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Sammanfattning 
Växellådor är ständigt ett forskningsområde för att förbättra deras verkningsgrad. Energiförluster 

i kuggkontakter omvandlas till värme som sprids i växellådan som sedan värmer upp 

komponenterna. En termisk modell av växellådan gör det möjligt för djupare förståelse hur 

värmen sprids i förhållande till energiförlusterna i kuggkontakten. 

Ett MATLAB-program baserat på ordinära differential-ekvationer utvecklades för att göra en 

termisk modell av en växellåda i en kuggrigg från FZG. Modellen är baserad på ett termiskt 

nätverk där varje nod representerar en maskinkomponent. Det termiska nätverket består av 

resistanser som uppstår på grund av deformation i kuggkontakten, ledning, konvektion och 

strålning. Med termiska resistanser, energiförluster, termisk tröghet från komponenterna och 

genom att applicera termodynamikens första grundsats kunde temperatur-genereringen 

bestämmas. Från temperatur-genereringen kunde värme-ledningen mellan komponenter 

uppskattas. Testresultat från en FZG-kuggrigg användes för att verifiera modellens noggrannhet. 

Andra egenskaper till modellen, som ett annat kylsystem och spraysmörjning studerades för att 

undersöka möjligheteten att adderas till modellen. 

Resultat visar på en bred användning av modellen i avseende på termisk analys: värmeflödets 

storlek och riktning, ett visuellt redskap för växellådans temperatur och hur växellådans 

temperatur varierar under olika driftförhållanden. Med de här redskapen kan den minsta 

oljemängden som behövs för att smörja kuggkontakten undersökas och hur kylning av 

kugghjulen kan förbättras.    

  

Nyckelord: Termiskt nätverk, FZG kugghjuls-rigg, värmeflöde, temperatur, MATLAB, ODE.
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Abstract 
Gearboxes are always subject of study in order to increase their efficiency. Energy losses in gear 

contacts are transformed into heat which is distributed among the gearbox components 

increasing their temperature. A thermal model of the gearbox brings the opportunity of a deeper 

understanding of the heat dissipated related to the power losses in the gear contact. 

A MATLAB program based on ordinary differential equations was developed in order to make a 

thermal model of an FZG test gearbox. The model is based on a thermal network where each 

node represents a machine element. The thermal network is composed by thermal resistances due 

to deformation in the gear contact, conduction, convection and radiation. With thermal 

resistances, power losses and thermal inertia of each element, the temperature evolution was 

obtained by applying the First Principle of Thermodynamics. Due to the temperature evolution, 

heat transfer between different elements was estimated. Additionally, experimental results from 

an FZG test rig were implemented in the model and also used to verify its accuracy. 

Furthermore, additional features to the model such as a cooling system and spray lubrication 

were also studied.  

Results show a wide capability and handling of the program in terms of thermal analysis: heat 

flux direction and magnitude, visual tools such as thermal network of the test gearbox, as well as 

the analysis of different operating conditions. With these tools, an approach to the minimum 

amount of lubricant necessary and other ways to quench overheating could then be reached. 

Keywords: Thermal network, FZG gear test rig, heat flow, temperature, MATLAB, ODE.
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NOMENCLATURE 

The notations and abbreviations used for this Master thesis are described in this chapter. 

Notations 

Symbol Description 

A Heat exchange surface area (m
2
) 

a Thermal diffusivity (m
2
/s) 

B Length of the bearing (m) 

b  Width of the tooth (m) 

E Emissive power of the surface (W/m
2
) 

f Friction coefficient 

Fr Froude number  

e Thickness (m) 

Gr Grashof number 

g Constant of gravity: 9.81 m/s
2
 

h Film coefficient (W/m
2
-K) 

h Immersion depth (m) 

k  Thermal conductivity (W/m-K) 

L Length of the foundation considered (m) 

m Mass (kg)  

m Module (m) 

Nu Nusselt number 

n Rotational speed (rpm) 

P Perimeter (m) 

Pr Prandtl number 

Q Heat rate generated (W) or (J/s) 

q  Heat flux (W/m
2
)  

R Radius (m) 

Ra Arithmetic mean roughness (μm) 

Re Reynolds number 

S Surface area of the fin (m
2
) 

s Tooth face width (m) 

T Temperature (K) 

u Speed ratio 
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U Overall heat-transfer coefficient (W/m
2
-K) 

V  Mean value of the rolling velocity 

x Displacement coefficient (in gears) 

y Oil sump level from the base (m) 

Z Number of gear teeth 

α Real pressure angle (rad) 

β Volumetric coefficient of thermal expansion (K
-1

) 

γ angle between the line that connects the centre of the gear to the pitch radius 

 point in  contact with the oil surface and the vertical axis from the gear 

 centre downwards and the oil sump level (rad) 

∆T Temperature variation between two elements (K) 

ε Emissivity of the casing material 

μ Dynamic viscosity (kg/m-s) 

ν kinematic viscosity (m
2
/s) 

ρ Density (kg/m
3
)  

σ Stefan-Boltzman constant: 5.6703·10
-8

 W/m
2
K

4
 

ω Angular velocity (rad/s) 

 

Combined 

Symbol Description 

Al Lateral surface area of the gear or pinion (m
2
) 

At Gear or pinion teeth surface area (m
2
) 

bweb Gear web width (m) 

Cm Dimensionless drag torque 

cp Specific heat (J/kg-K) 

dQ/dt Heat flow (W) 

dm Diameter of the midline of the cage (m) 

Dout Outer diameter (m) 

dT/dt The derivative of temperature with respect to time (K/s) 

Dweb Gear web diameter (m) 

e3,l Thickness of each side of the lateral part of the test casing (m)  

Fa Axial force (N) 

Fb Force tangent to the base circle (N) 

Fbear Bearing force (N) 

Fr Radial force (N) 



ix 

Ft Tangential force (N) 

Ftb Circumferential force at base circle (N) 

Htooth Tooth height (m) 

Hν Gear geometry parameter 

h3 Height of the lateral part of the casing (m) 

L3,out Length of the external lateral part of the test casing (m) 

lh Hertzian contact width (m) 

Mt Torque applied: moment due to the tangential force in the pinion and its 

 work radius (Nm) 

Pbear Power losses in bearings (W) 

PChurn Churning losses (W) 

Pin Input power (W) 

Pmesh Tooth friction losses (W) 

Pseal Shaft Seal losses (W) 

PTotal Power losses of the whole system (W) 

  cooling Cooling power (W) 

Rb Base radius (m) 

Rec Critical Reynolds number 

Rin Inner radius (m) 

Rp Pitch radius (m) 

Rth  Thermal resistance (K/W) 

Rth,fling-off Thermal resistance due to fling-off gear-bearing (K/W) 

Rw  Work radius (m) 

Tamb Ambient temperature (K) 

Tin Input torque or preload applied (Nm) 

