [Mar09] or measurements [Häm95, Mar09, Voe18].  

The calculation of shifting cycles [Voe16b] with long durations involves transitions between open and 

closed modes, and could be important for designing clutches that are operated in both regimes. 
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2.2.4 Conjugate Heat Transfer Coefficients 

The convective heat dissipation through the cooling oil ensures that the temperature increase is quickly 

reduced after a shifting cycle. The cooling situation is very complex due to the underlying physics and 

the interconnection with the oil flow in the grooves and interface gaps. To be able to take the main 

effects into account in a calculation model, suitable model assumptions must be made. 

On the basis of analytical models [Alb10], it is possible to calculate a conjugate heat transfer (CHT) 

coefficient of the open and closed clutch by measurements of the steel plate temperature and the oil 

temperatures entering and leaving the grooves [Häm95]. By applying empirical knowledge from a lot of 

test rig results and further physical ideas, the CHT coefficients are also applicable during multiphase 

conditions [Häm95, Voe18]. However, there is a wide variety in the numerical results, since not all 

physical effects are captured. 

Besides the analytical methods, it is also possible to define an empirical based lumped CHT coefficient 

through experiments [Kim18, Le 17, Rao12] or a Nusselt correlation [Che11]. The lumped CHT 

coefficients work as calibration factors for the thermal model, and they unite all unknown heat transfer 

phenomena, such that the calculated temperatures correspond to the measured ones. The 

disadvantages of this approach are the lack of direct physical interpretability and the need for extensive 

measurements. Furthermore, the results usually show great variability depending on operating 

conditions. 

However the calculation of CHT coefficients between oil flow and solid regions depending on groove 

patterns and applied loads is also possible [Beh18, Kar11, Par16, Yas18]. The possibilities of application 

seem to be only limited by the available computational power. Most authors limit their models to one 

friction interface [Beh18, Yas18], whereas others even take the whole surrounding and the calculation 

of its CHT coefficients into account, and show very good agreement to the measurements [Kar11]. The 

advantages of the simulative approaches are deep insights into the complex physics that influence the 

CHT coefficients and the possibility to assess influencing factors precisely. E.g. according to [Beh18], 

the right choice of rotational direction and an appropriate choice of groove angle can increase CHT 

coefficients in a disengaged automotive clutch by five times. Furthermore, [Yas18] investigate three 

different groove designs and show differences in CHT coefficients of each design. 

2.2.5 Thermal Calculation Models and Results from Numerical Studies 

First works, which form the basis of today's thermal calculation models, had already been published at 

the beginning of the last century. Geiger [Gei37], for example, calculated the temperature of a clutch 

with a simple one-dimensional model, which is probably real-time capable with today's hardware. He 

already considered the heat conduction in connecting components and stated that the friction interface 

temperature is a damage criterion. Furthermore, he defined the coupling condition during the friction 

power input at the friction interface. 

Other works that can be regarded as an important basis for thermal calculation of wet clutches are the 

experimental and theoretical investigations of Steinhilper [Ste62, Ste63a, Ste63b, Ste63c, Ste64]. 

Based on the laws of heat conduction, he developed one- and two-dimensional equations for calculating 

the temperature in multi-plate clutches. Furthermore, he transferred these systems of equations into 

thermal networks, in which, however, oil cooling cannot be considered. The thermal networks are 

converted into electrical circuit diagrams to carry out experimental investigations. The accuracy of the 

calculation results is confirmed by comparison with experiments. Furthermore, he found that for practical 

purposes, a one-dimensional approach to thermal design is usually sufficient. Due to the strongly 

deviating operating conditions and friction materials (e.g. asbestos), more current literature is 

summarized in the further course. 

The importance of thermal modeling results, among other things, from the goal of preventing overloads 

and adapting control strategies to the temperature-dependent friction behavior. Depending on the 

objective, models of various complexities have proven themselves, ranging from the simplest estimation 

formulas [AT303] to multiphysics [Cho12] or coupled CFD and finite element (FEM) simulation 
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approaches [Kar11]. Besides self-developed research codes in C [Yan95] and Fortran [Häm95], models 

were also built in Matlab/Simulink [Gro21b, Liu12, Roh04, Zha09] as well as in Ansys [Lei12, Sch22b], 

SimericsMP+ [Gro22] or other commercial programs. 

Most computations are performed in the research or pre-development area on appropriate desktop 

hardware. E.g. the FVA (Forschungsvereinigung Antriebstechnik e.V.) program KUPSIM enables 

thermal design and recalculation in order to estimate thermal loads on the clutch under changing 

operational loads. The calculation models and the results are validated with good agreement by 

comparison with test rig results [Häm95, Voe18, Woh12]. 

However, especially for the online monitoring of clutches in operation, real-time capable simulation 

models have been developed that work as virtual temperature sensors. There are publications for rear 

axle gearboxes [Seo15, Seo11], automotive transmissions [Cho12], double clutch applications [Wu19] 

as well as parametric modeling for multiple use cases (automotive, marine, industry) [Gro21b]. Online 

monitoring by means of real-time capable calculation models allows the control strategy to be adapted 

to the thermal behavior of the clutch. This can, for example, improve the shifting quality in the case of 

strongly temperature-dependent friction behavior [Cho12, Mar07, Wu19]. Furthermore, the pressure in 

the clutch, which leads to shorter shifting durations but higher temperatures, can be optimally adjusted 

[Zhi16]. In addition to these comfort optimizations, overload protection is also possible by means of real-

time capable calculation models. For this purpose, the clutch pressure should be automatically reduced 

if a certain clutch temperature is reached [AT303, Gro21b, Wu19]. [Wu19] propose a clutch temperature 

limit of 250°C. According to [Cho12], a counter could also document the exceeding of critical 

temperatures and thus be used for lifetime predictions. 

However, 2D or 3D simulation models are required to evaluate and analyze the temperature distribution 

in the clutch components. If the thermo-mechanical stresses are also considered in the calculations, 

damage can be made accessible to the calculation. [Xie10] determined with his model that the 

temperature rise at hot spots generates thermal stresses in the plates that exceed the yield strength and 

can thus cause deformation and thus also severe wear up to failure. Further thermo-mechanical 

investigations can be found in [Sch22b, Xie10, Yan95], which confirm an uneven contact of the friction 

partners. 

Calculations by [Zha09] predict the maximum of the calculated temperatures in radial direction in the 

region of the mean friction radius, which decreases slightly towards both edges. However, more recent 

publications see the temperature maximum rather in the region of the outer diameter [Lei12, Sch22b]. 

Schneider also confirms that in axial direction, the middle plate is thermally most severely loaded, which 

is implicitly used as a model assumption in many other models [Gro21b, Woh12]. However, this seems 

to depend strongly on the installation and lubrication situation, since [Cui14b], for example, see the 

highest temperatures in the area of the second friction interface in their installation with 12 friction 

interfaces. 

Advanced computational models also take into account the influence of heat dissipation via the gears 

to the connected carriers, since these make a significant contribution to the cooling of the clutch [Cho12, 

Gro21b, Kar11, Voe18].  

The influence of grooves in the lining materials on the thermal behavior can be investigated with the aid 

of complex modeling. [Miy09] show that a combination of radial and circumferential grooves causes 

significant reductions in the maximum temperatures, with the influence of the circumferential grooves 

dominating. [Lei12] assume that the heat can be dissipated best by radial grooves. This is confirmed by 

the results of [Jan11]. However, the authors' statement that the use of waffle-shaped grooves does not 

provide any advantages over non-grooved plates regarding thermal behavior must be critically 

questioned. 

Calculation models that also include the diffusion of cooling oil into the friction lining as well as the 

compressibility of the linings show that both variables lead to a reduction in peak temperatures [Yan95, 

Zhi16]. Furthermore, permeability and the deformations of the lining influence the occurrence of thermal 

instabilities [Jan99]. 
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The thermal conductivity of the friction partners significantly influences the distribution of heat [Jen08]. 

Furthermore, depending on the lining material, the thermal conductivity in radial direction is more 

pronounced than in axial direction [Xie15]. A change in the thickness of the friction partners as well as 

the thermal conductivity can strongly change the temperatures [Sch22b]. In contrast, variation of the 

elastic modulus shows very little effect on temperatures [Jan99, Sch22b]. 

2.3 Experiments 

2.3.1 Plate and Oil Temperature Measurements 

The high dynamics of temperature changes in a wet multi-plate clutch, especially during the friction 

phase, requires a fast temperature measurement technology. Thermocouples (mostly NiCr-Ni class 1) 

are well established for this purpose [Beh18, Gro21b, Hen14, Mar09, Pay91, Voe18]. Their function is 

based on the thermoelectric effect due to which charge carriers are arranged in a conductor along the 

temperature gradient. In metals, the electrons shift to areas of low temperature. This results in a voltage 

that depends on the temperature at the measuring point [Mai06]. Thermocouples are contact 

thermometers, which means that they must be in contact with the body to be measured. To measure 

temperatures within a component, holes are drilled or eroded to the desired depth. Thermal resistance 

in the contact can be reduced by using thermal paste [Sch19]. A further application is possible by gluing, 

but deviations in the measurements are to be expected due to the contact resistance of the adhesive, 

which must be compensated by suitable calibration [Ost01]. When applied to rotating components, 

telematics is required for data transmission [Czé09, Hen14]. Thermocouples are usually used to 

determine the mass temperature of the plates to draw conclusions about the friction interface 

temperature. For this purpose, the thermocouple is positioned axially in the center of the plate [Gro21a, 

Par16]. This type of installation is mainly selected for thin steel plates, since here, in conjunction with 

the high thermal conductivity, a very low axial temperature gradient occurs within the plate [Iva09]. 

[Fis94] measures the friction interface temperature directly by welding the thermocouple to the plate at 

the level of the friction interface. The weld spot is ground to minimize the influence on the friction system. 

This complex application of the thermocouple does not allow the plate to be dismantled for further 

investigations between tests. A compromise between effort and proximity to the friction contact is the 

placement of the thermocouple just below the friction interface. E.g. [Mar08, Mat93] choose this position, 

whereby [Mar08] takes the temperature 0.3 mm below the friction interface as the friction interface 

temperature. He justifies this with good thermal conductivity, since the temperature signal reacts to 

changes in the differential speed without relevant delay. 

The choice of the radial position of the thermocouple often falls on the mean friction radius to map the 

mass temperature. Since the sliding velocity increases with the radius, a higher energy input is expected 

in the outer region of the friction lining compared to the interior. To capture these differences, [Czé09] 

chose different radii for their thermocouples, but the same axial distance to the friction contact.  

[Hol99] does without thermocouples and determines the friction interface temperature with the aid of an 

infrared thermometer. However, this option is only possible for special test rig setups. 

Another very complex alternative to thermocouples is the use of fiber-optic temperature sensors. [Alb18] 

achieves a very high spatial resolution with up to 700 measuring points in a clutch pressure plate. Since 

the measuring points are distributed around the circumference as well as lying at different depths below 

the friction surface, this method enables a comprehensive analysis of the temperature distribution and 

heat flow in the component. However, there is a very high effort in the context of application, test 

execution and the later data analysis. The method is to be classified as a niche application for special 

use cases. 

2.3.2 Investigations for Optical Validation of Oil Flow 

The validation of CFD simulations, which often represent very complex processes and depend on many 

influencing variables, is usually carried out using test rig experiments or measurements from field 
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operations. For example, values from measurements can be compared with the simulated values to 

check the transferability of the simulation results [Sch22a]. 

For many CFD simulations, an optical validation of the flow is chosen. With a suitable test rig setup, 

details such as air entrainment in the grooves as well as global flow conditions in the entire clutch can 

be investigated. However, due to the complex geometric conditions and operating modes of multi-plate 

clutches, optical validation methods of the lubrication situation often prove to be very elaborate and 

costly. 

[Alb12] use the particle image velocimetry (PIV) method for optical validation. With this, particles are 

added to the oil and a reduced clutch with a single lining plate is mounted in a transparent test 

environment. A high-speed camera records the particles that are made visible by a laser. In the 

evaluation, a mapping of the particles is performed in successive images, resulting in the generation of 

a velocity vector field of the oil flow. [Web10] use the laser induced fluorescence (LIF) method, in which 

a fluorescent dye is added to the oil. By irradiating the oil with UV light, a very high-contrast image of 

the oil can be obtained. This method enables examination of details such as the topography of seals 

and the oil film. [Grü13] use dynamic neutron radiography (neutrography) to ensure that the clutch 

operates as close to the application as possible during optical validation. This procedure is like an 

examination with X-rays. If the components are made of aluminum, the neutron radiation can visualize 

the oil distribution in the plate grooves and in the rotating clutch. 

A less complex approach can be found in [Kit03], who replace the foremost steel plate in a multi-plate 

clutch by a fixed acrylic glass pane in order to enable a view on the plate. [Neu19, Neu21, Ter18a] 

validate their CFD simulations with high-speed cameras. [Ter18a] uses 3D-printed plates and 

transparent components in the area of the oil supply. [Neu19, Neu21], on the other hand, use a special 

test rig setup, in which a single lining plate with a defined air gap rotates in front of a transparent disc 

and is lubricated from the inside. Similar approaches with transparent plexiglass discs have already 

been used at FZG to investigate the lubrication of gears with sump lubrication. [Liu18] investigates the 

effect of oil level on efficiency, while [Hil22] evaluates the effect of oil baffle plates. Both papers involve 

CFD simulations validated by high-speed camera imaging. 

According to [Sch22a], an optical validation is suitable when the objective of a CFD simulation is not 

only about measuring characteristic values, such as temperature, pressure or drag torque, but the flow 

behavior of the oil. The complex methods of PIV, LIF or neutrography are suitable to make very specific 

details visible that could not be observed otherwise. These are sometimes associated with great effort 

and expense. Simpler methods, such as the use of transparent components or operation behind a 

plexiglass pane, are suitable for validating more general statements about flow behavior that can be 

observed with the eyes or a camera. The use of a high-speed camera extends the scope to very short 

events, such as air bubble formation, but also increases the costs. 

2.3.3 Investigations of Friction Behavior 

[Acu14] indicate in their publication that the friction behavior of wet multi-plate clutches is not predictable, 

and that therefore experimental investigations must be carried out. This applies in particular to new 

friction and oil combinations. It is therefore not surprising that many new publications with new test 

methods for characterizing the frictional behavior of wet multi-plate clutches are still being published. 

Overview studies comparing different test methods have also been published [Lin98, Mur00].  

Internationally, modified SAE2 machines are usually used for the tests. A description of the setup can 

be found in [Mäk05a]. German institutes usually operate their own test rig setups [Bis21, Mei17, Str21]. 

A large part of the tests carried out deals with automatic transmission fluid (ATFs) releases or tractor 

applications [Mäk05a]. In the field of research, however, the influencing parameters and effect variables 

are also investigated. [Ing10b] shows with ball on disc tests that friction behavior is significantly 

influenced by additives in the oil. He himself speaks of a transferability of his tests to the system of wet 

multi-plate clutches. Investigations by [Müh18] indirectly confirm the findings by establishing that the 
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base oil is of only minor importance for friction behavior and that it is therefore significantly influenced 

by the additives. 

Due to the high cost and effort of experimental investigations, one objective is to minimize the time 

required. [Acu14, Acu13] developed a test method for this purpose, with which paper friction systems 

can be systematically characterized quickly. However, this method cannot be applied directly to sinter 

friction systems, since it leads to large scattering. On this basis, [Sto18a, Sto18b] developed a test 

methodology that can be applied to both sinter and carbon systems. Their test consists of p-v variations 

at different load levels. In the context of her investigations on the running-in behavior, [Voe20] also 

optimizes the duration until a constant or linearly decreasing friction behavior is reached, by suitable 

test procedures. Here, she develops a methodology for all lining types and for load stages and 

applications in transient slip. The investigations show that the end of the running-in is a system variable 

that is strongly influenced by interactions. 

Another possibility to streamline test programs while at the same time maintaining high significance lies 

in the use of statistical methods [Sie17, Sud11]. [Fri17] use statistical test planning to determine the 

tolerances of double-clutch components during the development process. [Str22], on the other hand, 

directly tries to determine the CoF as an input variable for thermal simulation in a time-optimal manner 

using ANOVA and regression models. The same method of a two-stage test plan is used by [Man02] to 

derive a deep understanding of the system with regard to the influencing variables of the clutch 

engagement process. [Bis21], on the other hand, uses the methods to derive explanatory models, with 

the help of which clutch slip can be used as an active damping element in the powertrain. 

[Mäk05a] focuses his research on developing test methods for applications in limited slip differentials. 

For this purpose, a new test rig is being set up which considers the operating modes of a limited slip 

differential, and extensive measurements of friction, wear and temperature behavior are being carried 

out. He also confirms the large additive influence on the friction behavior of sintered friction linings. 

Furthermore, a large influence of the temperature and a small influence of the pressure on the friction 

behavior is shown. 

[Abu06] also deals with the decisive influences on the performance limits in continuous slip operations. 

In the area of sintered friction linings, very pronounced friction coefficient and temperature fluctuations 

distributed over the active friction interface of the steel plates were already evident well before the 

performance limit was reached. He identified the cooling oil volume flow and the level of the base speed 

(speed of the grooved plate) as having a major influence on the level of friction power to be endured. 

[Kat19] show that the manufacturing process of the lining on the friction plates can significantly influence 

friction behavior. Their results suggest that the E-modulus of the lining is correlated with dynamic friction 

behavior.  

Other influences are in the surface properties of the friction partners. [Nym06, Zou13] show correlations 

between friction and surface properties, but [Zou13] restrict that this is particularly applicable to dry 

friction pairings. 

2.4 Conclusion of the Literature Review 

Thermal behavior of wet clutches is a well-established topic in the engineering research society. 

Therefore, new findings are not about the one new big thing, but are working incrementally towards 

small improvements in better understanding of the already known things. 

The thermal behavior of clutches represents a central core in the field of research on wet multi-plate 

clutches, as it decisively defines the service life and functionality of clutches. The thermal behavior is 

therefore of utmost relevance for both research and users. 

The simulation of the thermal behavior of wet clutches based on the basic hydrodynamic and thermal 

equations involves a variety of modeling approaches. With the help of the calculations in existing 

research work, important influencing variables such as the lubrication situation, loading, materials, oil 

and operating conditions can be shown and investigated. 
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Furthermore, there is still a strong focus on experimental investigations to generate new knowledge and 

to validate simulation results in this area. 

The analysis of the existing literature shows that the potentials of modern engineering tools have not 

yet been fully transferred to clutches - in particular, the path towards virtual product development and 

thus the strengthening of the field of thermal simulation can still be extended. Potentials are particularly 

evident in the areas of friction behavior and input variables for thermal simulations, which have so far 

been investigated mainly experimentally. 