Tout Torque outside the gear test rig loop (Nm) 

Tw Temperature of the emitting body (K) 

T∞ Fluid temperature (K) 

XL Oil type factor 

ɳfoun Fin efficiency of the foundation 

ν40 Oil viscosity at 40°C (cSt) 

νΣC Sum speed at operating pitch circle (m/s) 

ρredC Reduced radius of curvature at pitch point (mm) 

θb Temperature difference between the base of the fin and the fluid (K) 

 



 x 

Subscripts 

Symbol Description 

1 Node 1 

2 Node 2  

3 Node 3 

4 Node 4 

5 Node 5 

6 Node 6 

7 Node 7 

8 Node 8 

9 Node 9 

10 Node 10 

11 Node 11 

12 Node 12 

13 Node 13 

14 Node 14 

fin Cylindrical fin placed in top part of the casing 

g Gear 

i One of the fourteen nodes 

p Pinion 

Abbreviations 

CAD Computer Aided Design 

DAQ Data Acquisition 

FZG Forschungsstelle für Zahnräder und Getriebebau (German: Research Centre 

 for Gears and Gear; University of Munich; Munich, Germany) 

ODE Ordinary Differential Equation 

SGB Slave Gearbox 

TGB Test Gearbox 

SI International System of Units 
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1  INTRODUCTION 

This chapter describes background and the motivation of the research, the purpose and the 

delimitations used in the project. 

1.1 Background 

More than 5,000 people in Sweden are working on the production of vehicle transmission 

components, which gives a total product value of 12 billion SEK a year. A fifth of the production 

cost is related to the transmission [1], which contains shafts, gears, synchronizing rings, 

couplings etc. Transmissions are, and have been, the key for Swedish vehicle industry, where 

production, development and research are still kept in Sweden. Regarding motor and 

transmission world production for heavy trucks, 10-20% is within an area between Stockholm 

and Gothenburg. To be able to keep and to further develop the Swedish knowledge in order to 

construct and manufacture high efficiency mechanical transmissions, AB Volvo, Scania AB, 

Chalmers and KTH have started a cluster for future development of heavy truck transmissions. 

Modern gear transmissions for heavy trucks are energy-dense which makes the production and 

development of new gearboxes require much detailed knowledge and work by engineers with 

many skills. An interesting area in transmission research is to minimize all kind of energy losses 

for a better running performance, maintenance, optimization and efficiency. 

Energy losses in a gearbox are converted into heat dissipated. Thus, this heat is the main 

responsible for the temperature increase while the system is running. A thermal model of a test 

gearbox will bring the opportunity of a deeper investigation in these kinds of losses because of 

their relation. 

Lubricant viscosity and temperature are strongly dependent each other affecting the mechanical 

components which it is in contact with. This fact leads to a need of temperature analysis for a 

better control of the system; it is essential to know how the oil sump temperature affects the 

other components and how it changes depending on the gear velocity and the oil levels to avoid, 

for example, an improper lubrication. Hence if the friction losses and amount of heat transferred 

to the oil is estimated, then the amount of lubricant can be minimized as well as determine the 

gear contact temperature, useful for doing research in surface damage mechanisms. The ratio of 

the heat transferred from the gears to the oil to the friction losses is crucial to investigate on how 

minimizing oil churning losses, establishing the minimum amount of lubricant that maintains the 

gear contact cool enough and with a lubricant film, so that the component life does not get 

affected. 

In addition, a thermal model could also bring another way to derive each kind of power loss: 

instead of obtaining the temperature by knowing the power loss values, going backwards from 

the thermal behaviour of the components to the heat dissipated, a future work can be carried out, 

as an iterative process. 

It is important to predict temperature in the different elements of the system because of many 

reasons: 

 Optimization: reduce the amount of lubricant, which will splash when the system is 

running, or just select and test the system behaviour with another type of it, which 

means different thermo-physical conditions (special concern on the viscosity). 

 Analyze possible alternatives (different lubricating system, materials and coatings) in 

order to know what is beneficial. 
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 Reduction of the need of running temperature tests without cooling system if the 

virtual model is accurate enough. Therefore, time will be saved as well as money. 

Money will not only be saved in the sense of time, but also in the wear of the 

mechanical components when the tests are not being run. 

 Possibility, in a future work, to obtain more accurate values of each power loss if the 

temperature response is similar to the experimental one. 

It is demonstrated that in certain operating conditions, considering that all the components of the 

test gearbox has the same temperature each other differs to the actual thermal behaviour. 

However, some other assumptions as considering each element to have the same temperature 

throughout itself are done. This research has been initially inspired on the model developed by 

Durand de Gevigney, Changenet, Ville and Velex [2]. 

1.2 Goal and purpose 

The goal of this project is to develop a lumped thermal model of an FZG test gearbox. Also the 

thermal results of the model shall be verified with available temperature measurements from 

different test series to know how further the model can substitute real temperature tests. 

The challenge is to make a thermal model by a MATLAB program. In this way, future handling 

and changes regarding the scenario can be carried out. The developed MATLAB model should be 

able to estimate the temperature in the test gear box for different operating conditions: preload 

applied, rotational speed, oil level when dip lubrication system is used and the manufacturing 

method or finish. Thanks to it, it will be possible to see effectively how the changes of the 

variables (operating conditions) modify or affect the whole model. 

Furthermore, once the program is made, a thermal analysis shall be done investigating each 

temperature component versus time, the possible reasons of that thermal behaviour and try to 

come up with possible solutions that avoid strange and undesirable responses in the system. 

Moreover, future features should be able to be added in the program, such as other lubricating 

systems, materials, coatings and the cooling system, without any major changes in the original 

model.  

Further and indirect applications, product of this thesis, are focused on helping constructing high 

efficiency mechanical transmissions for future development of vehicles like heavy trucks. 

1.3 Delimitations 

The research will comprise a deep thermal analysis of the test gearbox (TGB) of an FZG 

machine. It will be done by considering the system as a lumped one, since the main goal of the 

model is to know the thermal behaviour of the gear, the pinion, their meshing teeth contact and 

the lubricant. Hence the bigger parts, which are the lateral part of the casing and the shafts, are 

not of practical interest. Therefore, no finite element method will be used. 

The model will also include some external elements (in addition to the own test gearbox) 

considered as a fin and the ambient air, but not of the slave gearbox. Nevertheless, some 

calculations of the slave gearbox and experimental data of the whole machine will be done. 

Figure 1 shows both gearboxes –the CAD figures used hereinafter were extracted from the 

models designed by Öun, Ericson, Larsson and Sosa [3]- : 
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Figure 1, FZG gear test rig 

Furthermore, the cooling pipes of the test gearbox lid, which are in contact with the lubricant, are 

not considered in this model. 

The temperature of the oil sump will not be regulated so that no cooling system is considered. 

However, some notes about how a cooling system could be implemented in a similar model are 

given in future chapters. 

Additionally, some future features are introduced as well as an explanation of how the system 

would behave thermally when those emerge such as spray lubrication, the use of different gear 

materials and coatings. Notwithstanding, the model is carried out by considering a dip 

lubrication system. 
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2  FRAME OF REFERENCE 

The reference frame is a summary of the existing knowledge and former performed research on 

the subject. 

2.1 Related work 

Investigation on the temperature of gearbox components is not new. Niemann and Lechner 

(1965) [4] presented some research on gear teeth temperature. Manin (1999) [5] did some 

research about heat transfer and thermal model in gears, entirely explained in his Thesis. Durand 

de Gevigney et al. (2012) [2] carried out a thermal study of the test gearbox components based 

on a lumped model developed by a thermal network. 

The model is based on a thermal network, where the power losses are crucial. How to calculate 

the power losses has always been subject of study. Xu et al. [6] presented some research about 

efficiency prediction in gears, which comprises the most important kind of power losses used in 

this project. Changenet and Velex [7] created a model that predicts the churning losses in geared 

transmissions. Höhn et al. (2007) [8] presented an investigation on friction losses in gears due to 

their contact. More recently, in 2009, Seetharaman published a document [9] about the no load-

dependent power losses in gears. 

There are also people researching about the lubricant flow, either to study its behaviour or to 

focus on minimizing the oil/air flow rate. Joachim (2002) [10] presented some efficiency 

research in a FZG gear test rig studying the frictional behaviour of lubricants. In 2013, Hartono 

et al. [11] published some research about the fluid flow inside the gearbox. This also is useful in 

heat transfer when deriving each Reynolds number of the lubricant, which is used in the thermal 

resistances of the network. Furthermore, Höhn et al. (2008) [12] did some research on spray 

lubrication as a way to minimize the gear lubrication. 

Power loss and lubricant research is close related to gear efficiency. If that knowledge is applied 

in this thermal network, churning losses (reduce the amount of oil) and wear (analyzing gear 

contact temperature evolution) could be minimized. 

To be able to create the thermal network, some thermo-physical properties shall be presented. In 

addition, the heat transfer modes that take place during the test rig running and how each element 

interacts with its environment are crucial to reach the purpose. 

2.2 Thermo-physical properties 

In order to know the thermal network elements such as the thermal resistances and heat sources, 

some parameters are needed to be defined. Those parameters are necessary to understand and 

obtain future thermal matters. 

Some thermo-physical properties of the materials, which contribute in the lumped model, are 

crucial in heat transfer: density, specific heat, thermal conductivity, thermal diffusivity, 

volumetric coefficient of thermal expansion, dynamic and kinematic viscosity, Prandtl, Grashof, 

Reynolds number and emissivity were used throughout the project. Fdez. Benítez and 

Corrochano [13] presented those properties. Among them, some are specifically dependent on 

each node and others on interactions with fluids. 

Density (ρ) 

A pure substance can be defined by knowing two variables. These are usually the density, ρ, and 

the temperature, T. Density is defined as the ratio of the mass to the volume of a substance. 
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For a solid substance and sometimes a liquid, they can be considered as incompressible -constant 

density- in a determined range of temperatures.  

Specific heat (cp) 

It indicates the ability of a substance to absorb a certain amount of heat. Since the most part of 

the heat transfer processes occur without a variation of the work pressure, it is usually used the 

specific heat at a constant pressure, cp. 

Again, for solid and liquid substances, it can be considered as constant. 

Thermal conductivity (k) 

It is a measure of the ability of a material to conduct heat, therefore, energy transmission by 

conduction. It depends on the material nature, its crystal structure and its conditions (pressure-

temperature). 

Thermal diffusivity (a) 

This term is a ratio of the thermal conduction capacity of a body to its capability to store it. It is 

expressed as: 

   
 

    
 (1) 

A material with a high thermal diffusivity responds quickly to thermal changes of its 

environment and vice versa. 

Volumetric coefficient of thermal expansion (β) 

In natural convection, fluid flows occur due to density variations, which result from the 

differential thermal expansion caused by the temperature variations within a fluid. Volumetric 

coefficient of thermal expression is defined as: 

    
 

 
 
  

  
 (2) 

And for ideal gases it leads to: 

   
 

 
 (3) 

Dynamic viscosity (μ) 

It is the ratio of the shear caused by the relative displacement between fluid layers to the velocity 

gradient. Dynamic viscosity fundamentally depends on the temperature: inverse dependence. 

This number is crucial for the Reynolds and the Prandtl number. 

Kinematic viscosity (ν) 

It is the ratio of the viscous to the inertial forces and can be expressed as: 

   
 

 
 (4) 

Kinematic viscosity in liquid strongly depends on the temperature, inversely. In gases, it depends 

on the pressure as well. 
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This term is relevant when deriving other thermo-physical parameters such as the Reynolds 

number (used in forced convection cases), tooth friction, power losses in bearings and, 

especially, churning losses. 

Prandtl number (Pr) 

Prandtl number indicates the relation between the transport of momentum and the transport of 

thermal energy through a fluid boundary layer. This number just depends on the fluid properties. 

It is defined as the ratio of the kinematic viscosity to thermal diffusivity: 

    
 

 
 (5) 

Grashof number (Gr) 

It is the quotient between the buoyancy and the viscous forces: 

    
         

  
 (6) 

where    represents the difference in temperature between the specific element and the fluid. 

This number is used for the natural convection processes. 

Reynolds number (Re) 

When forced convection occurs, the Reynolds number has to be considered in order to obtain the 

Nusselt number. This non-dimensional number relates de density, viscosity, velocity and 

characteristic dimension of a fluid flow: 

    
     

 
 
   

 
 (7) 

The bounds that define a fluid flow as a laminar or a turbulent one are determined by the critical 

Reynolds number. 

The estimation of the thermal resistances of convection requires the Grashof, the Reynolds and 

the Nusselt numbers. To obtain those numbers a characteristic length is needed. 

Emissivity 

The emissivity of a surface is a thermo-physical property which intervenes in the radiant heat 

exchange. 

A black body is defined with an emissivity 1 (maximum), so the rest of the materials are 

determined with respect to it. 

2.3 Heat transfer modes 

Fdez. Benítez and Corrochano [13] also explained possible heat transfer modes that can occur. 

Conduction is due to the heat transferred along a solid or fluid element because of a temperature 

variation (from the hotter regions to the cooler ones).  

Heat transfer due to conduction is represented by Fourier´s law [13]: 

      
  

  
 (8) 
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where q is the heat flux, dT/dx the derivative of the temperature with respect to the heat flux 

direction, and k the thermal conductivity of the material. 

Convection is taken into account when a fluid, in contact with a solid material, has different 

temperature, so heat transferred occurs. The convective process can be either forced or natural. 