According to the current state of research, friction behavior for application-oriented friction systems will 

continue to be determined experimentally, since the physical explanation models are not yet transferable 

to sufficiently complex systems. However, there is the possibility of specifically considering non-physical 

explanatory models for applications and research in this area. With the help of big data analytics, artificial 

intelligence (AI), and other statistical explanatory models, great added value can be created, and the 

number of new experimental studies required can be significantly reduced. The literature research 

already shows first promising approaches which, however, also point out the still existing need for further 

research. 

In the area of thermal calculation, there are already many good and established alternatives from the 

field of simulation. However, it is important here to reduce the dependence on input variables from 

complex tests. Since the friction behavior, as explained in the previous paragraph, is still excluded, the 

focus should be placed on the area of oil modeling. The oil models used nowadays still need a lot of 

empirical data that is supported by measurements. There is potential here, for example, concerning oil 

distribution and oil delivery capacity of clutches. According to the results of the literature research, these 

can already be determined by calculation. In the application, the focus should also be on the advantages 

of targeted best- and worst-case calculations that can be carried out regarding, for example, 

manufacturing tolerances. The effects of wear on the oil carrying capacity of the clutch during operation 

are also easier to implement in an existing simulation model than would be possible in a real test setup. 

Another important aspect is the determination of CHT coefficients. This can be seen as one of the more 

challenging next steps towards a more purely virtual product development. Here, the literature research 

shows a large spread of semi-analytical and purely empirical approaches in which it is also openly 

admitted that the actual physical interpretability of the quantity is softened more in the direction of a 

calibration factor for the respective system. Other authors show that a purely computer-aided 

determination is already possible today. These models are more complex implementations, but the 

expected know-how gain is probably worth this step. There is still the potential to generate an extended 

physical understanding of the influencing variables for the optimization of the cooling behavior with the 

help of grooving. Thereby, many small-scale effects can be used and interpreted compared to previous 

experimental setups. 

Users and researchers from the field of industrial clutches can benefit from these approaches. On the 

one hand, the experimental conditions are particularly challenging, while on the other hand, most 

publications in the field of highly innovative simulations can rather be assigned to the automotive sector. 

There is thus a research gap around development, applicability and transferability of state-of-the-art 

calculations and simulation approaches for the thermal behavior of wet multi-plate clutches in industrial 

applications. 
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3 Research Gap, Objectives and Solution Approach 

3.1 Research Gap and Objectives 

The thermal behavior of clutches from industrial applications has not been sufficiently studied to date. 

The focus of many published scientific papers, both in the experimental and theoretical context, is on 

automotive applications. 

An important feature of the tribological system of an industrial clutch in the sense of this thesis is the 

implementation of a pressurized oil supply. It is to be expected that this will influence both the thermal 

behavior and the frictional behavior of the clutch. Questions that have not yet been answered in this 

context include the extent to which pressurized oil supply affects the oil distribution within the clutch or, 

functionally, the transmissible torque. Therefore, fundamental questions relating to the existing oil and 

pressure distribution in the clutch are still open when influencing variables such as the bore pattern of 

the oil supply bores in the inner carrier or the operating conditions are varied. 

The investigation of the oil distribution offers the possibility to analyze how evenly the oil distribution 

takes place over all friction interfaces of a clutch system. Furthermore, the dynamics of the filling process 

is relevant and investigation results on this have so far mostly been published for clutches from non-

industrial applications. 

The usually low quantities produced in conjunction with the infrastructural challenges due to the clutch 

dimensions (size, power) make extensive experimental investigations of the thermal behavior and 

friction behavior in clutches from industrial applications difficult. With the help of simulative calculations 

for oil distribution as well as the use of thermal clutch models, these operational limitations can be 

overcome. Nevertheless, there is a need for research in the context of industrial clutches since the 

specifics of industrial clutches are not represented at all or only inadequately in existing models. There 

are open questions regarding the transferability of former thermal models to clutches from applications 

in the industrial environment. It is unclear whether the large thermal masses of the plates and carriers 

as well as the heat transfers between these components are adequately captured. Furthermore, an 

adapted modeling of the lubrication situation for industrial clutches must be examined. The provision of 

real-time capable digital twins of the thermal behavior of wet clutches has also been published so far 

mainly in the context of automotive applications. 

The identified research gaps show an opportunity to expand the existing knowledge base about the 

thermal behavior of industrial clutches with pressurized oil supply. The objective of the thesis is to reduce 

the existing gaps through a combination of experimental and theoretical work. For this purpose, reliable 

simulation methods for the calculation and prediction of the thermal behavior as well as for the simulation 

of the oil and pressure distribution are developed within the theoretical works. The calculation and 

prediction of the thermal behavior shall be implemented as a real time temperature model in terms of a 

digital twin of the clutch. The digtial twin can be used in offline mode for extensive variation calculations, 

for example in the context of pre-development, and for parameterization for online and predictive 

operation. In online mode (on controller hardware), the temperature of the clutch components can be 

calculated live using fed-in sensor signals and predictions can be made for future shifting or while 

maintaining the current operating state. 

With CFD simulations, the steady-state oil and pressure distribution in the clutch per friction interface is 

investigated. The pressure distribution can then be used, for example, to examine the interactions 

between the axial force imposed by the piston and the hydrodynamic pressure due to pressurized oil 

supply. Furthermore, the potential of calculating CHT coefficients by means of CFD simulations is 

analyzed. The overall objective of the theoretical work is thus to capture the thermal behavior as fully as 

possible in the form of a real-time capable temperature model (digital twin). Furthermore, the CFD 

simulations serve to improve the understanding of the system as well as the possible generation of input 

variables, which otherwise must be determined in a time-consuming manner by means of experimental 

investigations. 
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Additionally, experimental investigations are carried out to further increase the understanding of the 

system and to validate and fully parameterize the theoretical models. Friction behavior and heat transfer 

coefficients are recorded as input variables for the thermal models. Furthermore, temperature 

measurements on the component test rig serve to identify relevant effects on the thermal behavior and 

are used to validate the real-time temperature model and the CFD simulations. With the help of high-

speed recordings with 3D printed transparent components, the CFD modeling is additionally validated 

and results are generated for system understanding with regard to the dynamic filling behavior and the 

oil distribution in the clutch system. 

The objective of the work is thus to combine theoretical and experimental approaches to investigate the 

thermal behavior of wet industrial clutches in a holistic manner. The main objective is to show the 

relevant influencing factors on the thermal behavior of industrial clutches with pressurized oil feeding, 

which are identified by applying the different methods. 

3.2 Solution Approach 

Chapters 1-3 demonstrate the importance of wet clutches in industrial applications and the need for 

further research on thermal behavior of clutches from industrial applications. The objectives of the thesis 

are obtained from the identified gaps in the state of research. Furthermore, these objectives define a 

suited solution approach. 

The applied investigation methods, their interconnections as well as their connections to the 

identification of influencing factors in the results are visualized in Figure 9. 

The approaches presented for investigating the thermal behavior in chapters 5 - 6 of wet multi-plate 

clutches vary in their degree of innovation. Both the CFD simulations for determining oil and pressure 

distribution and the associated high-speed camera recordings for visualizing oil flow can be classified 

as very innovative and are oriented to the latest state of research. In contrast, the developed real-time 

calculation model and the experimental investigations on temperature and friction behavior enhance 

and improve established procedures. 

The combination and application of all the methods presented enables a holistic view on the thermal 

behavior of clutches in industrial applications as presented in chapter 7. The strengths and weaknesses 

of the various investigation methods are cleverly combined to enable the investigation of numerous 

details. 

The interlocking of the various aspects is particularly evident around simulative modeling: Studies on oil 

distribution and related issues are investigated using computationally intensive 3D models. The thermal 

behavior of the clutch components, on the other hand, is transferred to a transient 1D model since 

sufficient quality of results can be achieved with this at very high computing speeds. In addition to 

answering the research questions, a reduction in the computational and modeling effort is also of great 

importance for the transferability of the approaches into industrial practice. 

Experiments are used in a targeted manner and play a key role in validating the developed 

computational models. Furthermore, friction behavior is determined as the only input variable that needs 

to be obtained by measurements at relevant operating points. 

Compared to the current state of research where most of the work focuses on one question and the 

associated modeling, the combination of various methods represents an extension of the existing 

knowledge. In particular, the objective of developing an efficient and fast calculation method for practical 

applications, which at the same time considers findings from extensive CFD simulations and validation 

by experiments, is a unique feature of this work. 
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Figure 9: Visualization of the applied investigation methods, interconnections among the methods and 
influencing factor results 
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4 Parts and Oil, Experimental and Numerical Tools 

4.1 Parts and Oil 

The numerical and experimental studies were performed on two differently sized industrial clutches. 

Excerpts of the description presented below have been published by Groetsch, Motzet, Voelkel, Pflaum 

and Stahl [Gro22]. The clutches are identified based on their mean diameter dm = 122/148 mm as clutch 

D123 and D148. The steel (outer) and friction (inner) plates are from serial production. Figure 10 pictures 

the plates before the experimental studies (new parts). Both clutches have a waffle groove pattern on 

the sinter friction linings of the inner plates. The steel plates are different in arrangement and design of 

the connecting gears to the outer carrier and surface appearance. 

 

Figure 10: (a) Friction plate (fp) and (b) steel plate (sp) of clutch D123, (c) friction plate and (d) steel 
plate of clutch D148 

More details about the geometric parameters of the clutch components are summarized in Table 1. The 

volume of the gears is added/subtracted to the diameters at the gear side, such that the volume of the 

annulus represents the volume of the corresponding part. The technical data of the oil, plate and friction 

materials are listed in Table 2. Density and viscosity properties of the oil for temperatures not listed in 

the table are calculated acc. to DIN-51757 [DIN94] and DIN-51563 [DIN11, Gro22]. 

Table 1: Summary of geometric parameters and materials of clutches D148/D123 

identifier D148 D123 

part sp fl cp sp fl cp 

inner diameter /mm 132 127.4 127.4 102 104 95.3 

outer diameter /mm 168.4 164 164 147 141 141 

thickness /mm 1.5 0.4 1.0 3 0.68 2.3 

material C60 MS-A C60 C60 MS-B C60 

Table 2: Technical data of oil, plate and friction lining materials  

material C60a MS-Ab MS-Bb L-301b ATF-B 

thermal conductivity at 20 °C / W/mK  46,6 15 50 0.130  

density at 15 °C / kg/m³ 7,850 6,800 6,500 891 760 

specific thermal capacity at 20 °C / J/kgK 460 460 400 1,860 2,540 

kinematic viscosity at 40°C / mm²/s    100 28 

kinematic viscosity at 100°C / mm²/s    11.4 12.6 

a) [Hts21] b) manufacturer’s data 

 

 

 

4.2 Test Rig KLP-260 

The experimental investigations are carried out on the component test rigs KLP-260 and LK-4. The 

description of KLP-260 presented below has been published by Stockinger, Groetsch, Reiner, Voelkel, 

(a) (b)

20 mm

(c) (d)

5 cm
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Pflaum and Stahl [Sto21]. The test rig operates in brake mode, where the outer carrier is fixed and the 

inner carrier rotates as pictured in Figure 11. 

 

Figure 11: Test rig KLP-260 – schematic sketch from [Mei15] 

The test rig enables the mounting of a complete clutch package of a gearbox with the corresponding 

carriers. The inner plates are placed on the inner carrier, which is installed on the inner shaft and 

connected to the fly wheels (J1, J2). The friction work of the clutch can be adjusted through variable 

installations of fly wheels J1 as well as by engagement of the basic inertia J2. 

Pressure is applied by a force controlled hydraulic piston. The friction torque is measured at the outer 

carrier. Cooling oil can be supplied centrally into the inner carrier (non-pressurized, pressurized, volume 

flow controlled), externally from the top of the housing or by oil sump. The oil flow rate and the 

thermostat-controlled feeding temperature can be adjusted in a wide range. For brake engagement 

tests, the main shaft with the inner carrier and the fly wheels are accelerated by the speed-controlled 

main drive to a defined differential speed Δn. During the engagement process, the main drive and inner 

shaft are decoupled by means of electromagnetic coupling. In creeping conditions and in continuous 

slip mode, a defined axial force is applied on the clutch plates. The creep or main drive then accelerates 

the clutch to a defined slip speed. The rotational speed in low speed creep is measured with high 

resolution by an incremental encoder [Mei15, Sto21]. Table 3 summarizes the technical data of the test 

rig. 

Table 3: Technical data of test rig KLP-260 from [Sto21] 

variable small fly wheels J1 = 0.12 … 0.75 kgm² 

basic inertia J2 = 1.0 kgm² 

plate diameters d = 75 … 260 mm 

max. torque Tf,max = 2,000 Nm 

differential speed Δn = 0 … 7,000 rpm 

slip speed Δn = 0…140 rpm 

torque in slip mode Tf,slip,max = 2,000 Nm 

max. axial force Fax = 40 kN 

feeding oil temperature ϑoil = 30 … 150 °C 

max. feeding oil flow rate v̇Oil= 7 l/min 
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Table 4 summarizes the measurement accuracy of the KLP-260 test rig from [Gro22]. The table includes 

the measurement accuracy table of the test rig published in [Sto21] by analyzing the uncertainty of the 

installed oil pressure sensor, taking into account the findings of Baumgartner [Bau20]. She applied the 

rules of the Guide to the Expression of Uncertainty in Measurement (GUM) [Joi08] and DIN EN ISO 

14253-2 [DIN18] to the KLP-260 test rig. Furthermore, it shows the offset of the thermocouples at 0 °C 

from the norm curve by calibration of the test rig setup with distilled ice water as published in [Jan21]. 

Table 4: Overview of measurement accuracy of the KLP-260 test rig (confidence level 95 %) from 
[Gro22] 

measured / calculated variable uncertainty 

axial force +/- 1.3% 

torque +/- 0.4 % 

CoF +/- 1.3 % 

speed (main engine) +/- 0.2% 

speed (creep engine) +/- 0.9% 

thermocouple type K class 1 +/- 1.8 K (DIN) 

+/- 0.3 K (estimate from calibration) 

feeding oil pressure +/- 0.1 bar 

4.3 Test Rig LK-4 

LK-4 is a clutch test rig focusing on the measurement of the drag torque of multi-plate clutches in the 

open stage. The description presented below has been published by Groetsch, Niedenthal, Voelkel, 

Pflaum and Stahl [Gro20]. Figure 12 shows that a complete clutch package (2) consisting of steel and 

friction plates is mounted in the test rig. The outer carrier (1) is engaged with the outer hollow shaft (8). 

The inner carrier (3) is mounted on a torque-sensing (resistive wire strains) element (5), which is applied 

to the inner full shaft (7). This allows for the measurement of drag torque directly at the inner carrier 

without the influence of sealing or bearing friction. 

The test rig can vary the operating conditions of the clutch in a wide range. It is possible to change the 

rotational speed of the inner and outer carrier independently in both rotational directions, oil injection 

temperature, oil flow rate (4) and the height of total clearance (6) of the multi-plate clutch. Table 5 

summarizes the range of possible operating conditions. 

 

Figure 12: Schematic of wet multi-plate clutch test rig LK-4 from [Gro20] 
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Table 5: Operating conditions of test rig LK-4 from [Gro20] 

speed range outer shaft nfull +/- 9,000 rpm 

speed range inner shaft nhollow +/- 9,000 rpm 

measuring range torque Td +/- 50 Nm 

feeding oil temperature ϑoil 30 … 120 °C 

feeding oil flow rate voil 0 … 20 l/min 

4.1 High Speed Camera 

Multi-plate clutches typically operate at high speeds. This results in high sliding velocities, which make 

it almost impossible to assess the behavior of the cooling oil by watching the oil flow in real time. The 

rapid changes in flow conditions can be assessed by using a high-speed camera. The Photron Fastcam 

Mini AX [Pho22b] uses a 1-megapixel CMOS sensor that offers a resolution of 1,024 x 1,024 pixels. At 

full resolution, the maximum frame rate is 6,400 fps, but can be raised to 540,000 fps by gradually 

reducing the resolution. The camera is used with a Tamron lens [Tam22] with a focal length range of 

28-75 mm. The lens is used for all exposures at its longest focal length of 75 mm to achieve the greatest 

distance to the subject and thus the least distortion. The sensor diagonal of 28.96 mm results in an 

angle of view of 21.86°. The closest focusing distance of 0.33 m enables detailed images to be taken 

with a reproduction scale of 1:4.4. Despite the sensor's high light sensitivity of ISO 16000 and the fast 

lens with a maximum open aperture of F/2.8, a powerful light source is required, since the high frame 

rate allows only short exposure times. For this purpose, the VD36 LED spotlight [Vis22] is used, which 

offers a maximum brightness of 36,000 lm at 360 W power. It is also a non-pulsed continuous light 

source, which allows images to be taken without flickering. The camera has an internal memory of 8 GB, 

which allows 5,457 images to be captured at full resolution. At different frame rates, for example, 

maximum recording times of 0.853 s (6,400 fps), 5.457 s (1,000 fps) or 43.656 s (125 fps) are possible. 

After recording, the data is transferred to the computer via an Ethernet interface, which is also used to 

control the camera. 

(a) (b) (c) 

 

 

 

Figure 13: Photron Fastcam Mini AX (a) [Pho22a], Tamron SP AF 28-75 mm F/2.8 XR (b) [Tam22] 
and Vision Devices VD36 (c) [Vis22] from [Sch22a] 

4.2 Simulation Tools 

The developed calculation methods of this thesis are based on theoretical studies with numerical models 

that enable the calculation of oil and pressure distributions and temperatures in the solid (plates and 

carriers) and fluid parts (oil) of the physical domain. The literature review showed that most research in 

this area is based on the use of commercial CFD software tools, since the development of own solvers 

is far beyond the scope of nearly all publications. Comparable to the field of TEHD calculations, the use 

of commercial software packages applied to thermo-fluid problems of wet clutches is necessary “(…) to 

make simulation techniques available to a broader audience and to focus research more on physical 

relationships than on numerical procedures.” translated from [Loh16]. Hence, for the model 
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developments and numerical studies, the commercial software programs SimericsMP+ and Matlab / 

Simulink are used, since prior publications showed that they can be used to efficiently calculate oil flow 

and temperatures in wet clutches (a.o [Gro19a, Gro21b, Gro22, Gro19b, Yas18]). 

According to the SimericsMP+ manual [Sim20], SimericsMP+ is a multi-purpose (MP), finite-volume and 

pressure-based CFD solver. It solves the integral form of the governing equations for the mass and 

momentum conservation, and (when appropriate) for energy and other scalars such as turbulence and 

chemical species. This control-volume-based technique first divides the physical domain into discrete 

control volumes using a computational mesh. The meshing algorithm of the software automatically 

creates a hexahedron dominant mesh using the binary tree mesh algorithm. This algorithm provides 

high solution quality even at low mesh resolutions [Din11]. The governing equations for the physical 

domain are discretized over each control volume to construct algebraic equations for the dependent 

variables (e.g. speed/velocities, temperature, …). To obtain the solution, the pressure is extracted by 

solving the pressure-velocity correction equations, which are obtained by coupling the discretized 

continuity and momentum equations. These discretized governing equations are linearized and the 

linear equation system is solved. 

SimericsMP+ features a unique and intuitive approach to simulate systems with moving, sliding, or 

rotating geometries [Sim22] and is therefore well-suited for applications with wet clutch systems. 

MATLAB is widely used to analyze and design systems and products in science and engineering. 

MATLAB is a matrix-based language to express computational mathematics in a natural way, which 

enables, for example, the development of numerical calculation tools or graphical user interfaces. Built-

in graphics enable visualization and analysis of complex data and simulation results. [Mat22a] 

Simulink is a block diagram environment for multidomain simulation and model-based design. It supports 

system-level design, simulation, automatic code generation, and continuous test and verification of 

embedded systems. Therefore, Simulink-models can be integrated in existing gear box software 

environments. Simulink provides a graphical editor, customizable block libraries, and solvers for 

modeling and simulating dynamic systems. It is integrated with MATLAB, enabling incorporation of 

MATLAB algorithms into models and export simulation results to MATLAB for further analysis [Mat22b]. 
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5 Investigation Methods for Thermal Behavior of Wet Clutches 

In the following section, the developed and applied methods for investigating thermal behavior of wet 

industrial clutches are presented. The work is divided into theoretical work and experimental 

investigations. Within the theoretical work, a real-time model for thermal calculation and prediction is 

developed and a CFD simulation model is used to calculate oil distribution and pressure in a sealed 

clutch. 

During the experimental investigations, important input variables such as the CoF and heat transfer 

coefficients are determined. Furthermore, the thermal behavior of clutches from serial production is 

investigated and used to validate the thermal calculations. In addition, high-speed camera recordings 

are presented on a test setup with transparent clutch components to validate the CFD simulations. 

5.1 Preliminary Considerations and Requirements 

The methods used to investigate thermal behavior of wet clutches should meet several requirements. 

The higher-level objective is to improve knowledge compared with the current state of research. In this 

context, topics from applications in the industrial environment are of particular interest, such as the 

special operating conditions (e.g. long continuous slip at high differential speed), the design of oil 

distributor patterns in the oil supply of industrial carriers and the influence of oil pressure on the thermal 

behavior in sealed industrial clutches. 

This work focuses on high computational speed combined with high robustness and quality of the 

results. Furthermore, the extension of the statements to 3D is aimed with respect to flow variables. 

Another important target is the reduction of the required experimental effort - I tried to avoid experimental 

investigations as far as possible and to use them only for tasks that are not yet simulatively realizable. 

For the developed real-time temperature model, a maximum deviation of +/- 10K of calculated 

temperatures compared to the measurement is acceptable. Typically, the deviations should be in the 

range of +/- 5K. The calculation should be very fast, so that online operation on controller hardware is 

possible or extensive variation calculations can be carried out in the shortest possible time in offline 

operation. Furthermore, the model should be able to be operated directly with sensor signals. The 

transferability to different clutch systems is considered by a parametric-physical based development 

approach. Furthermore, a possibility for the prediction of future thermal developments shall be created, 

especially for the operation on controller hardware, to enable a significant improvement of operational 

safety. 

CFD simulations are used specifically to expand knowledge in the field of oil distribution analyses. The 

focus is on the calculated pressure distribution in the closed clutch and its influence on the effective 

surface pressure of the clutch. Furthermore, the influence of different oil distributor patterns in the inner 

carrier on oil distribution will also be investigated. With the help of the CFD simulations, model ideas 

can be derived to take account of the flow effects in the thermal simulation. Furthermore, design 

guidelines can be adapted based on the results. 

Experimental investigations are to be implemented at low cost. On the one hand, the number of required 

experiments should be low, and on the other hand, an easy-to-use experimental method should be 

used. The method used should nevertheless ensure reproducible results. Tests will be carried out to 

determine the temperature and friction behavior under practical operating conditions. Furthermore, it is 

attempted to reduce the future experimental effort by deriving suitable parameterizations for CoF (map, 

model). 

The recordings using a high-speed camera are intended to provide a practical method for validating flow 

conditions in the clutch. Attention is paid to a simple implementation of the procedure using existing test 

rigs and measurement technology. In addition to providing insights into the flow conditions, these 

experiments are intended to verify the validity of assumptions made when modeling oil flows in a sealed 

industrial clutch under varying operating conditions. 
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5.2 Real-Time Temperature Calculation and Temperature Prediction 

Under the guidance of the author, the development of the real-time temperature calculation and 

temperature prediction approach was supported by the student research projects of Butzhammer 

[But18] and Rauscher [Rau19]. The real-time temperature model enables calculation of the thermal 

behavior of a wet multi-plate clutch based on input signals provided by sensors. The minimum input 

requirements for the model are speed (input and output speed) and axial force in addition to data on 

geometry and heat capacities. Based on these inputs, the energy input and cooling conditions are 

calculated. An implemented logic, which is identified from the input signals, decides on the current 

operating phase of the clutch. The identification of the operating phases is done according to the scheme 

shown in Table 6. 

Table 6: Identification of operating phase as a function of input signals 

operating phase axial force signal speed signal 

sliding phase 𝐹𝑎𝑥 > 0 |∆𝑛| > 0 

closed cooling phase 𝐹𝑎𝑥 > 0 |∆𝑛| ≈ 0 

open cooling Phase 𝐹𝑎𝑥 ≈ 0 any 

By providing optional input variables, the demands on parameterization of the model can be reduced 

while improving calculation quality. In the first column of Table 7 all input signals of the real-time model 

are summarized. The second and third columns indicate which sensors and possibly required additional 

parameters can be used to provide the required input variables. All input values must be specified during 

parameterization either as a constant value or in the form of a sensor signal. The units may have to be 

scaled prior to performing the calculations by conversion factors. 

Table 7: Input signals for the real-time model and possibilities in which these can be provided 

input signal real-time model possible inputs additional requirements 

drive speed / rpm signal drive speed  

 constant value  

output speed / rpm signal output speed  

 constant value  

axial force / N signal axial force  

 signal hydraulic pressure piston area 

 signal ramp angle map force to ramp angle 

friction torque / Nm signal friction torque  

 constant value  

 signal axial force CoF map and geometry 

feeding oil flow rate / mm³/mm²s signal oil flow rate friction surface 

 signal oil mass flow rate density and friction area 

 constant value friction surface 

oil injection temperature / °C signal oil injection temperature  

 constant value  

temperature at beginning / °C signal ambient temperature  

 signal steel plate temperature  

 signal oil injection temperature  

 constant value  
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The calculations of the real-time model can be applied to any load scenarios (e.g. stationary / transient 

slip, load cycles, clutch and brake operation). The oil calculations consider internal lubrication via the 

inner carrier with or without forced lubrication. 

All calculated values can optionally be defined as model outputs with a user defined sample rate. The 

available output signals are grouped thematically by: 

- output temperatures 

- output load spectrum 

- output oil flow 

- output power 

All output signals are summarized in Table 8. 

Table 8: Available output signals of real-time model 

group signalname 

output Temperatures steel plate temperature node 1 / °C 

 steel plate temperature node 2 / °C 

 friction lining temperature node 1 / °C 

 maximum friction lining temperature / °C 

 friction lining temperature node 2 / °C 

 friction plate temperature / °C 

 inner carrier temperature / °C 

 outer carrier temperature / °C 

 oil outlet temperature / °C 

output load spectrum operating phase / - 

 calculated friction torque / Nm 

 current CoF / - 

 input signal friction torque / Nm 

 input signal differential speed / rpm 

 input signal drive speed / rpm 

 input signal output speed / rpm 

 input signal axial force / N 

output oil flow current oil flow rate / mm³/mm²s 

 current possible oil flow rate / mm³/mm²s 

output power current power input steel plate / W 

 current power input friction / W 

 current power input oil cooling / W 

 current power input friction plate / W 

 current power input inner carrier / W 

 current power input outer carrier / W 

 current overall power balance / W 
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5.2.1 Mathematical Model 

The model description presented below has been published by Groetsch, Voelkel, Pflaum and Stahl 

[Gro21b]. The parametric model for calculating clutch temperatures uses input signals provided by 

sensors. The geometry of the clutch is transferred into a thermal network [Ste62]. The analogy between 

electrical and thermal current fields is used for the calculations. 

Figure 14 shows a friction pairing of a wet multi-plate clutch including the radial connecting components 

(outer carrier (oc) and inner carrier (ic)). The clutch consists of alternately arranged outer plates (here: 

steel plates (sp)) and inner plates (here: friction plates (fp)). A friction plate typically consists of a friction 

lining carrier plate with friction lining (fl) on both sides. The illustration corresponds to the spatial system 

boundaries used for the temperature calculation model according to equation (2.13). The calculation 

domain considers the typically thermal, most severely loaded inner friction pairing (axial middle of the 

clutch package). Owing to the thermal symmetry, the calculation domain can be reduced again to the 

consideration of half the plate width. 

The right side of Figure 14 shows the thermal network used for the calculations, representing a virtual 

temperature sensor of all clutch components. The application of the real-time model on a clutch 

controller in real-time also serves as a digital twin of the thermal behavior of these components. A 

thermal network consists in the transient case of areas with concentrated resistances R and 

capacitances C. The calculation area, which is composed of different thermal masses, is therefore 

discretized in nodes. A node is modeled as thermal capacity. In the thermal-electrical analogy, the 

temperature of the node corresponds to the voltage at the capacitor. Each node has a temperature T. If 

there is a temperature difference ΔT between two nodes, this results in a compensating heat flow 

between them. The thermal resistances correspond to the thermal resistances between the thermal 

masses. These are either convective resistances Rconv or thermal resistances due to heat conduction 

Rhc. The reference potential of the network is the oil injection temperature Toil or the ambient temperature 

Tambient at the carriers.  

The energy input 𝑄̇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 , the heat conduction between the steel plate 𝑄̇𝑠𝑝 and the friction lining 𝑄̇𝑓𝑙 as 

well as the heat dissipation due to the cooling oil 𝑄̇𝑐𝑜𝑜𝑙,𝑜𝑖𝑙 at the friction interface are considered. Energy 

input and output are implemented in the source/sink terms (𝑄̇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 / 𝑐𝑜𝑜𝑙,𝑜𝑖𝑙). 

 

Figure 14: Visualization of the real-time temperature model from [Gro21b] 

The development and implementation of the model is based on the derivation and application of the 

following formulas that can be derived from the fundamental governing equations as described in 
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Section 2.2. The thermal resistances in Figure 14 are calculated according to equation (5.1) for 

convective heat transfer and according to equation (5.2) for thermal resistances due to heat conduction 

[Pol09]. 

𝑅𝑐𝑜𝑛𝑣 =
1

𝛼 ⋅ 𝐴
 (5.1) 

𝑅ℎ𝑐 =
𝑠

𝜆 ⋅ 𝐴
 (5.2) 

According to equation (5.3), the thermal capacities in the thermal network correspond to the product of 

mass and specific heat capacity [Ste62]. The input parameters for the thermal calculation thus result 

from the geometry of the calculation domain and the material values of the corresponding material. 

𝐶𝑡ℎ𝑒𝑟𝑚 = 𝜌 ⋅ 𝑉 ⋅ 𝑐 (5.3) 

The energy input on the friction surface corresponds to the friction work performed per unit of time. It 

can be assumed that the friction work is completely dissipated as heat [Gei37]. In the real-time 

temperature model, the friction power is modeled according to equation (5.4). 

𝑄̇𝑓 =Δ𝜔 ⋅ 𝑇𝑓 = 2𝜋 ⋅Δ𝑛 ⋅ 𝑇𝑓 = 2𝜋 ⋅Δ𝑛 ⋅ 𝜇 (𝑝, 𝑣, 𝑇) ⋅ 𝐹𝑎𝑥 ⋅ 𝑟𝑚 (5.4) 

The oil cooling (based on the findings of Hämmerl [Häm95]) is taken into account during the sliding 

phase by balancing the friction power with the effective power according to equation (5.5) 

𝑄̇𝑒𝑓𝑓 = 𝑄̇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 𝑄̇𝑐𝑜𝑜𝑙,𝑜𝑖𝑙 
(5.5) 

The friction partners are in contact with each other. This is a coupling condition. For this purpose, the 

effective power supplied according to equation (5.6) is split into two components in the further 

calculations. The components are each supplied to the steel plate (sp) or the friction plate (fp). 

𝑄̇𝑒𝑓𝑓 = 𝑄̇𝑠𝑝 + 𝑄̇𝑓𝑝 (5.6) 

Further details on the mathematical model can be found in [Gro21c]. 

5.2.2 Temperature Prediction 

The temperature prediction is implemented using a map-based approach to reduce the calculation effort. 

Figure 15 shows the steps for the commissioning of the prediction module.  

 

 

Figure 15: Schematic diagram of how temperature prediction works from [Gro21b] 

The first step is parameterization of the real-time model for the desired clutch. The calculation model 

should also be validated, for example by comparing it with existing measurement data. Next, the 

operating limits must be defined as min./max. and constant values of the clutch. The specification of the 

operating limits varies depending on the application, as can be seen from Table 9. 

After the operating limits have been defined, a map for the prediction module can be generated and 

validated automatically. The resolution of the map can be influenced by specifying the number of 

interpolation points between the specified operating limits. To create the map, simulations are performed 
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for all parameter combinations using the validated real-time model of the clutch application. 

Subsequently, the temperature rise in the steel plate (typical temperature at node 2) (brake operation, 

clutch operation) or the maximum tolerable slip time (continuous slip) is stored for each operating point. 

The maximum tolerable slip time is defined as the time until the maximum steel plate temperature is 

exceeded under the current operating conditions or a time threshold is reached. Automated validation 

is carried out by a subsequent comparison of the central points that are not part of the characteristic 

map with the result of a simulation. 

The prediction module can then be made operational by defining the load limits for the maximum 

permissible steel plate temperature or tolerable slip time and by integrating the previously created map 

into the Simulink model. In live operation, the thermal behavior of the clutch is provided in the form of a 

virtual temperature sensor by continuous temperature calculation of the real-time model. By interpolating 

from the prediction map under the current operating conditions and comparison with the defined load 

limits, it can be predicted whether the permissible load limits will be kept in the subsequent shifting 

operation. 

Table 9: Required specifications for the operating limits of the prediction module from [Gro21b] 

name of limited value braking operation clutch operation continuous slip 

input speed / rpm X X X 

output speed / rpm - X X 

friction torque / Nm X X X 

oil volume flow / mm³/mm²s X X X 

oil injection temperature / °C X X X 

start temperature calculation / °C X X X 

moment of inertia drive / kgm² X* X* - 

moment of inertia output / kgm² X* X* - 

drive torque / Nm X* X* - 

output torque /Nm X* X* - 

max. steel plate temperature / °C - - X* 

max. simulated time / s - - X* 

* constant values 

5.2.3 Characterization of Transient Plate and Oil Temperature Courses 

The real-time model calculates all node temperatures and makes them available as output variables for 

evaluation. According to Figure 14, there are thus two node temperatures of the steel plate and the 

friction lining, and one node temperature for the lining carrier plate and the inner and outer carrier. The 

model also calculates the supported oil flow rate per time step and the oil outlet temperature.  

For comparison with measurements from the test rig, the inner node temperature of the steel plate is 

suitable, since this represents the temperature in the center of the plate. Another possibility is the 

volume-averaged value from both nodes as the mass temperature. 

For the evaluation of thermal behavior, the characteristic values ΔT (temperature rise) and Tmax 

(maximum temperature) are evaluated among others. In slip operation, ΔT corresponds to the difference 

between the minimum and maximum temperatures during a slip cycle, i.e. typically the temperature 

difference between the initial temperature (before the first slip phase) and the maximum temperature 

after the last slip phase. For shifting cycles, ΔT corresponds to the difference between the maximum 

temperature in the friction phase and the temperature immediately before the start of the shifting cycle. 

Tmax denotes the maximum temperature occurring in a defined interval. 
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5.3 CFD Model for Calculation of Oil Distribution and Reduction of Axial 

Force 

The CFD model for the calculation of the oil and pressure distribution is developed in the SimericsMP+ 

commercial software v5.0.15. 

5.3.1 Calculation Domains and Meshes 

The description presented below has been published by Groetsch, Motzet, Voelkel, Pflaum and Stahl 

[Gro22]. Furthermore under the guidance of the author, the CFD model development was supported by 

the student research project of Motzet [Mot21]. The calculation domain of the CFD approach represents 

the clutch setup in the test rig as shown in Figure 16. The outer carrier is fixed to the housing of the test 

rig. The inner carrier is engaged with the main drive via the test rig shaft. The axial force is applied on 

the steel plates by a force controlled hydraulic piston. The oil is supplied to the inner carrier region by 

the oil injection nozzle. The oil is then distributed to the clutch package through the radial holes in the 

inner carrier. After passing the waffle grooves (in the plate-area), the oil leaves the clutch package axial 

and radial at the outer carrier. Two X-rings and a shaft seal ensure that the fluid passes the grooves 

during static and dynamic operations. Therefore, with sufficient oil supply a single-phase oil flow is 

expected.  

 

Figure 16: Test rig setup at KLP-260 of multi-plate clutch from [Gro22] 

Figure 17 shows the boundaries of the calculation domain for the static case with eight friction interfaces 

and the naming of the mesh regions. Four regions can be distinguished. The inlet-area contains fluid 

regions of the oil supply nozzle and the inner carrier as far as the end of the radial holes. The inner 

carrier-area is made up of the splines between the inner carrier and the clutch plates. Furthermore, the 

plate-area represents the grooves of the friction plates. The outer carrier-area is derived from the splines 

between the clutch plates and the outer carrier. 
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Figure 17: Regions of calculation domain (boundaries marked with black lines) from [Gro22] 

There are two variants of the pattern of the oil supply through the inner carrier. The pattern of oil supply 

holes in the inner carrier can be varied using grub screws. Figure 18 visualizes the difference between 

the two variants. The axial spacing of the holes for both variants ensures oil supply at each friction 

interface. The circumferential spacing varies, since variant I supplies fresh oil at every axial position 

within a third of a turn, and variant II within one turn of the inner carrier. 

The computational mesh is created by using the implemented body-fitted binary three-mesh algorithm, 

which produces a highly efficient hexagonal dominated mesh (a.o. [Din11]). A preliminary mesh study 

shows that a mesh size with a relative maximum cell size of 0.005 is an optimal trade-off in terms of 

computational effort and quality of results. Therefore, three different meshes with different cells were 

used, as summarized in Table 10. 

The so called rough, standard, and fine meshes differ in cell size and total number of cells. The meshes 

have three refinement zones (RZ I – III) to resolve oil shear and large velocity gradients at cross-

sectional transitions. The refinement zones are highlighted in Figure 19. 