Therefore, depending on the process, the thermo-physical parameters involved as well as the 

expressions are different. 

When there is a temperature gradient over a fluid in a gravitational field, the density is either 

constant, which causes a flux of that fluid leading to a natural convection process. 

On the other hand, forced convection occurs when an external force is applied in order to cause 

the fluid movement or flow: pressure difference caused by a mechanical source. 

The following equation expresses the way this type of heat transfer works [13]: 

             (9) 

where T is the temperature of the surface body, T∞ the fluid temperature, h represents the film 

coefficient and A the heat-exchange surface area. 

A way to increase the heat dissipated by convection from an element to its environment is by 

extending the heat-exchange surface. This is accomplished when additional surfaces are 

implemented: fins. Along the fin, conduction occurs. In the model two different elements were 

considered as a fin: the foundation of the lower part of the casing and the cylindrical element 

placed on the top part of the casing. All the possible cases regarding the end of the fin are 

defined according to [13]: 

 Active end: there is convective heat dissipation in the end. 

 Adiabatic end: there is not heat transfer in the end, or it is negligible. 

 Constant temperature in the end of the fin. 

 Infinite fin: the end has the same temperature as the fluid one (room air). 

Radiation is due to the energy that bodies emit and depends on the temperature and the nature of 

the body. Every single body with a temperature higher than 0 K emits electromagnetic radiation. 

This is a consequence of atom transitions, related with the internal energy of its matter. Radiation 

can be seen either as electromagnetic wave propagation or as transport of particles (photons). 

When another body intercepts this radiation, there is a radiant exchange between both body 

surfaces. If this exchange is considered as a thermal one, then the energy transmitted becomes 

heat. However, not all the electromagnetic radiations have the enough energy to cause these 

temperature variations between the bodies. In most of the cases, radiation thermal effects can be 

neglected. 

The heat exchange due to radiation, considering the emission and the reception of energy of a 

body, is shown in the following expression: 

                 
      

          
    

     (10) 

where E is the emissive power of the surface, αG is the part of radiation absorbed by the surface, 

S is the surface are, ε is the coefficient of emissivity, σ the Stefan-Boltzman constant, α is the 

surface absorptivity, Tw the temperature of the surface emitting body and TE the temperature of 

the enclosure considered. 
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2.4 First principle of thermodynamics  

After designing the thermal network, the way that the nodes interact needs to be found. If each 

element is considered as a system and the first principle of thermodynamics is applied in it, then 

thermal evolution is obtained. The first principle of thermodynamics is read as [14]: 

     
  

  
 (11) 

Q represents the heat transfer rate, which is taken as positive when it enters the system. W is the 

work transfer rate, defined as positive when it l the system. Finally, dU/dt means the rate of 

internal thermal energy, U, with time, t. The sign criteria agreed is represented in Figure 2 [15]: 

 

Figure 2, First principle of thermodynamics
 

Application to a thermal network 

The first principle of thermodynamics is applied in a thermal network when each element of it is 

considered as a system and its interaction with its environment is analyzed.  

Coming back to equation (11), if the work transfer rate is substituted by the heat transferred from 

the system to the other elements and the rate of internal thermal energy by the rate of heat that 

the system absorbs (thermal inertia), then equation (11) leads to the following expression 

extracted from Changenet et al. publication [16]: 

     
     

        
         

   
  
 

 

     

 (12) 

where m indicates the mass of the each element. 

Equation (12) is the basis to solve the problem of the project. It was applied for each node of the 

thermal network, i, whereas j represents each node connected to i. In other words, the nodes 

which have a thermal resistance between them and i are the only ones considered in this process. 

Furthermore, n indicates the total number of nodes. Equation (12) can be interpreted as: the heat 

rate transferred from node i to j in a specific time step (first term of the right side of the equation) 

is due to the heat generated, Qi, minus the heat absorbed (thermal inertia) in that moment. 

Equation (12) can be rewritten [16] in another way: 

       
 

        
  

  

        

 

     

         
   
  
 

 

     

 (13) 
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3  METHOD 

The process followed to reach the goal and obtain the results is developed in this chapter. The 

final result of the project is the temperature evolution of the gearbox components regarding the 

elapsed time after the system is run. The operating conditions of the gear test rig, the 

components of the thermal network that was used to obtain those temperatures, the lab 

measurements done to obtain experimental values and validate the model, the MATLAB program 

made and the way to add different features in a future is explained in this chapter. 

3.1 Operating conditions 

The preload applied, the oil level, the gear speed and the rotation sense are the input variables of 

the system. The manufacturing method is not exactly an operating condition but it was 

considered as an input variable. 

According to the FZG machine manual (only available for FZG gear test rig owners), there are 

several standardized load stages, represented in Table 1: 

Table 1, Pinion torque (preload) according to the load stage 

Load Stage Pinion Torque (Nm) 

1 3.3 

2 13.7 

3 35.3 

4 60.8 

5 94.1 

6 135.3 

7 183.4 

8 239.3 

9 302.0 

10 372.6 

11 450.1 

12 534.5 

The load stage used for the experiments was #5 but also some data was taken when the gear test 

rig was running with no preload applied (no load-dependent power losses). 

With regards to the lubricant, two different oil levels were considered: up to the centre of the 

gears and an immersion depth of two modules on the pinion. 

In addition to the load stage, the velocity is the input parameter which more influences the 

temperature of each element. Five different gear speeds were used, which are the most common 

for running efficiency tests: 0.5, 2, 8.3, 15 and 20 m/s. The equivalence of those tangential 

velocities to the gear rotational speed is: 87, 348, 1444, 2609 and 3479 rpm, respectively. 

The rotation sense was only considered when deriving the churning losses theoretically: can 

make variation of them up to 60 W, depending on the oil level, rotational speed and gear 

geometry, as Changenet et al. explained [16]. Nevertheless, since this was not a relevant factor in 

the project (only for capability) since usually the test rig operates with the same rotation sense. 

Finally, the manufacturing method is the other input variable. This one is mainly important 

because of the surface roughness value, which varies according the finishing. Two different 

manufacturing methods were studied: polished gears and ground gears. 

To sum up, the following table collects the possibilities referred: 
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Table 2, Input variables 

Load stage Speed (m/s) Oil level Manufacturing method 

0 

5 

7 

9 

0.5 

2 

8.3 

15 

20 

Half 

 

2 modules 

Polished 

 

Ground 

3.2 Thermal network 

The thermal model was accomplished with a thermal network that follows the electrical network 

laws. A thermal network is analogue to the electrical one by changing its elements into thermal 

ones: 

 Current sources  Power losses 

 Electrical resistance  Thermal resistance 

 Electrical current  Heat flow 

 Voltage  Temperature difference between two nodes connected 

Figure 3 represents the thermal network that has been used for the test gearbox: 

 

Figure 3, Thermal network of the test gearbox 

 



13 

3.2.1 Nodes 

Nodes are the first thing to be defined in a thermal network. Each node represents one element of 

the system. To derive the temperature of an element, the specific node was defined as a point or 

line of the element and the temperature of that point was assumed to be the same along the whole 

element. This is because the system was considered as a lumped one. However, conduction was 

considered between the different nodes, so where to define the node established the bounds of 

the conduction terms. 