Table 10: Cell properties in preliminary mesh study from [Gro22] 

mesh type relative maximum cell size  no. of cells 

rough 0.01 (0.002)* 10 Mio. 

standard 0.005 (0.002)* 12 Mio 

fine 0.002 (0.001)* 20 Mio 

*refinement zones 
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Figure 18: Oil distributor patterns of the inner carrier from [Gro22] 

 

Figure 19: Refinement zones in the calculation domain from [Gro22] 

5.3.2 Governing Equations and Solvers 

The flow is modeled as laminar, incompressible, and isothermal (see section 6.3.1). Governing 

equations are defined from the flow module with dynamic mesh motion to solve the continuity (equation 

(2.9)) and momentum (equations (2.10) (2.11) (2.12)) equations on an arbitrary control volume, whose 

boundary is moving with a grid velocity. Further details can be found in the software documentation 

[Sim20]. 

If the clutch operates long enough in continuous slip, measurements show that the plate temperatures 

are nearly constant [Pay91]. Considering the small cross section of the grooves and therefore the small 

volume of oil that must be heated, it seems justifiable to assume an isothermal flow. The motivation for 

the assumption is the trade-off to reduce computational effort and modeling complexity, while 

representing the physics accurately enough. 
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Although assuming steady conditions regarding oil heating in the grooves, the flow is solved as unsteady 

to capture the effects of the rotating oil distributor holes in the inner carrier. 

The CFD solver is based on the finite volume method and a pressure-based solver. Upwind interpolation 

is used for the pressure solver, and second order upwind for the velocity solver. The algebraic multi-grid 

method is used to solve the pressure equations, and the conjugate gradient squared method is applied 

to the velocity equations. 

5.3.3 Boundary Conditions and Initialization 

Figure 20 shows the calculation domain with oil supply variant I with highlighted in- and outlet areas. At 

the inlet, the oil flow is specified according to the test conditions (described in section 5.4). The outlets 

are set to an ambient pressure of 0 bar. 

In static operation modes, the remaining walls of the calculation domain are set to stationary solid walls. 

For the dynamic operation modes (continuous slip), the components adjacent to the calculation domain 

are divided into input and output sides. Components of the input side have the rotational speed of the 

drive; components of the output side have the rotational speed of the outer carrier of the clutch.  

 

Figure 20: Calculation domain variant I with marked in- and outputs from [Gro22] 

The simulations are initialized with oil temperature (representing viscosity / density) and rotational speed 

of the plates according to the conditions in the test rig. Static cases are initialized with the data recorded 

during the experimental investigations (described in section 5.4). 

Furthermore, for a potential analysis of the calculation of heat transfer coefficients, the calculation 

domain was reduced to the consideration of one friction interface. The flow area and the boundary 

conditions for these investigations are shown in Figure 21. The calculation domain includes both the oil 

flow and temperature distribution in the fluid starting from the oil supply holes in the inner carrier through 

the grooves of the engaged clutch and the temperature distribution in the solid bodies (lining plates, 

steel plate). The geometry of the outer carrier is not considered in the model since the influence on the 

heat transfer between the oil in the grooves and the friction interface is estimated to be low. 
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Figure 21: Calculation domain and boundary conditions for CFD simulation in the context of the 
potential analysis for numerical calculation of heat transfer coefficients 

5.3.4 Model of Reduction of Axial Force Due to Hydrodynamic Pressure 

One hypothesis is assuming that pressurized oil feeding lowers the axial force at the friction interfaces 

and therefore also lowers torque transfer capability of the clutch. 

Figure 22 shows a schematic representation of the force ratios in the clutch package. Due to pressurized 

oil feeding, a static oil pressure in the groove gaps (gg) between steel and friction plates builds up and 

generates axial forces. In the central section of the clutch package (fp 1 …4 and sp 2 … 4), these forces 

cancel each other out. The forces acting on sp1 and sp5 reduce the nominal contact force (dashed) and 

the result is the reduced contact force Fred. 

The reduced contact force through the oil pressure in the grooves (Fred/g) is calculated acc. to formula 

(5.7) by the difference of the applied nominal force Fnom and the sum of the axial forces in the grooves 

at each friction interface (Fax/gi). 

𝐹𝑟𝑒𝑑/𝑔 = 𝐹𝑛𝑜𝑚 − ∑ 𝐹𝑎𝑥/𝑔𝑖
 (5.7) 

Subsequently, the reduced contact force Fred/g is scaled with the ratio of gross friction surface (A) and 

grooved area (Agrooves) acc. to formula (5.8).  

𝐹𝑟𝑒𝑑 = 𝐹𝑟𝑒𝑑/𝑔 ⋅
𝐴

𝐴𝑔𝑟𝑜𝑜𝑣𝑒𝑠

 (5.8) 

Thus, it is assumed that the calculated pressure in the grooved area approximates the pressure in the 

tribological contact at the non-grooved sections of the friction interfaces. 

The reduced nominal surface pressure in the clutch is then calculated by dividing the resulting contact 

force (Fred) by the gross friction surface area (A). 
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Figure 22: Schematic representation of the force ratios in the clutch package from [Gro22] 

5.4 Experimental Investigations of Friction Behavior and Temperature  

The test setup at the KLP-260 test rig is described in section 5.3.1; the setup in the LK-4 test rig can be 

found in section 5.5. The test procedures are split into static and dynamic operations. Static operations 

are performed with a clutch package consisting of five steel plates and four friction plates, therefore 

eight friction interfaces. In dynamic operations, the clutch size is reduced to four friction interfaces due 

to torque limitations of the main drive during continuous slip operations (see Table 3). 

All experimental tests are performed after 3,000 running-in cycles (cycle time 15s) have been conducted 

[Voe20]. Table 11 summarizes the variations of the oil injection temperature and the oil flow rate during 

static operations.  

Table 11: Operating conditions during static operations (ST) from [Gro22] 

 ST1 ST2 ST3 ST4 

v̇oil  / mm³/mm²s 0.5 1.0 1.5 2.0 

ϑoil / °C 40/60 40/60 40/60 40/60 

The load stages during running-in and in dynamic operation mode (continuous slip) are summarized in 

Table 12. The load stages differ by oil flow rates and differential speeds.  

Table 12: Load stages during running-in (E) and in continuous slip (dynamic operations) from [Gro22] 

 E LS1 LS2 LS3 LS4 LS5 LS6 

v̇oil / mm³/mm²s 1.25 0.75/1.5/2.5 0.75/1.5/2.5 0.75/1.5/2.5 0.75/1.5/2.5 2.5 2.5 

vs,m / m/s 10 2.5 5 7.5 10 5 0 

ratio nsp/nfp 0 0 0 0 0 0.5 1.0 

*numerical study 

In the numerical study, the ratio of rotational speed between steel and friction plates was varied as well. 

Cycle time during dynamic operations is 900 s, whereas it is a few seconds during static operations to 

ensure that steady state conditions for temperature and pressure signals are reached. The nominal 

pressure is held constant at 0.75 N/mm² during static operations and 0.22 N/mm² during dynamic 

operations. All specific values are normalized by gross friction surface area A. The load stages cover 

typical working conditions of the clutch in real applications. 

In the test rig, the speed of the inner carrier, oil flow rate, oil injection temperature, and clutch pressure 

(hydraulic piston) are defined and measured. Additionally, the transferred clutch torque, steel plate 
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temperatures, and the oil pressure near the oil injection nozzle are recorded. Figure 23 shows 

measurement data during static operations (variant I, L-301, ϑoil = 40 °C, static operation ST1). To obtain 

steady state conditions the evaluation interval is chosen such that the pressure and temperature signals 

are nearly constant. Within this interval, the median and the 2.5th and 97.5th percentile from the 

continuous signals are calculated. 

 

Figure 23: Recorded signals differential speed (n, green), axial force (Fa, blue), oil pressure (p, black) 
and thermocouples (ϑ red, orange, purple) from test rig, (variant I, L-301, ϑoil = 40 °C, static 
operation ST1) from [Gro22] 

Temperatures are measured in the first (hydraulic piston side), middle, and last (drive side) steel plates 

with a thermocouple (NiCr-Ni Type K Class 1, ⌀ 0.5 mm, response time approx. 30 ms calculated acc. 

to [Pol09]), as pictured in Figure 24. A high-density polysynthetic silver thermal compound was applied 

on the thermocouples, which were then placed in a circumferential drill hole (⌀ 0.6 mm) positioned at 

approx. 12 o´clock in the midplane of the steel plates with a drill depth of approx. the mean radius. 

 

Figure 24: Positions of the thermocouples during (a) static operations, (b) dynamic operations and (c) 
the circumferential positioning from [Gro22] 

For further analyses, the values of the nearly stationary courses of the signals at the end of each load 

stage are evaluated. The median of the signals of the last minute is determined and compared in bar 

charts. The scatter bars show the limits of the 2.5th quantile and 97.5th quantile. Thus, 95% of the 

observed values lie within these limits. 

To determine the temperature behavior of the industrial clutch during shifting operations, stitch tests 

were carried out with a load cycle consisting of four load stages. To distinguish between load stages 

during continuous slip and shifting cycles, the load stages during shifting operations are defined as load 
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levels and are abbreviated with LLx. The influencing variables pressure and differential speed were 

varied. The settings of the load parameters are summarized in Table 13. 

The load levels are run in the sequence LL1 ... LL4. The cycle time is 15 s. and the clutch is engaged 

for 5 s at the beginning of each cycle by applying the axial force. Oil is injected centrally from the inside. 

The oil injection temperature is 80 °C for this test and the specific oil flow rate is voil = 1.25 mm³/mm²s. 

Each load level is repeated ten times. 

Table 13: Load parameters of the stitch tests shifting cycles 

 LL1 LL2 LL3 LL4 

pressure / N/mm² 0,75 1,0 1,0 0,5 

max. speed / rpm 1,700 1,300 2,300 1,300 

specific friction work / J/mm² 0.5 0.2 0.9 0.2 

To determine heat transfer coefficients according to Wohlleber [Woh12] in the sliding phase, further 

stitch tests were carried out in continuous slip at low speed. During a test, the average steel plate 

temperature is monitored while increasing the clutch speed from rest in steps of 10 rpm. Each speed 

level is maintained until the steel plate reaches an almost constant temperature. When the defined limit 

value of the steel plate temperature is reached (here approx. 200 °C), the tests are terminated to prevent 

damaging the clutch. The nominal pressure is p = 1.0 N/mm². These tests were carried out at a specific 

oil flow rate of 1.0 mm³/mm²s and an oil injection temperature of 80 °C. 

5.5 Experimental Investigations for Visualization of Oil Flow 

Under the guidance of the author, the development of the experimental investigations for visualization 

of oil flow was supported by the student research project of Schermer [Sch22a]. The investigations were 

carried out on the LK-4 test rig as shown in Figure 27. The cover of the test rig (1) is produced from 

plexiglass and is therefore transparent. The oil is supplied pressurized via the inner carrier by a central 

sleeve (2), where the existing oil supply of the LK 4 test rig is connected. Furthermore, parts of the 

installation, such as the clutch cover (3) and inner carrier (4), are manufactured using Stereolithography 

Apparatus (SLA) 3D printing to realize transparent components. The outer carrier (5) is the same as in 

the tests at the KLP-260 test rig. Transparent steel and lining plates are also produced. The simple 

geometry of the steel plates is cut with a laser cutter from plexiglass plates of the appropriate thickness. 

For the complex geometry of the lining plates, the SLA 3D printing process is selected as it is for the 

components of the installation. The clutch package during the tests consists of the transparent clutch 

cover representing the first friction interface that is observable through the transparent test rig cover. 

The following plates (steel, friction in alternating order) are from serial production except for one stitch 

test, for which the first steel plate is replaced by a transparent version. The last friction plate is integrated 

into the inner carrier geometry and therefore also replaced. To increase contrast during recordings, the 

first non-transparent steel plate is coated with a white finish. 

Instead of X-Rings, the clutch is sealed by a modified design of the inner carrier as pictured in Figure 

26. The 3D printed inner carrier incorporates the last friction plate. The design of the inner carrier 

features holes and undercuts in places that would only have been possible with a multi-part design in 

conventional manufacturing processes. By mounting the clutch cover with an O-Ring at the inner 

diameter on the inner carrier, the clutch is sealed and closed. Since the LK-4 test rig is not able to close 

the clutch with a piston, it is operated in an always closed mode by applying a low axial force with the 

clutch cover (p ≈ 0 N/mm²). More details on transparent plate manufacturing and the test rig setup can 

be found in [Sch22a]. 
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Figure 25: Test Rig Setup at LK-4 with transparent plexiglas cover (1) and clutch D122 from [Sch22a] 

 

Figure 26: Clutch D122: Clutch cover (a) and inner carrier (b) with integrated spline and orange-
marked bore hole pattern of the oil supply (c) from [Sch22a] 

The experimental investigations to visualize the oil flow are carried out with four (dynamic operation) 

and eight (static operation) friction interfaces (as described in section 5.4). Apart from the geometric 

variations of the test setup, the test program consists of two differential speeds and three specific oil 

flow rates. The test program consists of LS1 and LS2 as summarized in Table 12. The test rig with the 

installed test setup with four friction interfaces can be seen in Figure 27. It also shows how the oil supply 

with a thermocouple for the measurement of the oil injection temperature is mounted via the sleeve on 

the plexiglass cover. Figure 28 shows the components for installation with eight friction interfaces (top) 

and the finished assembly for four friction interfaces (bottom). 

During the experiments, the influence of differential speed, specific oil flow rate, number of friction 

interfaces and oil distributor pattern on the filling behavior of the clutches is investigated. For this 
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purpose, the inner carrier is accelerated without lubrication to the respective differential speed of the 

load stage. The oil supply is then switched on while observing the filling process and measuring 

characteristic times. The clearance for the entire clutch package is less than 0.05 mm in each case, 

resulting in an approximately closed clutch (p ≈ 0 N/mm²). 

 

Figure 27: Test rig LK-4 with transparent cover, installed test setup D123 with four friction interfaces 
and oil supply with thermocouple for oil injection temperature from [Sch22a] 

 

 

 

Figure 28: Inner carrier (a), white painted back (b) and clutch cover (c) for eight friction interfaces and 
complete assembly for four friction interfaces (d and e) from [Sch22a] 

 

(a) (b) (c) 

(d) (e) 
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6 Validation and Plausibility Checks of Investigation Methods for the 

Thermal Behavior 

The validation and plausibility of the investigations methods is checked in the following paragraphs, 

except for the investigations on the KLP-260 test rig since the procedures are already well established 

(a.o. [Gro21a, Mei15, Sto21]). 

6.1 Real-Time Temperature Calculation and Temperature Prediction  

The results presented below have been published by Groetsch, Voelkel, Pflaum and Stahl [Gro21b, 

Gro21c]. 

6.1.1 Plausibility of Plate Temperatures in Comparison to KUPSIM Simulations 

The plausibility of the calculations of the real-time model is at first checked using representative load 

levels for clutch operations in comparison with results of KUPSIM. The calculations are carried out with 

the same input parameters. Subsequently, a comparison and evaluation of the output parameters is 

performed. A clutch system is used that has already been experimentally validated with KUPSIM. This 

procedure ensures that the thermal calculation with KUPSIM is correct. The material and geometric data 

correspond to clutch D176 with group parallel grooves and a paper friction lining. ATF-B is used as oil 

(compare section 4.1). All input variables including the input signals of the calculation were taken from 

the literature [Woh12, Woh11]. The loads of the test consist of four load levels. The load levels are 

calculated as a load sequence in the order LL1-1* - LL3* - LL4* - LL2* - LL1-2* (from [Gro21b]). The 

course of axial force and speed of the load levels can be seen in Figure 29. 

 

Figure 29: Time curve of input and output speeds and axial force of load levels LL1-1* - LL3* - LL4* - 
LL2* - LL1-2* from [Gro21b] 

In the following, the calculation results of the real-time model are compared with the results from 

KUPSIM. A specific oil volume flow of 0.65 mm³/mm²s at an oil injection temperature of 80°C is defined 

as a reference condition. In KUPSIM, the sliding phase is considered spatially resolved in two 

dimensions. The cooling phases are calculated spatially isothermal. Figure 30 shows the temporal 

course of the calculated temperatures of steel plate node 2 (S2) of the real-time model and the 

isothermal steel plate temperature from KUPSIM. 
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Figure 30: Temperature curves of the isothermal steel plate temperature from KUPSIM and the node 
temperature (S2) of the real-time model for the load levels LL1-1* - LL3* - LL4* - LL2* - LL1-
2* (voil = 0.65 mm³/mm²s, ϑoil,in = 80°C, p = 1.0 N/mm², ATF-B) from [Gro21b] 

The isothermal steel plate temperature in KUPSIM in the sliding phase is determined by numerical 

integration over the two-dimensional domain of the steel plate. A typical temperature characteristic for 

wet multi-plate clutches is obtained. This is characterized by a strong heating of the plate during the 

sliding phase and the subsequent exponential cooling phases. The temperature curve in the cooling 

phases show a change in cooling rate in the transition between the closed (axial force applied) and open 

(no axial force) cooling phase. This can be explained by the changed heat transfer due to the opening 

of the clutch (oil flow rate, heat transfer coefficient). The S2 node temperature is in very good agreement 

with the isothermal steel plate temperature from KUPSIM. The spatially two-dimensional calculation of 

KUPSIM enables the output of the peak temperature at the friction interface for each sliding phase. In 

Table 14, the local peak and mean peak temperatures of the steel plates from KUPSIM are compared 

to the peak temperatures of node S2 on the different load levels. The temperatures in the real-time 

model follow the calculation in KUPSIM. The differences for the maximum temperatures are due to the 

one-dimensional modeling. In the real-time model, the heat is distributed to a larger thermal mass per 

time step. The mean peak temperatures show good agreement (within +/- 10 K). 

Table 14: Comparison of the maximum temperatures per load level of node S2 with the maximum 
steel plate temperature per load level of the spatially two-dimensionally calculated sliding 
phase in KUPSIM from [Gro21b] 

 LL1-1* LL3* LL4* LL2* LL1-2* 

Tsp,max,KUPSIM / °C 258 247 273 306 295 

Tsp,mean,max,KUPSIM / °C 241 235 258 284 277 

Tsp,max,real time model / °C 236 227 257 293 288 

ΔTsp,max / K 22 20 16 13 7 

ΔTsp,mean / K 5 8 1 -9 -9 

The cooling in the real-time model is slightly lower compared to the spatial resolved calculation in 

KUPSIM. The cooling phases in the real-time model would therefore be slightly longer than in KUPSIM 

until complete cooling. This leads to a slightly higher node temperature in sequential shifting operations 

with almost the same temperature rise. 

6.1.2 Validation of Plate Temperatures and Pressure in Comparison to Measurements 

Figure 31 shows the comparison of the calculation with the real-time model and the mean of the 

circumferential distributed temperature measurements (compare section 5.4) in continuous slip using a 

heat transfer coefficient determined according to Wohlleber (α = 8000 W/m²K (sinter)) [Woh12].  
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Figure 31: Temperature curves of the measured steel plate temperature and the node temperature 
(S2) of the real-time model in continuous slip (voil = 1.0 mm³/mm²s, ϑoil,in = 80°C, 
p = 2.0 N/mm², Industry, D123) from [Gro21b] 

The temperature curves show very good agreement. This applies to the dynamic change from one 

speed plateau to the next higher one as well as to the stability of the calculation while one speed step 

is held constant. The absolute deviations of the temperatures shortly before the rise to the next speed 

level are summarized in Table 15. The values confirm the optical impression and show an excellent 

agreement between measurement and simulation. 

Table 15: Comparison of the measured temperatures on the test rig and the temperatures of node S2 
shortly before the rise to the next speed level in continuous slip from [Gro21b] 

Δn / rpm 10 20 30 40 50 60 70 80 

time / s 100 200 300 450 600 900 1,250 1,550 

Tsp,measurement / °C 97 109 119 129 137 147 156 164 

Tsp,real time model / °C 99 109 119 128 139 149 159 168 

ΔTsp / K 2 0 0 1 2 2 3 4 

In addition to continuous slip operation, the real-time model was also validated for operation with shifting 

cycles by comparing calculated with measured results on the KLP-260 component test rig. For the 

calculation, the drive speed (main drive), torque and axial force signals measured on the test rig are fed 

into the model. The other input signals are specified as constant values. Figure 32 and Figure 33 show 

the input signals speed (green), friction torque (red) and axial force (blue) over measured time as 

described in section 5.4. 

 

Figure 32: Course of drive speed (nin) and friction torque (Tf) of the load stages for validation with load 
cycles from [Gro21c] 
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Figure 33: Course of drive speed (nin) and axial force (Fax) of the load stages for validation with load 
cycles from [Gro21c] 

Figure 34 shows a comparison of the measured mean steel plate temperature of load levels LL1 ... LL4 

with the calculated temperatures of the real-time model. To show the calculation quality, the dashed 

gray lines represent the limits +/- 10 K around the measured temperature. The measurement on the test 

rig is triggered per load level. The measurement time is therefore a few seconds shorter than the cycle 

time. In areas without a measurement signal, no limits are therefore given for the temperature 

calculation. The temperature calculation remains in the corridor of +/- 10K of the measurement over all 

load levels. The model calculates a plausible temperature deviation despite strongly varying operating 

conditions. Furthermore, the cooling behavior is well represented. Between LL1, LL2 and LL3, the cycle 

time is sufficient to cool the clutch back almost to the temperature before the start of the cycle. In LL3, 

the clutch was strongly heated, and the cycle time was not sufficient to cool the clutch back to the initial 

temperature. Both effects are reproduced by the calculation. 

 

Figure 34: Comparison of the measured mean steel plate temperature (limits +/- 10K) and the real-
time model during shifting cycles (D123, voil = 1.25 mm³/mm²s, ϑoil,in = 80°C, L-301) from 
[Gro21c] 

Figure 35 shows the continuation of the stitch test of the load sequence LL1 ... LL4. The load sequence 

was repeated a total of ten times. The calculation also remains within a range of +/- 10 K around the 

measured mean steel plate temperature over the full test duration with a total of 40 shifting operations. 

The comparison of the results of the real-time model with test rig measurements thus shows valid results 

even for long simulation times and at high shifting frequencies. 
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Figure 35: Comparison of the measured mean steel plate temperature (limits +/- 10K) and the real-
time model (D123, voil = 1.25 mm³/mm²s, ϑoil,in = 80°C, L-301) from [Gro21c] 

6.1.3 Validation of Temperature Prediction 

To validate the temperature prediction, the points furthest away are selected between the grids stored 

in the map (compare section 5.2.2). The inaccuracy that results from interpolation is the greatest there. 

For all these points, a full simulation is used to calculate the required value. The same value is also 

generated by interpolation from the map. The deviation of the interpolated values from the simulated 

values gives information about the accuracy of the prediction module. 

Figure 36 shows the results of the validation for a prediction map with 3,125 values (memory 

requirement approx. 27kB, number of interpolation points = 5 for all parameters). The operating limits 

were defined for clutch D123. The specific friction work varies in the range of 0.03 ... 1.23 J/mm², the 

specific friction power in the range of 0.14 ... 4.35, W/mm² and the pressure in the range of 0.7 ... 

3.7 N/mm² for a drive inertia of Jin = 1.25 kgm². There are 1,024 test points with the greatest distance 

from the values stored in the map. The figure shows that the deviations between prediction module and 

real-time model are in the range of 0 ... 4 K. The mean value and the median of the deviations are 3 K. 

It can furthermore be seen that the prediction is always conservative because it predicts a higher 

temperature. A high accuracy of the temperature prediction over the given operating range of the clutch 

is therefore shown. 

 

Figure 36: Histogram of temperature deviation from prediction to simulation (brake mode; map: 1024 
test points) from [Gro21b] 

6.2 Sensitivity Analysis and Optimization of Temperature Prediction Method 

The reliability of the prediction module depends largely on the accuracy of the linear interpolation 

between the values stored in the prediction map.  

However, the results of the validation of Figure 36 show a high memory requirement (3,125 values 

approx. 27kB) for the prediction map and numerous simulations are required to determine the map. In 

the following, the map generation will therefore be optimized using the D176 clutch (see Section 6.1.1) 

as an example by means of a sensitivity analysis.  
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6.2.1 Design of Sensitivity Analysis 

The results of the sensitivity analysis give insight into the relevance and effect of the input parameters 

on the calculation results, and can thus be used to optimize the generation of prediction maps. For the 

sensitivity analysis, a full factorial test plan is applied for all parameters (see section 5.2.2) on three 

levels. This results in 729 / 243 / 729 simulations in clutch / brake / continuous slip operation. Then the 

main influences and interactions between the parameters on the temperature rise (clutch, brake) and 

the tolerable slip time (slip operation) are graphically illustrated. Subsequently, an evaluation can be 

made regarding the absolute influence of the parameters on temperature rise and a qualitative 

evaluation of the course can be performed. If the input parameter has only a minor influence on the 

temperature rise or the tolerable slip time, a coarse resolution can be selected. Furthermore, a coarser 

resolution can also be selected if the relationship between the parameters and the temperature rise / 

tolerable slip time is almost linear. In the case of a non-linear curve and a large influence, on the other 

hand, the parameter should be resolved more finely. 

6.2.2 Evaluation of Sensitivity Analysis 

Figure 37 shows an example of the calculated main effects of the input parameters on the temperature 

rise in clutch operation for all input variables. The input and output speeds thus have the greatest 

influence on the calculated temperature rise. Furthermore, it can be seen from the slope change in the 

center that the speed influence is nonlinear. The friction torque also shows a nonlinear relationship to 

the output variable due to a kink in the curve. However, the direct effect of the friction torque on the 

temperature rise is significantly lower than the influence of the speed. The other input variables show a 

linear behavior (no kink) and a very small overall influence on the calculation of the temperature 

deviation. 

Figure 38 shows the interaction diagram during clutch operation. The speed level (both input and output 

speed) has a significant influence on the temperature rise. The speeds interact with all parameters. The 

other input variables show no interaction. The observations are consistent with the physical modeling. 

In braking mode, the map is reduced by one dimension since the output speed does not have to be 

considered. The influences of the main effects and interactions are analogous to clutch operation. 

The analysis of the main effects in continuous slip shows that the tolerable slip time in the tested range 

is significantly influenced by the input variables input speed, friction torque and start temperature of the 

steel plate. Furthermore, there is also an influence of the output speed, which has a small effect due to 

the low variation in the range 0 ... 5 rpm. The parameters specific oil flow rate and oil injection 

temperature hardly influence the result. The speed level (both input and output speed), the friction torque 

and the start temperature of the steel plate have a significant influence on the tolerable slip time and 

show interactions with the other variables. The other input variables do not show any interactions. 

 

Figure 37: Main effects diagram of the simulated temperature rise for the input parameters input, 
output speed (nin, nout), friction torque (Tf), supplied specific oil flow rate (voil), oil injection 
temperature (ϑoil,in) and steel plate temperature at the beginning of the calculation (ϑsp,start) 
during clutch operation varied on three levels from [Gro21c] 
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Figure 38: Interaction diagram of the simulated temperature rise for the input parameters input, output 
speed (nin, nout), friction torque (Tf), supplied specific oil flow rate (voil), oil injection 
temperature (ϑoil,in) and steel plate temperature at the beginning of the calculation (ϑsp,start) 
during clutch operation varied on three levels from [Gro21c] 

6.2.3 Optimization of Real-Time Temperature Prediction Method 

Due to the described main effects and interactions in clutch and brake operation, a high map quality can 

be achieved by many interpolation points for the speeds and, if necessary (e.g. non-linear friction 

behavior), for the friction torque. The number of interpolation points for the remaining parameters should 

be set to as low a value as possible, since they contribute little to improving the prediction of the 

temperature rise. 

In continuous slip, a high map quality can be achieved with many interpolation points for the speeds and 

the friction torque, since both values show a large and/or non-linear influence. The start temperature of 

the steel plate shows a large effect, but this is almost linear and can therefore be reproduced well with 

fewer grid points. The number of grid points for the remaining parameters can be set to a low value, 

since they contribute little to the improvement of the prediction of the tolerable slip time. 

In the following, the optimization of the prediction maps in clutch operation with the aid of the findings 

from the sensitivity analysis is shown as an example. For this purpose, three prediction maps with 

different resolutions are created and the calculation quality is validated. The number of grid points used 

for each parameter is summarized in Table 16. The map that was created for the determination of the 

main effects and interactions serves as “reference”. Subsequently, the map is designed efficiently by 

adjusting the number of grid points for “stage I” and “stage II” maps. 
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Table 16: Variations of the number of interpolation points for the determination of prediction maps 
during clutch operation from [Gro21c] 

 # grid points 

name reference stage I stage II 

input speed  3 3 5 

output speed  3 3 5 

friction torque  3 3 4 

specific oil flow rate 3 2 2 

oil injection temperature  3 2 2 

start temperature  3 2 2 

# grid points prediction map 729 144 720 

# test points 64 4 40 

disk space 6.2kB 1.22kB 6.12kB 

For each of these three maps, a test grid was created, located exactly in the middle between the map 

points. There, the difference of the temperature rise between real-time simulation and prediction was 

evaluated. Statistical values of this validation are summarized for the three examined maps in Table 17. 

Furthermore, Figure 39 shows a histogram of the distribution of the temperature deviations for all test 

points for the “stage II” map. 

The comparison of the statistics of “reference” and “stage I” maps show that a reduction in the number 

of points for the oil flow rate, oil injection temperature and start temperature of the calculation has almost 

no effect on the accuracy of the calculation. The size of the map can thus be reduced by a factor of five 

with the same calculation accuracy. “Stage II” represents an optimized variant of the map, considering 

the findings of the sensitivity analysis. With a slightly lower memory requirement compared to the 

reference, the accuracy of the prediction can be significantly improved. Figure 39 shows that the 

deviations between the prediction module with the “stage II” map and the real-time model are in the 

range of 0 ... 4 K. The mean and median of the deviations are only 3 and 4 K, respectively. Furthermore, 

the prediction is always conservative since it predicts a higher temperature. Thus, a large optimization 

potential of the temperature prediction over the given operating range of the clutch is shown. 

Comparable optimizations were determined in braking and continuous slip operation. 

Table 17: Summary of statistics of the validation of optimized temperature prediction in clutch 
operation for three map resolutions (reference, stage I and stage II) from [Gro21c] 

map reference stage I stage II 

# test points 64 4 40 

mean deviation (arithmetic) / K 15 15 2.9 

median / K 18 18 3.7 

maximum deviation / K 20 20 3.9 
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Figure 39: Histogram of temperature deviation from prediction to simulation (clutch mode; D176; 
optimized map resolution stage II: 40 test points) from [Gro21c] 

6.3 CFD-Model for Calculation of Oil Distribution and Reduction of Axial 

Force 

The results presented below have been published by Groetsch, Motzet, Voelkel, Pflaum and Stahl 

[Gro22]. Furthermore under the guidance of the author, the results were supported by the student 

research project of Motzet [Mot21]. 

6.3.1 Plausibility of Flow Modeling Assumptions 

The flow modeling assumptions are based on a Reynolds criterion, prior publications, and experimental 

investigations. The Reynolds number (Re) is calculated by dividing a characteristic flow velocity u and 

length scale d by the kinematic viscosity ν [Pol09]. 

Re =
u ⋅ d

ν
 (6.1) 

According to [Pay94], the flow inside the grooves can be characterized by the rotational (u: rotational 

velocity of the plate at inner diameter) or average flow (u: average flow velocity through grooves) 

Reynolds numbers with the groove width as the characteristic length scale.  

It is assumed that circulation of the flow inside the grooves (more details in [Pay91]) is dominated by the 

main eddy and thus small scale turbulence effects can be neglected [Pay94].  

Modeling the oil flow through a grooved clutch as laminar pipe flow [Häm95, Pfl98, Woh12] also assume 

a laminar flow in the groove region. The calculation of the Reynolds number for the pipe flow model 

uses the average flow velocity as characteristic velocity, but the characteristic length scale is defined as 

the spare hydraulic diameter calculated by the division of cross section area (Agroove) and length of the 

contour (cgroove) of the groove. 

dspare,hydraulic = 4 ⋅
Agroove

cgroove

 (6.2) 

The summary of calculated Reynolds numbers for critical operating conditions for the CFD model and 

the limits for transition to turbulent flow regimes in Table 18 show that the laminar assumption is valid 

to the best of my knowledge. 

To adequately fulfill the assumption of an isothermal flow during continuous slip operation, the 

representative isothermal oil temperature must be estimated. The results of the static cases show that 

the transition of the oil flow from the inner carrier-area to the grooves has the highest hydraulic resistance 

due to the shrinking of the cross-section area. Therefore, it is assumed that this region dominates the 

development of the flow field. The dynamic simulations are initialized with the oil temperature at the 

inner radius of the friction plates. This temperature is calculated with the thermal clutch design tool 

KUPSIM [Voe16a, Woh09].  
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Table 18: Calculated Reynolds numbers and laminar limits for ν = 11,4 mm²/s and vs,mean = 10 m/s 
from [Gro22] 

 value laminar limit 

Reavg,Payvar 77 typical below 500 [Pay94] 

Reavg,Payvar 645 1,800* [Pay94] 

Reavg,Pfleger,Haemmerl,Wohlleber 28 << 2,300 [Häm95, Pfl98, Woh12] 

*authors use a laminar model for flow with Re = 1,800 and show agreement with the measurements 

Table 19 summarizes the oil temperatures obtained from measurements for the static cases and Table 

20 summarizes the oil temperatures from KUPSIM for the dynamic cases.  

Table 19: Nominal and measured oil temperatures for static operations from [Gro22] 

 ST1 ST2 ST3 ST4 

nominal oil temperature / °C 40 60 40 60 40 60 40 60 

measured oil temperature / °C 37 56 38 56 38 57 38 57 

Table 20: Oil temperatures from KUPSIM for dynamic operations from [Gro22] 

 LS1 LS2 LS3 LS4 

v̇oil / mm³/mm²s 0.75 1.5 2.5 0.75 1.5 2.5 0.75 1.5 2.5 0.75 1.5 2.5 

ϑoil (KUPSIM) / °C 81 68 67 103 78 75 119 88 83 137 96 91 

6.3.2 Study on Mesh Independence of Solutions 

The mesh study is performed for static operations. All simulations are repeated on each mesh type with 

the same solver settings, boundary and initialization conditions. Figure 40 shows a section of the 

investigated meshes. The mesh independence of the oil flow rate through the groove gaps and the axial 

force due to oil pressure in the grooves are considered as convergence criteria. 

rough mesh  

max. cell size: 0.01 mm 

standard mesh 

max. cell size: 0.005 mm 

fine mesh 

max. cell size: 0.002 mm 

   

Figure 40: Exemplary sections of the computational meshes of the CFD model from [Mot21] 

 

Figure 41 compares the calculated specific oil flow rate through the groove gaps for each mesh-type. 

The results are independent of mesh resolution for the studied configurations. 
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Figure 41: Comparison of oil flow through groove gaps depending on mesh-type (variant I, L-301, ϑoil = 

40 °C, static operation ST3) from [Gro22] 

 

Figure 42 compares the arithmetic mean of the axial force due to oil pressure in the grooves depending 

on mesh type. A nearly mesh independent solution is achieved with the standard mesh.  

 

Figure 42: Comparison of axial forces due to oil pressure in the grooves depending on mesh type 

(variant I, L-301, ϑoil = 40 °C, static operation ST3) from [Gro22] 

The results show that the standard mesh seems to be the optimal compromise between solution 

accuracy and computational effort and is therefore used for all further calculations. 

Based on the results of the mesh study, a time-step-study is executed for the dynamic operating points. 

The time step is defined in terms of a fixed angular rotation (e.g. [Ter18a]). The study compares the 

results according to the method in the mesh study by varying the time step between an angular rotation 

of 1° and 2°. The difference in the results is smaller than 2 %, but calculation times can be nearly halved 

by using the coarser time step. All dynamic simulations are therefore set up to rotate 2° per time step. 

6.3.3 Validation of Calculated Oil Pressure 

The numerical model is validated by comparing the calculated pressure in the inlet region with pressure 

measurements (see section 5.4). Figure 43 shows the increase of oil pressure with rising oil flow rates 

in both simulation and measurements. The simulation results are consistently lower than measurement 

data. The difference is within 10 %. The same trend, with comparable relative differences, can be 

observed for the other static operating points. 
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Figure 43: Comparison of oil pressure in the inner carrier region between simulation and 
measurement data (variant I, L-301, ϑoil = 40 °C, static operations), error bars indicate 
2.5th/97.5th quantile from [Gro22]  

In dynamic operations, the pressure likewise increases with rising oil flow rates and the simulation 

results are consistently calculated lower compared to data from the test rig. 

In addition, compared to static cases, the overall pressure level is reduced as rotational speed increases. 

The most likely causes are a combination of lower oil viscosity in the grooves due to heating during 

sliding operation and the support of oil transport due to centrifugal forces.  

The comparison between numerical and experimental results is challenging due to the numerical results’ 

strong dependence on input parameters (a.o. [Gro20, Pay94]). Since the calculation domain is based 

on the nominal geometry of the technical drawings, a perfect match between simulation results and 

measurement data is not expected. Differences can be associated with, e.g., deviations of the groove 

geometry due to manufacturing processes, uncertainty in the measurements that define input 

parameters, and the simplifications of the flow problem. Regardless of these circumstances, the 

validation showed that the simulation model can reproduce the trend and values of the measurement 

data accurately. 