There are fourteen elements that belong to the heat transfer process, therefore fourteen nodes as 

well. Table 3 indicates the corresponding between each of them and Figure 4 shows the external 

elements of the test gearbox. 

Table 3, Node definition 

Node Element 

1 Ambient air 

2 Lower part of the casing 

3 Lateral part of the casing 

4 Top part of the casing 

5 Oil sump 

6 Pinion shaft bearing 

7 Pinion shaft bearing 

8 Gear shaft bearing 

9 Gear shaft bearing 

10 Pinion shaft 

11 Gear shaft 

12 Pinion 

13 Gear 

14 Meshing of gear teeth 

 

Figure 4, External elements of the test gearbox: each part of the casing, foundation, the cylindrical element of the 

top part of the casing and the external part of the pinion and gear shafts 
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1. Ambient air. The heat dissipated from the gear test rig goes outside to the air of the 

room which is in contact with. The air is cooler than the rest of the components when 

the system is running. As an assumption, the air temperature was considered as 

constant at 23ºC because of its great volume. 

2. Lower part of the casing. It is the flat surface that supports the rest of the casing 

and the oil sump. Each part of the casing is considered to have the same width 

forming a cuboid. Each casing part is made of steel cast iron, EN-GJL-300. 

The node is defined in the mid-thickness of the lower part of the casing. 

It is heated via conduction with the rest of the casing and convection and radiation 

due to its foundation, considered as a rectangular fin. 

3. Lateral part of the casing. It is compound by four vertical flat surfaces between the 

lower and the top part of the gearbox. 

Its node corresponds to the external part of the bearings and the imaginary edge of 

the rectangle at its mid-height. 

As the previous node, heat transfer by conduction, convection and radiation takes 

place here. 

4. Top part of the casing. It is analogous to the lower part, but above of the lateral one 

instead. Additionally, it has a cylindrical element considered as a fin, which 

dissipates heat. 

Figure 5 and Figure 6 show the node definition of the casing (red lines) and the 

conduction thermal resistances in between.  

 

Figure 5, Casing nodes. Frontal view 
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Figure 6, Casing nodes. Lateral view 

5. Oil sump. It is a basic component of the thermal network. Oil churning losses are a 

consequence of dip lubrication. Two oil levels are considered: up to the centre of the 

gears and an immersion depth of two modules on the pinion. Lubricant viscosity 

influences strongly the temperature of the rest of the network via convection. 

6,7.  Pinion shaft bearings. They are placed in each end of the pinion shaft inside the test 

gearbox. The bearing denomination is FAG NJ 406: cylindrical roller bearings. They 

are made of alloy steel: AISI 52100. 

 The node is defined in the centre of each roller. 

 There is also a heat source considered here, due to the rolling, sliding and drag 

friction in bearings. Conduction with shaft and casing, and convection, with the oil, 

are the heat transfer pathways. 

8,9.  Gear shaft bearings. The explanation is analogous to the pinion shaft bearings, but 

placed in the gear shaft instead.  

10. Pinion shaft. It is the part of the shaft of the pinion that is placed inside the test 

gearbox. Additionally, its external part is taken into account as a fin where heat 

dissipation occurs. 

 The node corresponds to the surface that belongs to the inner part of the pinion. 

 Convection with oil, conduction and heat dissipated to the air are the heat transfer 

pathways of the shafts. 20MnCr5 was the shaft composition considered. 

11.  Gear shaft. Its definition is analogous to the pinion shaft one, but its other end has 

an external part as well, where seal losses occur. Therefore, for each gearbox, there 

are two seals losses on the gear shaft, unlike the pinion shaft which yields one. 
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12.  Pinion. It is made by wrought steel. Its composition is 16MnCr5. 

The node is set to be placed at the work radius. 

Conduction, convection with oil and striction from the meshing of gear teeth are the 

types of thermal resistances considered. 

13.  Gear. The definition is analogous to the pinion one, but its bulk temperature is easier 

to be measured experimentally because of its bigger size. 

14.  Meshing of gear teeth. To obtain its temperature no mass is considered, hence it is 

not integrated. It just depends on the striction resistance, the temperature of the gears, 

and the heat due to friction that generates. 

Figure 7 shows the definition of the bearing, shafts, gears and lateral part of the casing nodes: 

 

Figure 7, Bearing, shaft and gear nodes. Plant/front view 

All the geometrical and thermal data needed for each element/node is summarized in 

APPENDIX A. 

To be able to apply equation (13) to each node of the thermal network in order to obtain its 

temperature in each time step, thermal resistances, power losses and thermal inertia had to be 

obtained. Every thermo-physical property needed for applying equation (13), either to calculate 

the thermal resistances or the thermal inertia, were obtained by interpolating pair of values 

(property-temperature) and fitting them into a polynomial expression by using MATLAB (except 

the ones assumed as constant). 
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3.2.2 Thermal resistances 

How to obtain each thermal resistance and especially power losses has been subject of discussion 

and there is not a universal agreement on that. As a result, there is a complexity in this sense but 

the expressions selected were tried to be the most suitable to this specific model. 

Every thermal resistance was saved in a symmetric matrix, where each component represents the 

thermal resistance between the nodes defined by the index notation, i.e. Rth(i,j) is the thermal 

resistance between node i and j. The thermal resistance matrix is expressed as it follows: 

     
                  

   
                    

  

where every term of the diagonal matrix is zero. 

Thermal resistances have different nature depending on the mode of energy exchange. Therefore, 

starting from the inside part of the box (contact of the gears) and moving outwards to the 

ambient, the following resistances were considered: striction, conduction, convection and 

radiation. 

Striction resistance 

If both pinion and gear are considered as cylindrical bodies, then a resistance between them shall 

be considered, establishing the gear contact as a node. This resistance is the striction [16], which 

is caused by the deformation of the cylinder surfaces along the line of contact due to the existing 

pressure (it is a Hertzian contact), as Jelaska explained [17]. Equation (14) expresses the 

resistance of striction: 

     
       

          
 (14) 

The mean value of the rolling velocity, V, is the semi-sum of the radius of curvature multiplied 

by the angular velocity of the gear/pinion. This radius was estimated [17] as it follows: 

              (15) 

The Hertzian contact width, lh, which is load dependent, oscillates between 50 and 80 μm for this 

pair of gears, so it has been assumed to be 65 μm. 

In that way Rth(14,12) and Rth(14,13) were obtained. 

Conduction resistance 

The following elements of the thermal network have a conduction resistance in between: the 

pinion and its shaft, the gear and its shaft, each shaft with its bearing in contact, each of the four 

bearings with the lateral casing part, and finally between this lateral part of the casing and the 

lower and upper ones. 

Firstly, after the meshing of gear teeth transfers the heat generated towards the whole pinion and 

gear, it is conducted to the elements they are in contact with. 

 Gear-shaft. There is conduction from the gear work radius to the outer shaft radius 

assuming the gear as a cylindrical body: 
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(16) 

 

            
    

   
   

 

        
 

(17) 

 Shaft-bearing. Conduction occurs from the outer part of the shaft going axially to the 

inner part of the bearing and radially to the line that connects each centre of the 

bearing rollers (dm). 

From the pinion shaft to each bearing: 

 
                    

  
    

  
 

       
  

   
  

     
 

        
 

(18) 

where d is the distance between the bearing and the pinion lateral surfaces (13 mm). 

Figure 8 shows how this thermal resistance was derived. It is also valid for the gear 

shaft-bearing case: 

 

Figure 8, Equivalent Rth(10,6). First axially along the shaft (first term of equations (18) and (19)) and 

then radially from the inner part of the bearings to the rollers (second term of both equations) 

From the gear shaft to each bearing: 

                     

  
    

  
 

       
  

   
  

     
 

        
 

(19) 

 Bearing-casing. There is heat transfer by conduction radially from the centre of the 

bearing rollers to the lateral part of the casing (outer radius of the bearing). 

 
                                     

    
      
  

 

        
 

(20) 

 Lateral part of the casing-lower and upper one. Conduction from the lateral part to 

the lower and top part. Figure 9 represents how Rth(3,2) and Rth(3,4) were estimated. 

 
          

 
      

              
 

 
      
          

 

  

  

 
      
          

 

 
      
          

 

  

 (21) 
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Figure 9, Equivalent Rth(3,4). The first group of four resistances in parallel comprises conduction 

between the mid height of the lateral part of the casing up to the surface in contact with the top part 

and then from there to its mid thickness 

           

 
      

              
 

 
      
          

 

  

  

 
      
          

 

 
      
          

 

  

 (22) 

where b2 and b4 represent the width of the lower part and the top part of the casing, 

respectively. 

Convection resistance 

For each convection process, the thermal resistance was estimated after obtaining the average 

Nusselt number. The expression, which depends on the exchange surface area A and the film 

coefficient h, is read as [2]: 

     
 

        
 
 

 
  

 

    
  (23) 

The lubricant and the ambient air are involved in the convective processes. The lubricant is in 

direct contact with the pinion, gear, casing, and bearings and it is considered as forced when the 

test rig is running –the oil flow is caused by the parts in rotation: gears, shafts and bearings-. The 

air convection is over external parts: the casing and the external part of each shaft. 

Thus, the oil sump analysis of convection yields: 

 Oil sump and casing. The average value of the Nusselt number was obtained by 

using the expressions obtained from Fdez. Benítez and Corrochano [13] for a forced 

convection case between a fluid and a plate and neglecting the viscous effects. Those 

equations depend on the fluid flow, which can be laminar, turbulent or a mix of both: 

If Re < 5·10
5
,                      (24) 

 

If 5·10
5 

≤ Re < 10
7
,                            (25) 
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else                             
            (26) 

To calculate the Nusselt numbers and the thermal resistances between oil sump and 

the plates, the thermo-physical properties were estimated at the average film 

temperature: between the lubricant and the element surface temperature.  

The characteristic dimension used in the Grashof, Reynolds and Nusselt numbers, 

was the height for the lateral part and the length for the horizontal plates. Reynolds 

number depends on other features of the fluid-surface interaction, such as its specific 

velocity (see equation (7)). The oil tangential velocity on each surface oscillates 

depending on the gear speed, the oil level and the specific housing part considered. 

Hartono et al. presented some research about the oil flow inside a gearbox [11]. 

Depending on the oil level and the tangential gear speed, different results were 

obtained. Figures included in APPENDIX B represent the oil flow along the gearbox, 

providing specific values for low speeds. Based on that, it was necessary to find a 

function of that velocity versus the gear speed, and the oil level. It was obtained by 

mapping each oil velocity of each case and obtaining the relation mentioned, fitting 

the values into a third-degree polynomial. The problem is the accuracy of those 

expressions, because they have been estimated based on deduced functions with no 

data from 2 m/s gear speed onwards. The expressions assumed are the following: 

For gear velocities up to 2 m/s, then: 

                              (27) 

 

                             (28) 

In this case there is no contact between the lubricant and the top part of the casing. 

The thermal network do not have a connection between nodes 4 and 5 or, in other 

words, the conductance in between is zero. 

For gear velocities greater than 2 m/s, the oil flow is: 

           
       

             
                       

               
             

                      

(29) 

 

             
       

             
                        

                 
             

                       
(30) 

 

             
       

            
                       

               
             

                      
(31) 

By substituting the Nusselt number calculated, the heat-exchange surface area, and 

the characteristic length into the equation (23), Rth(5,2), Rth(5,3), Rth(5,4) are 

obtained. 

 Oil sump and pinion/gear. To obtain the average Nusselt number, the expression 

followed for a disc in rotation, is defined in [2]: 

If Re < 2.5·10
5
,                    (32) 



21 

     

else                      (33) 

The fluid velocity to obtain the previous Reynolds numbers in the pinion and gear 

case was taken at its work radius times its angular velocity (tangential speed). 

Furthermore, the rotation of the gears in the lubricant (splashing) had to be 

considered somewhere. As a result, an additional thermal resistance was added in 

parallel with the previous one (see Figure 10), yielding an equivalent resistance of 

convection. This one accounts for the heat removal by centrifugal fling-off [2]: 

 
Rth,fling-off =

 

           
     

       
       
       

     
              

 
 

 
(34) 

where some of those parameters were obtained as it follows: 

    
          

 

        
 

   

 (35) 
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  (37) 

with h indicating the oil immersion depth of the pinion/gear and Rp representing the 

pitch radius in the last equations. 

As a result, the convection resistance is obtained by using the Nusselt number, the 

characteristic dimension and the exchange surface area. This last term was estimated 

as it follows: 

           
       

          
   

 
          

         
    

    
 

       (38) 

with Rp the pitch radius, Dweb the gear web diameter and bweb the gear web width. The 

rest of the symbols are defined in the nomenclature section. 
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Figure 10, Equivalent Rth(12,5) 

 Oil sump-bearings. The heat transfer due to convection between the oil and the 

bearings is a consequence of the centrifugal fling-off bearing-lubricant and also as a 

disc in rotation in contact with oil (inner ring is rotating). Therefore, expressions 

(32), (33) and (34) were useful for this case. Nevertheless, the heat transfer due to the 

fling-off is lower than in the pinion case. Also, since both resistances, the one due to 

the convection for a disc in rotation and the fling-off one, are in parallel each other, 

the fling-off resistance of the bearing case had to be higher (assumed to be three 

times the pinion one as an approximation). 