6.3.4 Plausibility of Calculated Heat Transfer Coefficients 

The potential analysis for calculation of heat transfer coefficients is a two-step procedure. First, the 

numerical calculation of the heat transfer is validated by comparison with an analytic solution. For this 

purpose, the groove geometry is converted into an equivalent pipe cross-section. Table 21 summarizes 

the geometrical parameters of the groove patterns of the two industrial clutches. Furthermore, the length 

of the hydraulic and thermal entrance is estimated by means of analytical equations. The thermal 

entrance length exceeds the groove length for both clutches. The assumption of a thermally fully 

developed flow does not fit in real world operations and the calculation of the heat transfer coefficient 

should be performed numerically (see [Pol09]). 

Table 21: Geometric and calculated parameters for heat transfer for the groove patterns of clutches 
D123 and D148 

clutch D123 D148 

equivalent pipe diameter 0.12 mm 0.15 mm 

groove length 18.5 mm 18.3 mm 

hydrodynamic entrance length 0.1 mm 0.2 mm 

thermal entrance length 35 mm 43 mm 

In the first stage, the validation is based on model assumptions and therefore the calculation method 

assumes a laminar, thermally and hydraulically fully developed pipe flow with temperature-independent 

material values. For this pipe flow (cross-section equivalent to groove), the heat transfer coefficients are 

determined both analytically and by CFD simulation. A specific oil flow rate of 0.5 mm³/mm²s is supplied 

and the CFD calculations are terminated as soon as the residuals of pressure, velocity and temperature 
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were less than 1e-6. Table 22 summarizes the results of the calculations. The CFD simulation shows 

very good agreement with the analytical solution. Thus, the validation of the calculation approach is 

successful. 

Table 22: Comparison of the calculated heat transfer coefficients by means of analytical solution and 
CFD simulation 

clutch D123 D148 

αCFD,outlet 1,309 W/m²K 1,880 W/m²K 

αanalytical,outlet 1,309 W/m²K 1,833 W/m²K 

𝛼𝐶𝐹𝐷,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝛼𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙,𝑜𝑢𝑡𝑙𝑒𝑡

𝛼𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙,𝑜𝑢𝑡𝑙𝑒𝑡

⋅ 100% 0 % 3 % 

In the second stage of the potential analysis, the heat transfer coefficient is determined for an operating 

point of clutch D123 on a CFD model considering the real clutch geometry. The aim of the second stage 

is to prove that the calculations can be transferred to real clutch geometries and operating conditions. 

The qualitative evaluation of the temperature distribution on the steel plate from the CFD calculation 

shows an almost linear increase in temperature as a function of radius. Stage two of the potential 

analysis was thus successfully completed by demonstrating the transferability of the calculation 

approach. As a result, a three-dimensionally resolved oil and temperature distribution as well as the 

heat transfer coefficients between the components are available. The calculation time per operating 

point is approx. 10 hours on a node of the CoolMuc2 cluster (28 cores). For application of the new 

method and for the evaluation of the reliability of the calculated values, extensive validations and, if 

necessary, parameter variations are still necessary, which cannot be covered within the scope of a 

potential analysis. 

6.4 Experimental Investigations for Visualization of Oil Flow 

Under the guidance of the author, the results concerning experimental investigations for the visualization 

of oil flow were supported by the student research project of Schermer [Sch22a]. The following 

subchapters give a brief overview about the main findings. 

6.4.1 Geometrical Quality of 3D Printed Parts 

To check the quality of the 3D printed components for visualizing the oil flow, the focus is placed on the 

grooves of the friction lining, since the dimensions of the grooves lie within the range of the minimum 

vertical print resolution of the 3D printer. The quality of the printed geometry and parts from series 

production is examined using the optical 3D measurement method Focus Variation. 

Figure 44 shows the adoption of the measured groove cross-section of a plate from serial production in 

comparison to the nominal cross-section of the groove from the production drawing. The depth and 

radius of the groove are reproduced very accurately in the manufacturing of the groove and can be 

adopted for 3D printing. The edge of the groove is rounded during manufacturing. This effect is 

approximated with a radius of 0.25 mm in 3D printing. 
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Figure 44: Data of grooves in friction lining D123: nominal groove cross-section from production 
drawing (a), adopted groove cross-section from measurement of series parts (b) and groove 
pattern (c) from [Sch22a] 

When manufacturing in the 3D printer, all alignments of the components in the installation space are 

possible. Furthermore, the layer thickness can be varied during printing. Depending on the orientation 

of the components, additional support structures are printed. To ensure high printing quality, support 

structures should not be applied to surfaces such as friction interfaces with high surface quality 

requirements. Figure 45 shows examples of different component orientations and the associated 

support structures. To check the influence of the printer settings on surface quality, components are 

printed in horizontal, vertical and diagonal orientation. In the case of diagonal alignments, the 

components are aligned at an angle of 45° to the base plate. Furthermore, the layer thickness is varied 

from 50 to 100 µm. 

 

Figure 45: Different orientations of components for 3D printing: inner carrier with friction lining in 
horizontal orientation (a), friction plate in diagonal orientation (b) and friction plate in vertical 
orientation (c) from [Sch22a] 

To investigate the surface quality, the contour of the groove on the friction interface is measured with 

the optical focus variation after printing. The vertical and horizontal resolution of the measurement is 

1.75 μm. 

Figure 46 shows an example of the comparison of the groove cross-section of the printed components 

with vertical and diagonal orientation with a layer thickness of 50 μm. It is noticeable that two 

measurements of the vertical orientation roughly correspond to the course of the diagonal 

measurements, while the other two show a significantly narrower groove. The vertically printed plate is 

oriented along its axis of rotation such that half of the grooves are upright in the printing space, while 

the others lie in its x/y plane. The quality of the upright grooves only depends on the precision of the UV 

laser and therefore matches the CAD data well. The groove cross-sections that run in the plane also 

depend on the accuracy of the individual resin layers. In addition, one side of these groove cross 

sections represents an overhang. While the printer can create this overhang, it obviously must 

compromise on precision. The vertical orientation is thus not recommended for an exact reproduction 

of the groove geometry. 

(a) (b) (c) 

(a) (b) (c) 
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Figure 46: Four contour measurements each of the printed groove cross sections (layer thickness 50 
μm) in vertical and diagonal orientation in comparison with the CAD data from [Sch22a] 

Further investigations have shown that the diagonal orientation with a layer thickness of 50 μm provides 

suitable printing results for the planned investigations (see [Sch22a]).  

In addition to the quality of the printing geometry with small details in the μm range, the accuracy of the 

entire component geometry is also assessed. For this purpose, the dimensions of the inner carrier and 

the clutch cover are checked. All of the outer diameter, inner diameter and small bores show deviations 

of +/- 1% maximum.  

The vertical dimensions, on the other hand, show an absolute deviation in the range of +0.63 mm to 

+0.82 mm. This is within the range of the printer's correction of the z-compression to the printing 

platform. Comparing the vertical measurements within the part instead of to the printing platform, the 

same percentage deviation of +/- 1% is found as for the horizontal dimensions before. Since the inner 

carrier and the clutch cover are oriented to each other in terms of their printing direction in the assembled 

state, the z-compression has no influence on the planned test execution. 

6.4.2 Transparency of the Material 

The more transparent the parts are, the more reliable are the statements that can be made about the 

lubrication situation. Therefore, the improvement of the component transparency by polishing as well as 

with an additional wetting with mineral oil is investigated.  

Figure 47 shows a transparent test print part with a thickness of 3.25 mm. The test graphic in the 

background consists of lines of thickness 2.0 mm to 0.5 mm and helps to assess the transparency of 

the printed part. Figure 47 (a) shows the component without treatment after washing with isopropanol. 

For Figure 47 (b), the surfaces on the front and back were treated by hand with a plexiglass polish. The 

remaining surface texture on the right half shows the progress after about two minutes, while the left 

half was polished for about five minutes. Figure 47 (c) shows the same area after it has been wetted 

and rubbed with mineral oil. The difference in polishing progress between the left and right sides is 

almost negligible. 

The components are therefore pretreated for all tests with the plexiglass polish before being dipped in 

the mineral oil used for the corresponding test. 
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Figure 47: Test print with a thickness of 3.25 mm: no treatment (a), treated with plexiglas polish (b) 
and additionally rubbed with mineral oil (c) from [Sch22a] 

 

(a) (b) (c) 
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7 Results and Discussion 

This chapter presents and discusses the influences of investigated parameters on the thermal behavior. 

For this purpose, circumstances that have a significant influence on thermal behavior, such as the oil 

filling behavior, oil distribution and the influence of the oil on axial force in sealed clutches, are 

considered. Furthermore, temperature behavior is investigated on the basis of characteristic values (e.g. 

temperature rise, heat transfer coefficients). The results of the different investigation methods are 

presented and interpreted in the conclusions. The temperature calculations of the real-time model have 

already been used for the validation and can therefore be found in chapter 6.1. 

7.1 Visualization of Oil and Dynamic Filling Behavior 

To describe the results of the measurements according to the setup and test conditions described in 

section 5.5, the symbols (o, x, --- and Δ) are introduced. Therefore, Figure 48 shows exemplary 

snapshots of the four characteristic points in time that are used to characterize dynamic filling behavior. 

The symbols (o, x, --- and Δ) mark characteristic times. In the top left image (o), oil reaches the first two 

oil distributor holes, while the third is still empty. The top right image (x) shows all three holes filled with 

oil and with no air bubbles. The moment when the oil reaches the observed interface (---) is defined as 

the zero point in time. Accordingly, all events before and after this moment are provided with negative 

and positive times. The direction of rotation of the inner carrier is counterclockwise. The oil is distributed 

along the stationary steel plate until the entire interface is filled with oil (Δ). More details and results 

concerning the visualization of oil flow can be found in [Sch22a]. 

 

 

Figure 48: Exemplary snapshots of the observed time points (LS1, D123, 8 friction interfaces): Oil 
reaches oil distributor holes (o), no air in oil distributor holes (x), oil reaching first interface (---
) and first interface filled (Δ) from [Sch22a]. 

0 s 
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7.1.1 Filling Behavior with Eight Friction Interfaces 

Figure 49 shows the effect of the variation of the oil flow rate on the characteristic times (o, x and Δ) in 

the time domain for two load stages (LS1, LS2 details in Table 12). The setup corresponds to geometry 

variant I from the CFD simulation. One repetition was performed for each load stage. The specific oil 

flow rate voil is plotted on the y-axis, while the load stages correspond to a variation of the differential 

speed Δn that is indicated by the colors blue (LS1) and orange (LS2). 

The results show that all processes are faster with increasing flow rate since the characteristic times are 

closer together. With increasing flow rate, the clutch requires less time to convey the oil from the oil 

distributor holes (o) to the first interface, and less time to fill the entire interface (Δ). The same 

relationship can be seen regarding differential speed. If the speed increases, the processes also run 

faster. In particular, the time required to supply the oil from the oil distributor holes (o) into the interface 

is shortened when the differential speed is increased. The repetition of the load levels proves that the 

behavior of the oil filling behavior is repeatable. The two measuring points of the characteristic times (o) 

and (Δ) are close to each other in each case. 

 

Figure 49: Differences in dynamic filling behavior in time domain with eight friction interfaces 
depending on specific oil flow rate v̇oil and differential speed Δn (LS1, LS2), oil reaches the 
interface at 0s, D123, variant I from [Sch22a] 

Larger variations can be seen when observing the characteristic time (x) at which the oil distributor holes 

in the inner carrier are filled with oil. At low speeds, the oil distributor holes are already free of air before 

the oil reaches the first interface. At high speeds, on the other hand, it takes longer, so that the oil 

distributor holes are not free of air until the oil reaches the interface. A plausible explanation is that this 

behavior is related to the conveying effect of the centrifugal force. If the speed is high enough, more oil 

is conveyed radially outward at the beginning than is supplied (see [Düm84]). 

The correlation between rotational speed and flow rate also explains the filling behavior at the lowest 

flow rate of 0.75 mm³/mm²s. At load stage LS1 with v̇oil = 0.75 mm3/mm², Figure 49 shows that it takes 

a long time for the holes to be free of air (x) compared to the load stages with higher flow rates. At load 

stage LS2 with v̇oil = 0.75 mm3/mm², the holes are never free of air in the period under consideration. 

It can be assumed that the high centrifugal force continuously conveys more oil to the outside than 

supplied. This also means that the first interface is never completely filled with oil. 

The axial positions of the oil distributor holes of the inner carrier are located below the three inner steel 

plates. This means that oil flows directly onto the six inner friction interfaces. The first and last friction 

interface therefore depend on axial distribution of the oil in the splines. The combination of high speed 

and low flow rate (v̇oil = 0.75 mm3/mm²) in LS2 ensures that the delivered oil is conveyed radially 

outward by centrifugal forces before it can distribute axially to the first interface. Due to the symmetrical 

design of the clutch, the observed phenomena should also apply to the last interface. In both repetitions 

of LS2 with v̇oil = 0.75 mm3/mm², only small amounts of oil flow into the interface. The oil is then 
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dragged along the stationary steel plate by the rotating lining interface and conveyed slowly to the 

outside. The interface remains permanently half-filled this way. 

7.1.2 Filling Behavior with Four Friction Interfaces 

Figure 50 shows the identified characteristic times (o, x and Δ) in the time domain for the different load 

stages and flow rates with four friction interfaces. This setup corresponds to geometry variant I from the 

CFD simulation. 

 

Figure 50: Differences in dynamic filling behavior in time domain with four friction interfaces 
depending on specific oil flow rate v̇oil and differential speed Δn (LS1, LS2), oil reaches the 
interface at 0s, D123, variant I from [Sch22a] 

In this test setup, the axial position of the first friction interface is directly lubricated from the oil distributor 

holes. Therefore, no axial distribution of the oil into the splines is required to enter the friction interface. 

Compared to the setup with eight friction interfaces, the oil enters the interface earlier (o). Higher speed 

and flow rates also accelerate the filling process.  

The setup with four friction interfaces gets completely filled with oil at all load stages and flow rates. 

Thus, the single-phase flow assumption of the CFD simulation is experimentally validated. 

Analyzing the clutch geometry, assuming that the flow at the first interface in the setup with four friction 

interfaces is nearly equal to the flow in the third interface of the setup with eight friction interfaces seems 

appropriate. For proof of this assumption, a test with a transparent “steel” plate was installed. However, 

the complex geometry of the 3D-printed friction plate makes it difficult to assess the oil flow in the third 

gap due to the many reflections in the grooves. In addition, the groove pattern of the clutch cover and 

the plate overlap, making visibility even more difficult. 

Figure 51 (a) shows the oil-free test setup and Figure 51 (c) shows the moment when the oil reaches 

the first interface. This can be seen from the clear edge that forms when the oil wets the clutch cover. 

In Figure 51 (b), the oil already enters the interfaces between the rear plates. However, the moment at 

which the oil reaches the third or second gap is difficult to define. It does, however, confirm the 

assumption that in the design with eight friction interfaces, the direct lubricated interfaces in the center 

of the clutch package are more likely to be supplied with oil than the first interface, which relies on axial 

distribution of the oil. 
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Figure 51: Test image of the test setup with eight friction interfaces with view into the third air gap 
(first “steel” and “lining” plate are transparent), D123, variant I from [Sch22a] 

7.1.3 Influence of Oil Distributor Pattern on the Filling Behavior 

The following section shows the influence of the variation of the oil distributor pattern in the inner carrier 

on the oil supply. For this purpose, six of the nine holes in the inner carrier are sealed with a plug. Thus, 

the oil distributor pattern variant II is achieved, as described in section 5.3.1. 

By comparing Figure 50 and Figure 52, it is obviously that the moment (x) at which the oil distributor 

holes in the inner carrier are filled with oil is earlier since the same flow rate transitions through a third 

of the former cross-section. Another difference between the results under varying oil distributor patterns 

are the times when the first interface is filled at LS1. The filling procedure with variant II takes a little 

longer, since the three axial positions are flushed with oil only once instead of three times per revolution. 

At high speed (LS2), the conveying effect of the centrifugal force has enough influence to fill the interface 

quickly. 

Comparing Figure 50 and Figure 52 also shows that the oil distributor pattern variant has a very small 

influence on the steady-state flow behavior. Both patterns achieve complete filling of the interface (Δ). 

This observation is consistent with the results from the CFD simulation in section 7.2.3. 

 

Figure 52: Dynamic filling behavior with four friction interfaces depending on specific oil flow rate voil 
and differential speed Δn, oil reaches the interface at 0s, D123, variant II from [Sch22a] 

In contrast, the results in Figure 53 of the filling behavior with eight friction interfaces and the oil 

distributor pattern variant II differ from the results of variant I (compared to Figure 49). Here, only the 

lowest and highest flow rates were recorded. A little more time elapses until the oil from the holes 

(a) (b) (c) 
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reaches the first interface, while filling the interface takes significantly longer. Even when the interface 

fills completely with oil and reaches a steady state, it can be assumed that the heat dissipation in this 

gap is weaker than at the better supplied inner interfaces. Together with the previous findings, it can be 

concluded that the filling behavior and oil distribution of the clutch benefits more from uniform axial 

distribution of the oil holes in the inner carrier, ensuring direct lubrication of the interfaces than from 

uniform radial distribution of the oil distributor holes. 

 

Figure 53: Dynamic filling behavior with eight friction interfaces depending on specific oil flow rate voil 
and differential speed Δn, oil reaches the interface at 0s, D123, variant II from [Sch22a] 

7.2 Thermal Behavior and Temperature Distribution 

In the following, the results of the experimental and simulative investigations are analyzed. 

7.2.1 Influence of Lubrication and Clutch Type 

In the following, the results of the investigations on the brake test rig KLP-260 during continuous slip are 

described. The setup and test conditions are detailed in section 5.4. 

Figure 54 and Figure 55 show the axial temperature distribution and the mass temperature of the outer 

carrier at load stage LS1 at different oil flow rates for different clutches. The test setup is preconditioned 

to an oil injection temperature of 60 °C by lubricating it at least 30 minutes before the tests start. The 

tests without lubrication were started at room temperature of approx. 30 °C. An increase in the supplied 

oil flow rate leads to a reduction in all measured temperatures in the area under investigation. This is 

because the lubrication of the interfaces is not solely dependent on the conveying effect of the centrifugal 

force, since the clutch is sealed and there is no possibility of axial outflow. Thus, even at low speeds, a 

higher oil flow rate contributes to the cooling of the plate package. Furthermore, the variations in the 

axial temperature distribution are very small. The measuring positions on the steel plates at the output 

and piston side typically indicate a temperature that is about 1 ... 2 K lower than at the measuring position 

in the center steel plate. Therefore, the temperature in the middle steel plate is usually considered in the 

following observations. The temperature development in the outer carrier changes with the temperature 

level in the steel plates and is significantly lower than that of the steel plates due to the large thermal 

mass and because there is no friction interface at the carrier. 
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Figure 54: Comparison of median temperature rise at different locations in continuous slip LS1, D148, 
variant I, L-301 at different specific oil flow rates, ϑoil = 60 °C 

 

Figure 55: Comparison of median temperature rise at different locations in continuous slip LS1, D123, 
variant I, L-301 at different specific oil flow rates, ϑoil = 60 °C 

7.2.2 Variations in Operating Conditions 

The influence of a variation of the speed in continuous slip on the average steel plate temperature is 

pictured in Figure 56 and Figure 57 for two different clutches. In each case, the results of an initial test 

and a repetition of the test at a later point in time are shown. The results indicate a continuous increase 

in the mean steel plate temperature as a function of the applied friction power. There is a higher 

temperature level with D148 compared to the tests with D123. On the one hand, this is due to the larger 

contact area with the connecting components of the thicker plates (D123). In addition, the D148 plates 

generate higher frictional power under otherwise identical operating conditions due to a higher CoF. 