The oil velocity in the bearings was needed for the Reynolds numbers of equations 

(32) and (33). To obtain the cage velocity the expressions of Harris [18] were used. 

According to Figure 11, vm was the desired speed. Its value is the average of v0 and 

vi, so the first step was to obtain both of them. Notice that for the bearings used the 

equations were particularized with α=0º and v0=0 because n0 was also zero (is fixed 

to the lateral housing). 

 

Figure 11, Bearing velocities [18] 
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          (39) 

with ωi representing the angular velocity of the shaft it belongs to: either gear or 

pinion one. 

    
 

 
         

 

 
    (40) 

Therefore, the final expression of vm yields: 

    
 

   
          

 

  
  (41) 

 

Figure 12 shows two of the bearings of the slave gearbox which are in contact with 

the lubricant, casing and shafts. 

 

Figure 12, Lateral casing and two bearings located in the slave gearbox 

To take into account heat exchanges with the ambient air, the thermal resistances 

between the air and the shafts and the casing were determined. In the casing cases, 

both radiation and convection were considered (see Figure 13). The convection 

contribution is also based on the average Nusselt number. 

 Air-test gearbox. To calculate the Nusselt number natural convection was 

considered, since there is no external device in the room that boosts the air. The 

expressions of the Nusselt number were taken from [2]. 

For the lateral part, correlations for vertical surfaces were used: 

                    (42) 

For the top part of the housing, correlations of horizontal flat plates were needed, 

leading to: 

                    (43) 

For the average Nusselt numbers the thermo-physical properties used were calculated 

at the average film temperature between the air and the casing. 

However, since the lower part of the casing is placed on a foundation, there is no 

direct air convection on it, but via the foundation the lower part of the casing does 
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dissipate heat. The foundation was taken as a rectangular fin where heat dissipation 

along itself and to the air occurs. 

To obtain the fin efficiency, as Durand de Gevigney et al. [2] stated, some 

assumptions were made: it can be done a unidirectional study instead of taking into 

account the width of the fin; the fin can be half of the distance between the test and 

slave box because their behaviour is analogue. In addition, the end of this half is 

insulated (adiabatic ending). The expression of the fin efficiency for this case is: 

   
    

    
 

    
   
   

   

    
   

  

 (44) 

where U indicates the overall heat-transfer coefficient of the fin (radiation and 

convection). P represents the perimeter of the fin section and A the transversal 

surface area of the fin: 

           (45) 

 

       (46) 

where b indicates the width of the foundation and e its thickness. 

Hence it yields to: 

 

 

      

     
   

       
   

 
   

       
  

 
(47) 

 This last term were used to estimate the heat exchange surface area to be introduced 

in equation (23). The equivalent heat exchange surface area takes into consideration 

the specific element one and its fin contribution to the heat transfer: 

 
                      (48) 

Furthermore, in the top part of the casing the cylindrical element was considered as a 

fin that dissipates heat. When the test rig is running the fin is much hotter near the 

casing than its end. In agreement to that, the ending was taken as an active one. 

Under these assumptions, the heat dissipated by the fin is read as [13]: 

                  
   

   
    

      
   
   

             
   
   

  

      
   
   

             
   
   

  

 (49) 

The perimeter, the transversal and the external area exposed to convection, are 

expressed respectively as: 
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       (50) 

 

       (51) 

 

        (52) 

where R is the cylinder radius, L the cylinder length and Uend the overall heat-transfer 

coefficient of the fin ending. 

Therefore, the fin efficiency of this cylinder leads to the following expression, 

assuming Uend=U [13]: 

      

      
   
   

    

    
   

   

 (53) 

with Lc the corrected length: 

              (54) 

The equivalent exchange surface area is obtained analogously to equation (48). 

Foundation and fin efficiency were obtained with their own data considering the 

thermo-physical properties (Gr, Pr) at the average temperature between the element 

and the air. Then, each global thermal resistance was calculated with the casing data, 

except the exchange surface area, which is an equivalent area that takes into account 

the heat dissipated throughout the fin. 

 Air-shafts. The pinion shaft continues outside the test gearbox, between the test and 

the slave gearboxes. Additionally, the gear shaft continues in both sides: between the 

casings and also on the other side. Therefore, there is a heat transfer from those 

shafts to the air that was considered, behaving as a fin of the part of the shaft inside 

the box. By using the correlations for rotating cylinders extracted from [2], the 

Nusselt number needed was derived as it follows, considering the shaft diameters as 

the characteristic dimension: 

If Re < 2500,               (55) 

 

If 2500 < Re < 15000,                           (56) 

 

If Re > 15000,                (57) 

The air velocity needed for the Reynolds number of equations (55), (56) and (57) 

was defined as the product of the angular velocity of the shaft and its radius 

(tangential velocity). 

To calculate the fin efficiency expression (44) was also useful but in this case the 

foundation thickness was replaced by the shaft radius. 

The length and the surface area of the fin of the pinion shaft can be read as: 
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(59) 

 

 

With regards to the gear shaft, the other side of the external part was considered. So 

the previous expressions are transformed into: 
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(61) 

where L’out and R'out are the length and radius of the other mentioned side of the fin, 

respectively. 

In the last four expressions, the length and the area of the fin were divided by two, 

analogously to the foundation case. 

 The shaft heat-transfer efficiencies were calculated under the assumption of constant 

radius and equal to the shaft inside the test gearbox when calculating U. 

Radiation resistance 

In this study, radiation was considered between the room and the external parts of the test 

gearbox casing. 

The associated radiation resistance was obtained from the linearized form of the Stefan-

Boltzman law [16]: 

     
 

         
      

           
 (62) 

This radiation thermal resistance was included in parallel to the convection one (see Figure 13) 

to calculate the thermal resistance term between each casing part and the air: Rth(2,1), Rth(3,1) 

and Rth(4,1). 
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Figure 13, Equivalent Rth(3,1) 

Therefore, each part of the casing of the gearbox undergoes in some way heat transfer by 

conduction, convection and radiation. Figure 14 represents this kind of behaviour: 

 

Figure 14, Heat transfer modes in the casing 

All of the thermal resistance sketches used, the thermal resistances equations mentioned, and the 

heat transfer numeration and definition are summarized in APPENDIX C. 

3.2.3 Power losses 

Power losses or heat generated are the responsible of the component temperature variations. 

Otherwise, the elements only would transfer heat if the initial temperature differ each other and 

might reach the same temperature in a short period of time remaining constant thereafter. Since 

this does not occur, those heat sources (Qi in equation (13)) must be considered. 