Both clutch systems could be operated with internal lubrication in the planned test range without violating 

the abort criterion of a mean steel plate temperature above 200 °C. 

 

Figure 56: Comparison of the medians of the temperature rise during continuous slip of the first run 
and a repetition, D148, variant I, voil = 1.5 mm³/mm²s, L-301, ϑoil = 60 °C 
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Figure 57: Comparison of the medians of the temperature rise during continuous slip of the first run 
and a repetition, D123, variant I, voil = 1.5 mm³/mm²s, L-301, ϑoil = 60 °C 

Figure 58 and Figure 59 show exemplary box plots of the temperature rise during shifting cycles. 

Compared to continuous slip, the axial position has a greater influence on the temperature rise (see 

Figure 54 and Figure 55). The values of the median temperature rise at the measuring point on the drive 

and piston sides are significantly lower than the median of the temperature rise in the middle steel plate. 

  

Figure 58: Temperature rise at different axial 
measuring positions for load level LL4, 
D148, variant I, internal lubrication voil = 
1.0 mm³/mm²s, L-301, ϑoil = 60 °C 

Figure 59: Temperature rise at different 
operating conditions in the middle steel 
plate during shifting cycles, D148, 
variant I, internal lubrication voil = 1.0 
mm³/mm²s, L-301, ϑoil = 60 °C 

Figure 59 illustrates the influence of operating conditions on the temperature rise during shifting cycles. 

The critical temperature rise in the middle steel plate is shown. At low sliding speeds (LL 1/3), a lower 

temperature rise occurs than at the load stages with higher sliding speeds (LL 2/4). Furthermore, higher 

temperature rises are accompanied by a larger scatter band. An increase in surface pressure also 

increases the temperature rise (LL1 vs LL3 or LL2 vs LL4). 

7.2.3 Variations of Oil Distributor Patterns 

Figure 60 to Figure 62 show experimental results for quantifying the influence of the design of the oil 

distributor pattern through the inner carrier (variant I / II) during continuous slip. Figure 60 and Figure 61 

show the measured pressure in the oil supply. This can be regarded as representative pressure for the 

region in the inner carrier, since there is no reduction in the cross-sectional geometry up to the oil feed 

holes, and the hydraulic pressure should therefore be the same. The measurements show that the oil 

pressure decreases with increasing differential speed. This observation is independent of the pattern of 

oil feed holes. Reducing the number of oil feed holes from 9 (variant I) to 3 (variant II) leads to an 
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increase in oil pressure in the inner carrier in all load stages. This can be largely attributed to the 

reduction in the hydraulic cross-section at constant volume flow. 

 

Figure 60: Comparison of the pressure in the oil supply in continuous slip, D148, oil distributor 
patterns with variants I/II, internal lubrication voil = 2.5 mm³/mm²s, L-301, ϑoil = 60 °C 

 

Figure 61: Comparison of the pressure in the oil supply in continuous slip, D123, oil distributor 
patterns with variants I/II, internal lubrication voil = 2.5 mm³/mm²s, L-301, ϑoil = 60 °C 

Figure 62 shows the temperature rise during load stages LS1 to LS4 in continuous slip in a comparison 

of the two oil distributor variants with variation of the oil flow rate at the different axial measuring 

positions. On the left are the results of variant I (9 oil holes), on the right the results of variant II (3 oil 

holes).  

In addition to the temperature rise, the arithmetic mean of the measured CoF (µstat,120) during the last 

120 s of the load stage and the nominal specific friction power (qp) are also plotted. Due to the large 

variations of friction behavior of the investigated sintered friction linings, load stages that show the most 

similar friction behavior possible were selected for the comparison of the oil distributor variants. This 

ensures that the energy input is nearly the same, and that the temperature differences can be attributed 

to the changed lubrication situation. 

Analogous to the results from chapter 7.2.1, the temperatures drop with increasing oil flow rate. This 

effect can be observed at all load stages and for both oil distributor variants. 

Axial differences in the temperature rise within the clutch are also very small at all load stages (compare 

section 7.2.1). It is noticeable that under some test conditions with oil distributor variant I the highest 

temperature rise occurs at the measuring point in the steel plate near the drive instead of at the 

measuring point in the middle steel plate. However, since the differences are in the range of 1K and 

below, the causes of this effect were not investigated further.  
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                                                                    LS2 

 

                                                                    LS3 

 

                                                                    LS4 

 

Figure 62: Comparison of temperature rises of load stages LS1 to LS4 with variations of oil flow rate, 
voil = 0.75 / 1.5 / 2.5 mm³/(mm²s), variant I (left) and variant II (right), D123, L-301, ϑoil = 60 °C 
from [Jan21] 

At most load stages, temperature rises with oil distributor variant I are somewhat lower. However, the 

differences are very small, and in two cases (LS1 v̇oil = 0.75 mm3/mm²s, LS4 v̇oil = 0.75 mm3/mm²s), 

the temperature rises are even somewhat lower with variant II. However, it is not possible to speak of a 
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clear effect here, since the slightly different temperatures in both cases can also be explained by the 

lower frictional power. 

Overall, there is no discernible influence of the oil distributor variant in the inner carrier on thermal 

behavior. The temperature rises are almost the same for both variants. However, the axial position, the 

specific friction power, and the supplied oil flow rate clearly influence the thermal behavior. 

7.2.4 CFD Simulation: Variations of Oil Distributor Pattern and Operating Conditions 

Figure 63 compares oil distribution at each friction interface for variant I and variant II of the oil distributor 

patterns from CFD simulation in the inner carrier during static operations. The variation in oil distributor 

patterns does not influence the oil supply at the friction interfaces. The share of total flow rate (ratio of 

flow rate at friction interface divided by total flow rate) at each friction interface is nearly constant. 

 

Figure 63: Share of total flow rate at each groove gap with variations in oil distributor patterns (D122, 
L-301, ϑoil = 40 °C, static operation ST3) from [Gro22] 

The same can be observed for the dynamic cases, as Figure 64 shows. There seems to be no difference 

in the oil supply, despite the reduction of the radial holes in the inner carrier between variant I and variant 

II.  

 

Figure 64: Share of total flow rate at each groove gap with variations in oil distributor patterns (D122, 
L-301, 𝑣̇𝑜𝑖𝑙 = 2.5 mm3/mm2s, dynamic operation LS4) from [Gro22] 

For the sake of completeness, Figure 65 and Figure 66 show the comparison of the reduced surface 

pressure under variation of the oil distributor pattern. Since the supplied oil at each friction interface is 

nearly the same in both cases, there is also no difference in the reduction of the nominal surface 

pressure. 
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Figure 65: Comparison of reduced surface pressure with variations in oil distributor patterns (D122, L-
301, ϑoil = 40 °C, static operation, pnom=0.75 N/mm²) from [Gro22] 

 

Figure 66: Comparison of reduced surface pressure with variations in oil distributor patterns (D122, L-
301, 𝑣̇𝑠𝑝𝑒𝑧 = 2.5 mm3/mm2s, dynamic operation, pnom=0.22 N/mm²) from [Gro22] 

These results are different from published studies of automotive/motorcycle clutches, in which the 

authors state that the oil distributor pattern of the oil supply is the main cause for differences in the oil 

supply at each friction interface [Grü13, Ter18a]. Since the clutch designs in this thesis are sealed, the 

flow behaves like a hydraulic flow. Therefore, if the value of supplied oil and operating conditions such 

as rotational speed are constant, oil distribution seems to be independent of oil supply patterns. 

7.2.5 Heat Transfer Coefficients during Continuous Slip 

The possibility for the simulative determination of the heat transfer coefficients has already been 

presented within the scope of a potential study in chapter 6.3.4. In the following, results of the practical 

determination of heat transfer coefficients from measured data and simulation results according to 

Wohlleber's iterative method are presented [Woh12]. 

Figure 67 shows an example of the heat transfer coefficients determined in the stitch tests for the 

operating ranges during continuous slip at low speed investigated for clutch D123. A small scatter band 

of the determined heat transfer coefficients for this friction pairing can be seen. The average heat 

transfer coefficient is 8,400 W/m²K and the variation over the different operating points is about +/- 400 

W/m²K. 
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Figure 67: Determined heat transfer coefficients (D123, L-301, 𝑣̇𝑠𝑝𝑒𝑧 = 1.0 mm3/mm2s, p = 1.0 N/mm²) 

Figure 68 presents the comparison of the calculated and measured steel plate temperatures of the 

middle plate using the heat transfer coefficients from Figure 67. The deviations between simulation and 

measurement are very small (< +/- 5 K). 

 

Figure 68: Comparison of the mean steel plate temperature from simulation and measurement (D123, 
L-301, 𝑣̇𝑠𝑝𝑒𝑧 = 1.0 mm3/mm2s) 

7.2.6 Reduction of Axial Force due to Pressure Distribution 

According to the model described in section 5.3.4, it is possible to calculate the reduced nominal surface 

pressure in the clutch package from the pressure distribution in the groove channels at the friction 

interfaces. 

Figure 69 (static operation) and Figure 70 (dynamic operation) visualize the pressure distributions of the 

complete CFD calculation domain. The pressure in the static case (Figure 69) has a nearly constant 

value in the inlet and outlet regions. In the groove gaps, the pressure drops linearly from the inlet to 

outlet pressure value. The significant reduction of hydraulic cross-section between the inlet/outlet 

regions and the groove gaps seems to be the cause of this. 

In the dynamic cases at lower sliding velocities (2.5 … 5 m/s), the qualitative pressure distribution is the 

same as in the static cases. The absolute pressure values are lower than in the static cases, most likely 

due to the reduction of hydraulic resistance due to the centrifugal forces. 

At higher sliding velocities (7.5 … 10 m/s), the pressure distribution looks slightly different. Figure 70 

shows an example of pressure distribution in the complete calculation domain for a sliding velocity of 

7.5 m/s. The pressure in the inner area slightly increases up to the transition from the inner carrier- to 

the groove-region, and then decreases linearly with increasing diameter according to the other cases 

(static / lower velocities).  

The small increase in pressure in the inner carrier region seems to be caused by the isothermal modeling 

approach. Due to the lower fluid viscosity in combination with the centrifugal forces due to increased 

sliding velocities, the hydraulic resistance of the oil distributor is significantly reduced. This leads to 

increased oil velocities in the spline zone of the inner carrier-area, but due to the reduction in cross-

section at the transition to the grooves, the flow is blocked and the pressure thus rises. 
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Figure 69: Pressure distribution (D123, variant I, 
L-301, ϑoil = 40 °C, static operation 
ST3, 𝑣̇𝑜𝑖𝑙 = 1.5 mm3/mm2s) from 
[Gro22] 

Figure 70: Pressure distribution (D123, variant I, 
L-301, ϑoil = 83 °C,  dynamic operation 
LS3, 𝑣̇𝑜𝑖𝑙 = 2.5 mm3/mm2s) from [Gro22] 

Figure 71 compares nominal and reduced surface pressures for the static operating points. An increase 

of oil flow leads to higher pressure in the groove gaps, and thus reduces the effects of the externally 

supplied axial force at the friction interfaces by lowering the expected nominal surface pressure at the 

friction interfaces. For static operations, the nominal surface pressure is reduced in the range of 3 … 

23 % with increasing supplied flow rates.  

 

Figure 71: Comparison of nominal and reduced surface pressures (D123, variant I, L-301, ϑoil = 40 °C, 
static operation) from [Gro22] 

Figure 72 shows the results during dynamic operations. A decreasing sliding velocity leads to an 

increase of hydraulic pressure since the oil flow reduces the axial force. The maximum reduction of the 

nominal pressure for dynamic operations is as high as 29 %. 

 

Figure 72: Comparison of nominal and reduced surface pressure (D123, variant I, L-301, dynamic 
operation, 𝑣̇𝑠𝑝𝑒𝑧 = 2.5 mm3/mm2s) from [Gro22] 
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7.3 Overall Summary of Results 

The objective of the simulative and experimental investigations was the identification of influencing 

factors on thermal behavior of sealed industrial wet clutches with pressurized oil supply.  

Two clutches from industrial applications were therefore studied. The clutch D148 has a higher CoF 

compared to D123, leading to increased friction power at the same load stage. Furthermore, the steel 

plates of D148 are thinner than the plates of D123 which results in a smaller thermal mass and contact 

surface to radial connecting parts. Thereby, temperatures of clutch D148 are higher in all load stages. 

There is a minor axial temperature distribution in continuous slip operations. The differences between 

the plate temperatures in the middle steel plate and the axially outer plates (drive, piston) are within a 

few degrees K. In contrast, during shifting cycles the measurements show a significant difference 

between the middle and outer steel plate temperatures. During shifting cycles, the time of thermal energy 

input (sliding phase) is much shorter compared to continuous slip operations. That is why a significant 

amount of heat can leave the inner steel plates by conduction to connecting parts and convective oil 

cooling before it reaches the outer plates. Additionally, the temperature gradient to the connecting parts 

is usually higher due to a longer cooling time. However, the middle steel plate usually reaches the 

highest temperature in all tests. Therefore, performing thermal calculations with the focus on the so 

called critical middle steel plate, as implemented in the real-time model, seems appropriate. 

Besides the possibility of calculating heat transfer coefficients with CFD simulations, the iterative 

approach by combining experimental results and simulation data enables quantification of heat transfer 

in the clutches. Using this approach, robust values for the heat transfer coefficients can be determined 

during continuous slip operation. The determination during shifting cycles is more complex and not the 

focus of this thesis. The determined heat transfer coefficients facilitate the parameterization of the 

simulation models (e.g. real-time model), enabling high quality of the calculated temperatures with 

deviations of less than 5K compared to the measurement data. Nevertheless, future approaches should 

use CFD simulations for the estimation of heat transfer coefficients. 

The results of the investigations set up the discussion on the effects of differential speed, clutch 

pressure, feeding oil pressure, oil flow rate and design of the oil distributor pattern in the inner carrier on 

thermal behavior of the clutches. 

Regarding differential speed, the main finding is that higher speeds lead to higher temperatures in the 

clutch. This applies to both continuous slip and shifting cycle operation modes. The main reason for this 

is that differential speed determines friction power / work and thus thermal load of the system. The 

influence of speed on the temperature rise is nonlinear, as the underlying physics and results of the 

optimization of the real-time model calculations show. Therefore, speed is a key parameter defining 

thermal behavior of a wet clutch system. Furthermore, the filling behavior of the clutch is accelerated by 

higher speeds. 

Another important factor is clutch pressure. A rise of clutch pressure also leads to a higher thermal load 

of the clutch and raises the temperatures. This behavior could be validated with the measurements and 

calculations during shifting cycles and continuous slip. 

The special case of a sealed lubrication system in the clutches from industrial applications results in a 

hydrodynamic pressure at the friction interfaces that can reduce clutch pressure and therefore the 

transferable torque. The direct measurement of this effect in the test rig is not possible, but CFD 

simulations implement the calculation of the hydrodynamic pressure at the friction interfaces. For 

validation of the CFD simulation, the calculated oil pressures in the inner carrier of the numerical 

simulations were compared with test rig data. The validation showed that the CFD model is capable of 

reproducing variations in flow rate (static) and rotational speed (dynamic) in good agreement with the 

test rig data. 

The results show a significant reduction of nominal pressure of more than 20 % during static and 

dynamic operations. However, due to the isothermal modeling approach, these results could be 
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overestimated. Nevertheless, reducing the oil pressure at the friction interfaces is important to ensure 

full torque transfer capability of the sealed clutch system. 

The oil flow rate has a major influence on thermal behavior of the clutches. Starting with investigations 

on the filling behavior, the results show an acceleration of the filling behavior with increasing oil flow 

rate. Furthermore, if insufficient oil is supplied, the friction interfaces are not completely filled with oil. 

The cooling performance of the clutch system correlates with the amount of supplied oil regardless of 

the applied loads. A higher oil flow rate lowers the temperature rise in the clutch even at low speeds, 

since there is no need for sufficient centrifugal force to convey the oil. However, the obvious interaction 

between flow rate and hydrodynamic pressure at the friction interface must be considered when trying 

to optimize the cooling conditions by increasing the oil flow rate in a sealed clutch system. 

The variation of the oil distributor pattern in the inner carrier was investigated in detail by means of 

experiments and CFD simulations. For this purpose, the number of friction interfaces and the oil supply 

through the inner carrier were varied during the investigations. In the case of the clutch with four friction 

interfaces, the oil holes are located axially directly below the friction interfaces. In the clutch with eight 

friction interfaces, the first and last friction interface are only lubricated indirectly by axial distribution in 

the splines of the inner carrier. It therefore took longer for the oil to reach the friction interface. For both 

configurations (four and eight friction interfaces), the number of oil supply holes in the inner carrier was 

then reduced. For the clutch with four friction interfaces and direct lubrication to the friction interfaces, 

only slight changes in the filling behavior were observed, while the clutch with eight friction surfaces 

exhibited large delays in filling behavior due to the required axial distribution of the oil. At high differential 

speeds and thus high radial oil conveying effect of the plates, axial distribution of the oil was restricted 

to such an extent that the outer friction interfaces in the configuration with eight friction interfaces were 

no longer completely filled with oil. It can therefore be concluded that good axial distribution of the oil 

distributor holes is more important than their radial distribution, since the differential speed supports the 

distribution of the oil in circumferential direction. In addition, the filling behavior is then significantly 

influenced by the supplied oil volume flow. 

Experimental investigations on the thermal behavior showed a significant influence of the oil flow rate 

on thermal behavior independent of speed level (load stage). However, contrary to expectations at the 

beginning of the investigations, the variations in the oil distributor pattern showed almost no influence 

on the temperature level. The results of CFD simulations show that the outer friction interfaces in static 

operations with eight friction interfaces seem to be supplied with slightly less oil than direct lubricated 

friction interfaces in the middle of the clutch package. During dynamic operations (four interfaces), minor 

variations of the oil supply at each interface are identified if the ratio of rotational speeds between the 

steel and friction plates is less than one. In summary, the oil distributor pattern showed no influence on 

the oil supply to each friction interface as long as enough oil is supplied, each friction interface is directly 

lubricated or the rotational speed is low enough to enable axial oil flow in the spline zone of the inner 

carrier. Under these circumstances, there is nearly no change when the oil distributor pattern in the inner 

carrier is varied. The calculated oil distribution to the individual friction interfaces, and the reduction of 

the nominal surface pressure in static and dynamic operations do not change. 

The application of different investigation methods enables a holistic view on the thermal behavior of the 

wet clutches while reducing costs in terms of calculation time and modeling complexity. Although based 

on a one-dimensional spatial resolution, the real-time model can reproduce all identified thermal effects 

from the experiments except for axial temperature distribution. By comparing temperature 

measurements and real-time temperature calculations, the validity of the model formation for various 

clutch applications and load cases was demonstrated. The deviation between measurements and 

calculations are typically very small (< 5K). The temperature prediction allows a highly accurate 

(deviations typically < 5K) conservative prediction of the thermal load for future shifting operations. The 

model can thus contribute to the increase of operational safety of wet multi-plate clutches, while at the 

same time ensuring critical component design. The results help to identify and quantify important 

influencing factors, and even nonlinear behavior is correctly reproduced. This enables very efficient 
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design studies, parameter variations, recalculation, and monitoring of clutch systems in all stages of the 

development process and during real-world application.  

On the other hand, the CFD simulation facilitates in-depth studies of oil flow on the cost of higher 

modeling complexity and computational effort. Quantities that are difficult or even impossible to 

measure, including oil distribution, hydrodynamic pressure at the friction interface and heat transfer 

coefficients can be determined for this. 

Neither at the chair nor in the literature is there a well-established procedure for observing the flow 

conditions in a wet multi-plate clutch under practical conditions; thus experiments with 3D printed 

transparent parts and a high-speed camera were developed and conducted. Despite transparent 

materials, the test setups largely corresponded to the geometries of the original parts from serial 

production. The high-speed camera recordings provide further insights into oil distribution and filling 

behavior, particularly regarding the first friction interface of the clutch. With the recordings, assumptions 

and results of the CFD simulations can be validated and made plausible on real-life geometries. For 

example, the assumption of a single-phase flow in the CFD model was confirmed. This method proves 

to be suitable for generating high quality results with a manageable effort. 
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8 Recommendations for Industrial Application 

The results obtained will be discussed again in the following section from the perspective of practical 

application. The focus here is on showing the extent to which the results can be incorporated to industrial 

practice and in which areas further investigations may be required. The recommendations are derived 

from the knowledge gained during the development of the previous results. The discussion contains 

recommendations of the author in the sense of an outlook or as hints regarding a procedure which the 

author considers reasonable. These outlooks/hints do not claim to be scientifically validated. 

Furthermore, the findings regarding the influencing factors on the thermal behavior are again reflected 

in the context of practical application. 

8.1 Recommendations for Implementation 

In the following, a possible approach to implement the holistic approach implemented in the work is 

given. 

- Consideration 1: Regardless of the subsequent objective, accurate determination of the thermal 

behavior requires the most exact possible knowledge of the friction behavior in the operating 

range to be investigated. Based on this knowledge, the acceptable effort for the determination 

of the CoF can be determined. For a rough prediction, the assumption of a constant CoF 

estimated by empirical knowledge may be sufficient at first. However, since the CoFs often do 

not show a constant behavior, the calculation quality can be significantly improved by using a 

CoF map or a statistical CoF model. For the creation of statistical CoF models, for example, the 

history of CoF measurements available in operation or an experimental plan developed by 

means of Design of Experiments (DoE) can be used. For high reliability requirements during 

online operation, for example, in combination with prediction to prevent overloads, feeding the 

friction torque signal is probably the optimum. In this case, all changes in the CoF behavior 

during operation are immediately taken into account in the calculation. In this case, however, it 

must be critically questioned whether a direct measurement of the corresponding temperatures 

during operation is not possible with similar effort. An experimental determination of the friction 

behavior seems to be necessary in most cases for the determination of reliable input data. 

- Consideration 2: The CFD simulations presented provide a deep insight into the flow behavior 

within the clutch. They make it possible to determine the input variables of oil carrying capacity 

and CHTs. Furthermore, it can be determined whether complete and uniform lubrication of the 

clutch is achieved with the set oil flow rate and to what extent the hydrodynamic pressure at the 

friction surfaces reduces the effective pressure and thus the transmissible torque of the clutch. 

It must be borne in mind, however, that the results presented are valid only for steady-state 

operation of a fully filled closed clutch in continuous slip. In practice, other operating modes and 

non-stationary effects (e.g. filling behavior) may be relevant here, for example partial filling of 

the sealed clutch or variable speed ratios, which should be taken into account when transferring 

the approach. Furthermore, CFD modeling is not mandatory for parameterization of the thermal 

models and can therefore be omitted completely. However, from the author's point of view, the 

determination of the static oil carrying capacity by means of CFD simulation is recommendable 

in any case, since this requires considerably less effort than an experimental determination. 

Furthermore, a complete thermal calculation of the clutch by means of CFD would also be 

possible. For this purpose, the CFD model used to determine CHTs (see Consideration 3) can 

be used. However, this would involve an immense increase in the computational effort, which 

does not appear to be a target-oriented general recommendation at the present time (see 

Consideration 4). 

- -Consideration 3: For the parameterization of all temperature models, CHTs are needed to 

describe the convective heat transfers. For lower accuracy requirements, these can initially be 

taken from existing empirical knowledge or published tables. For higher accuracy requirements, 

however, they should be determined for the corresponding system in the desired operating 
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range. Here, either with the help of an iterative procedure, corresponding coefficients can be 

determined by adjusting the values in the simulation until a reasonable agreement with existing 

or to be acquired measurement data is reached. Alternatively, the possibility of determining the 

CHTs by means of CFD simulations was demonstrated in this work. In this case, a very high 

quality of results could be demonstrated in comparison with analytical calculations. However, 

the transferability of these findings to a clutch system was only carried out in the sense of a 

potential analysis, since there are higher requirements here, particularly about the necessary 

computing resources. Which approach should be used depends strongly on existing and future 

available CFD infrastructure. Currently, a hybrid approach seems to make sense. 

- Consideration 4: Once all relevant input variables have been determined, the question of the 

required spatial model depth for the computational determination of the thermal behavior arises. 

The results of the thermal simulations show that in most cases a very high quality of results is 

achieved using the real-time temperature model (1D modeling). Except for the spatial 

temperature distribution, all relevant thermal effects determined in the experimental test series 

can be reproduced simulatively. The deviations between the measured mass temperature of 

the clutch components and the simulations are very small. Therefore, as long as no special 

questions are focused that exclude 1D modeling (e.g. spatial temperature distributions), it is 

recommended. 1D modeling enables integration into automated variation recalculations in the 

context of pre-development, as well as accurate recalculations for later development cycles. 

Furthermore, integration on the clutch controller of the 1D model (digital twin), which is 

continuously developed during development, is directly possible. 

- Consideration 5: The high-speed camera images on the 3D printed components provide an 

insight into the oil distribution of the wet clutch, analogous to the CFD simulations. However, a 

variety of challenges emerged in the practical implementation of this. The identification of 

relevant effects is possible almost exclusively in the first plane captured by the camera. 

Furthermore, the evaluation is of a rather qualitative nature. In 3D printing, a certain learning 

curve must also be considered to obtain the desired geometric quality. The recordings in 

connection with prototype parts thus seem suitable for answering specific questions such as the 

validation of some assumptions of a CFD simulation. A general recommendation for the 

application of this investigation method for the characterization of the thermal behavior of an 

industrial clutch cannot be derived from the experiences within the scope of this work. 

8.2 Variables Influencing the Thermal Behavior 

In the following section, the most important influencing variables are discussed again in the context of 

application. In each case, the extent to which the corresponding parameter influences the temperature 

rise, the filling behavior, the uniformity of the oil distribution and the oil pressure within the clutch is 

summarized. If possible, the author will provide information on how to take the corresponding effects 

into account in the application. 

8.2.1 Oil Distributor Pattern Design 

Two variants of oil distributors are studied. The first distributor variant has nine bore holes that are on 

three different axial positions and otherwise circumferential even distributed. The second variant has 

three holes that are axially distributed. Two clutch sizes with four and eight friction interfaces are 

investigated. The axial spacing is selected such that for the clutch with four interfaces every friction 

interface is directly lubricated. For the clutch with eight interfaces, the first and last interfaces are not 

directly lubricated. The results show that the effects of the circumferential spacing on the thermal 

behavior is negligible, while the axial spacing has a significant influence especially on the time it takes 

to fill all interfaces with oil and the temperature rise within the clutch. Furthermore, with indirect 

lubrication, for higher rotational speeds an uneven oil distribution evolves because the oil cannot be 

distributed within the gears of the inner carrier due to centrifugal forces that force the oil outwards. The 

oil pressure at the friction interfaces is independent of the oil distributor and clutch configuration. The 
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implied recommendation for practical application is thus to design the inner carrier of a sealed industrial 

clutch such that beneath every friction interface oil is supplied. The findings are summarized in Table 

23. 

Table 23: Summary of the effects of decreasing the number of circumferential oil bore holes from 
three (variant I) to one (variant II) bore holes at each axial location 

 temperature rise time to fill 

interface with oil 

uniform oil 

distribution 

oil pressure at 

interfaces 

direct lubrication  o o o o 

indirect 

lubrication  
- - -1  o 

+: positive effect | o minor or neutral effect | - negative effect 1) depends on speed 

8.2.2 Oil Flow Rate 

The temperature rise in a sealed industrial clutch is reduced and oil distribution improves by increasing 

the oil flow rate. However, there is a downside to increasing oil flow rate. The oil pressure at the friction 

interfaces increases, reducing the effective axial force in the clutch and consequently reducing the 

torque that can be transmitted by the clutch system. Additionally, the drag torque of the clutch, the load 

on the seals, and the power needed to operate the oil pump are increased. An adaptable cooling oil 

supply strategy seems optimal, which maximizes oil supply during high thermal loads and reduces or 

turns off oil supply when clutch temperatures are low enough. Implementing such a feeding oil control 

strategy could be aided by the application of the real-time model as a virtual sensor or digital twin of the 

thermal behavior of the clutch. The findings from the study of this thesis suggest that an adaptable 

cooling oil supply strategy is an effective way to balance the benefits and drawbacks of increasing oil 

flow rate. Table 24 summarizes the results obtained during the study. 

Table 24: Summary of the effects of increasing oil flow rate 

 temperature rise time to fill 

interface with oil 

uniform oil 

distribution 

oil pressure at 

interfaces 

oil flow rate + + + - 

+: positive effect | o minor or neutral effect | - negative effect 

8.2.3 CoF, Sliding velocity and Clutch Pressure 

To ensure the proper functioning of a clutch system, it is important to consider the CoF and the operating 

conditions such as sliding velocity and clutch pressure, as they significantly affect the thermal behavior. 

As the quantities of the variables are mostly given by the application recommendations are typically out 

of the scope of clutch optimization and must be addressed by the designers of the environment (e.g. 

placement in gearbox). The determined effects are summarized in Table 25. 

Table 25: Summary of the effects of increasing speed and clutch pressure 

 temperature rise time to fill 

interface with oil 

uniform oil 

distribution 

oil pressure at 

interfaces 

sliding velocity - + o + 

pressure  - o o o 

CoF - o o o 

+: positive effect | o minor or neutral effect | - negative effect 
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9 Summary and Outlook 

9.1 Summary 

Within the scope of this work, thermal behavior of wet industrial multi-plate clutches was the subject of 

extensive experimental and theoretical investigations. Important influencing variables such as the 

cooling oil flow and oil distribution through the closed clutch, as well as other operating and 

environmental parameters on thermal behavior were systematically investigated. The most important 

work carried out and the results of the various investigation methods are summarized below. 

Real-Time Temperature Calculation Model and Temperature Prediction: 

As part of the theoretical investigations, a simulation model was implemented for generally applicable 

modeling and real-time determination, and the prediction of the temperatures of a wet multi-plate clutch. 

The real-time model was designed to be parameterizable for a wide range of applications and operating 

scenarios and was validated by means of extensive measurements on the component test rig. 

Furthermore, relevant input variables and parameters for the real-time model were identified and 

determined. The real-time model can calculate present and future temperatures with a few input signals 

provided by sensors or from existing measurement data. This enables monitoring of the thermal 

behavior of the clutch during operation in the sense of a virtual sensor or extensive parameter studies 

due to the low computational costs. Additionally, a prediction module was implemented to predict critical 

future operating conditions. Critical shifting and slip states can be prevented with thermal prediction of 

possible shifting scenarios. Therefore, this allows more efficient clutch dimensioning and a design with 

lower safety margins. The prediction module was optimized using the results of extensive sensitivity 

analyses. Non-linear influences of the input variables speed and torque on thermal behavior were 

identified. 

CFD Simulation of Oil Distribution and Reduction of Axial Force due to Oil Supply: 

Ensuring sufficient oil coverage on each friction interface of industrial clutches is achieved by 

pressurized oil supply. The challenge of building capable test rigs to study oil and pressure distribution 

inside a practical relevant loaded clutch and the limited availability of test parts due to small batch sizes 

determine the demand for CFD simulations.  

The development of CFD simulations by application of a transient moving mesh approach with a laminar, 

incompressible, and isothermal flow model in a fluid domain representing the test rig setup enables 

investigations of oil and pressure distributions at the friction interfaces of a closed clutch. The 

investigations are validated by comparing pressure measurements with simulation results. The 

influences of varying operating conditions (oil flow, speed) and geometry of oil supply in the inner carrier 

on the oil and pressure distributions are analyzed. Regardless of operating conditions or geometrical 

variations of the inner carrier, a nearly uniform oil supply to all friction interfaces is achieved. The 

hydraulic oil pressure lowers the effective axial force at the friction interfaces, and therefore reduces 

torque transfer capacity up to 29%, depending on operating conditions. 

CFD Simulation Potential Analysis of Calculation of Heat Transfer Coefficients: 

As part of a potential analysis, heat transfer coefficients were determined using a CFD simulation. The 

calculation area was reduced to the average friction pairing and consists of the flow at the friction 

interface and the solids of the steel and lining plate. Furthermore, the energy equation was integrated. 

Verification of the calculation method was performed by comparing a simplified numerical calculation of 

the heat transfer of a pipe flow with its analytical solution. The length and diameter of the pipe correspond 

to the groove cross-section and groove length of the respective grooves on the clutch. The validation 

showed very good agreement between numerical and analytical solutions with deviations in the range 

of 0 ... 3%. Furthermore, the length of the hydraulic and thermal inlet was estimated by means of 

analytical equations. The thermal inlet length exceeds the groove length for both groove patterns. The 

assumption of a thermally formed flow can thus not be made in real operation, and the calculation of the 

heat transfer coefficient can only be performed numerically (not analytically). Transferability of the 
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calculation method to the real clutch geometry was carried out and showed that the calculation is 

possible, but is associated with a large computational effort. The result is a three-dimensionally resolved 

oil and temperature distribution as well as the heat transfer coefficients between the components. For 

reliable application of the new method, the evaluation of the calculated values, extensive validations 

and, if necessary, parameter variations are still necessary, which cannot be covered within the 

framework of a potential analysis. The developed calculation model can be used as a basis for future 

research in this field. 

Experimental Investigations of the Thermal Behavior: 

The experimental investigations on the thermal behavior of wet multi-plate clutches were mainly carried 

out in continuous slip. In addition, stitch tests were performed with shifting cycles and static 

investigations. Two clutches from industrial applications with sintered friction lining (D148 and D123) 

were used for the experiments. The temperatures of the steel plates were recorded axially and radially 

in the middle of the plate in the clutch package, on the steel plate at the piston side, in the center and 

on the drive side. The focus of the investigations was to determine the influences of oil flow rate, oil 

supply design and operating conditions (speed, pressure) on thermal behavior. 

The tests show clear influences of pressurized oil feeding on thermal behavior. Increasing the oil flow 

rate leads to lower temperature rises, regardless of speed level. Analogous to the results from the CFD 

simulations, varying the oil distributor pattern has almost no influence on the determined temperature 

rises. In continuous slip, the axial temperature profiles of the steel plates are very balanced; during 

shifting cycles, the outer steel plates heat up significantly less than the middle one. Speed, clutch 

pressure and CoF level also significantly influence thermal behavior in accordance with physical 

expectations. Heat transfer coefficients determined iteratively from experiment and simulation in 

continuous slip show an acceptable scatter band and very good agreement between calculated and 

simulated temperatures. 

Experimental Investigations of Visualization of Oil Flow: 

For the experimental investigation of the flow conditions in a closed wet multi-plate clutch, an existing 

test rig of the chair was converted for optical validation of the flow conditions. Rapid prototyping methods 

(SLA 3D printing, laser cutter) were used to produce transparent clutch components. Subsequently, 

investigations were carried out with a high-speed camera under pressurized lubrication. Despite 

transparent materials, the test setups largely corresponded to the geometries of the original multi-plate 

clutches. For the tests with pressurized lubrication, the original outer carrier was used, whereas a 

transparent inner carrier was designed that corresponds to the original component in terms of splines 

and oil distributor, but enables seeing the oil supply holes. The SLA 3D printing process was chosen to 

manufacture the inner carrier and lining plates. The steel plates were cut from plexiglass using a laser 

cutter. 

For the transparent resin used in the SLA 3D printer, a layer thickness of 50 μm turned out to be a good 

compromise for the desirable levels of detail, surface quality and printing speed. The geometric freedom 

and fast iterations of the part design turned out to be the greatest strength of SLA printing.  

Furthermore, the experimental investigations confirm the findings and assumptions of the CFD 

simulations. With good axial distribution of the oil distributor holes, all interfaces fill at the load levels 

investigated and the reduction in the number of holes in the circumferential direction has a negligible 

effect on the oil and pressure distribution on the friction interfaces. 

 

The application of a wide range of investigation methods provides a comprehensive insight into the 

thermal behavior of wet multi-plate clutches. The results can help in the design and optimization of future 

clutches. In particular, the summary and interpretation of the results in section 7.3 and chapter 8 can be 

helpful. 
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9.2 Outlook 

The focus of the presented investigations was on studies of sealed clutches from industrial applications. 

The holistic approach can probably also be profitably used to investigate other clutch systems and 

influencing parameters. 

In addition to this global perspective, all the research methods used also offer scope for further 

development. For example, in the sense of further virtualization of the development and research 

process on thermal behavior, the focus can be on a further reduction of the dependence on experimental 

investigations. An important milestone regarding these issues was demonstrated by showing the 

possibility of determining heat transfer coefficients by means of CFD simulations instead of experiments. 

The validation of the existing model as well as the calculation of an extensive experimental space allows, 

if necessary, identification of the most important influencing variables on heat transfer in real groove 

geometries. The insight into the flow, temperature and local heat transfer coefficients would additionally 

support physical interpretation of the results. 

In addition to heat dissipation, improved modeling of the energy input into the clutch system also 

provides opportunities for further investigations. On the one hand, current progress in quantum 

computing may enable calculation of CoFs in practical friction pairs within the current century (e.g. 

[Liu21, Llo20]). Furthermore, the already started research on statistical and empirical models with good 

prediction quality can also be used to improve thermal modeling. 
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