First of all, it is necessary to know how the power is transmitted throughout the whole gear test 

rig. Figure 15 represents graphically the power loop indicating each stage with a number. The 

motor is the one that gives the initial power (stage (1)). It is transmitted to the gear of the slave 

gearbox, meshing with the pinion (stage (2)). Via the pinion shaft (stage (3)), the pinion of the 

test gearbox transmits the power to the gear (stage (4)). In that way the power circulates 

throughout the whole system in a loop (stage (5)) and some power is lost on its way. Those 

power losses are collected by a torque sensor placed between the motor and the slave gearbox 

that measures the torque of the power transmitted from the motor. 
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Figure 15, Power loop flowing in the gear test rig 

In the test rig, the power losses are the following: friction in the gear meshing, churning losses, 

power losses in bearings and shaft seal losses. 

Since the power loss values affect extremely the results of the temperature of each element, four 

cases were studied, depending on how those power losses were estimated (based on experimental 

calculations or applying formulae from other literature): 

 Case 1: overall power losses and churning losses were based on experimental results. 

Pbearing was obtained by SKF [19] and Pmesh as a result of the other terms. 

 Case 2: the same as case 1 except the churning losses, which were estimated by 

theoretical expressions. 

 Case 3: only the churning losses were experimental. 

 Case 4: all of the power loss terms were based on theoretical expressions. 

Case 1 gives the more accurate results but it can only be applied for load stage #5 and polished 

gears. On the other hand, when applying Case 3 or Case 4 accuracy is missing but capability is 

gained because they can be applied for all the operating conditions defined. 

Tooth friction losses 

When the system is running the pinion and gear teeth mesh. Different load stages cause different 

pressure and friction values due to the teeth meshing, generating a heat dissipation source in 

between. However, if there is no preload applied, there is no pressure between their teeth, so no 

friction losses are involved .The expression of this kind of loss, extracted from [2], is: 

                (63) 

where Hν is a gear geometry parameter, f the friction coefficient and Pin can be obtained as a 

result of the preload applied (torque) and the gear angular velocity: 

            (64) 

There is much research done up to now and still ongoing in order to come up with an expression 

of the friction coefficient that leads to the estimation of this kind of power loss. There is not an 

agreement between the formulae and papers searched. However, the expression that Höhn et al. 

[8] came up with was tried in this model (for Cases 3 and 4) yielding lower values than the 

experimental values obtained: 

          
     

          
 
   

     
                (65) 
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In this equation, Ftb (N) is the circumferential force at base circle, b (mm) is the width of the gear 

tooth, νΣC (m/s) the sum speed at operating pitch circle, ρredC (mm) the reduced radius of 

curvature at pitch point, μoil (mPa·s) the dynamic oil viscosity at oil temperature, Ra (μm) the 

arithmetic mean roughness of the surface and XL the oil type factor. 

Friction losses for Case 1 and Case 2 was calculated in the program as a function of the rest of 

the terms: total power losses, oil churning losses, power losses in bearings and shaft seal losses. 

Hence it was not directly calculated: 

                                 (66) 

where the total power losses only require the circulating torque in the system transmitted by the 

motor and the gear angular speed: 

                (67) 

The last torque was derived experimentally as a function of the preload applied, the gear speed, 

the oil level, and the oil temperature (or the elapsed time). It was obtained for polished gears and 

at load stage #5, so manufacturing method and input torque cannot be variables when using the 

experimental power losses. 

This heat source was applied in the gear-teeth contact (node 14). 

Churning losses 

They result from gear flanks revolving in the oil sump and generating splash in order to lubricate 

the gear teeth, bearings and seals as Xu et al. indicated [6]. 

To come up with a churning losses formula that fits this model, looking up other references was 

not the best choice. This is because each system often uses a different casing or gears. Therefore, 

when the formula does not include the geometry or the dimension of the housing and the gears as 

a variable, the formula cannot be extrapolated to every model. The expression obtained from [7] 

was used as the theoretical expression (Case 2 and Case 4): 

where ρ is the oil density, ω the angular velocity (pinion or gear), Rp the pitch radius, A the 

surface are of contact between the gear and the lubricant (lateral and teeth surface area) and Cm 

represents the dimensionless drag torque. These last two parameters are obtained as it follows: 
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In this equation, m is the module of the gear, Dp the pitch diameter, b the width of the gear, h is 

the gear immersion depth, V0 the oil sump volume, Re the Reynolds number and Fr the Froude 

number. Re and Fr were calculated with the following expressions: 
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Furthermore, a critical Reynolds number, Rec, is defined in order to classify the speed and flow 

into low-medium speed, high speed, and a transition zone.  

     
      

 
 (72) 

Ψ experimental coefficients and Cm will depend on the critical Reynolds number, leading to: 

 

 

where each subscript of ψ represents its  ψ vector component. 

The last value needed is the surface area of contact between the lubricant and the gear. Although 

the value given is another one, the surface area was estimated as it follows: 

            
     

                    
      

     
             (75) 

In addition, depending on the rotation sense of the gears, a power losses variation shall be 

considered, leading to higher power losses in the counter-clockwise rotation sense. The 

explanation and evidences of this fact is developed more widely in [7]. 

 

Figure 16, Rotation sense of the gears 

The dimensionless drag torque variation is calculated with the following expression: 
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with Rp the pitch radius in the previous equations. 

Therefore, to obtain the power losses variation when is counter-clockwise rotation sense is, the 

previous term must be substituted by Cm in equation (68). 

Additionally, more references were also looked up, like Xu’s et al. publication [6], where some 

formulae related to the churning losses are shown, but open to experimental parameters: so it 

depends on every single case. 

If Rec <6000,                                   (73) 

If Rec>9000,                                    (74) 

If 6000<Rec<9000,    is the average between the two previous cases  
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As a result, churning losses were also experimentally obtained (Case 1 and Case 3) by measuring 

Tout when there is no preload or torque applied because they are not load-dependent, so either 

gear-roughness dependent. This previous fact explains why it does not affect the kind of gear 

used (manufacturing method) to obtain the data mentioned. 

Moreover, in this analysis the gear meshing losses and the sliding and rolling bearing losses do 

not play any role when calculating the churning losses, as it is shown: 

                                  (77) 

where PNo-Load is the total power losses measured in this experiment, PSeal the shaft seal losses 

and Pbear,drag the drag bearing losses. 

As a result, it finally yields a function of the churning losses valid for every oil temperature and 

speed considered (it has been fit into a polynomial expression) and two different oil levels: 

                        (78) 

This heat generated was applied in the oil sump (node 5). 

Power losses in bearings 

In each bearing there is a substantial amount of heat that must be considered. To obtain this 

function SKF expressions were used [19]. 

The overall bearing losses for every bearing are the sum of the rolling, the sliding and the drag 

(or churning). Among every fraction, the only one which is no load-dependent is the drag loss. 

Bearing losses were extracted as a function of: the type of bearing used, the lubricant viscosity, 

the radial and axial load, the angular velocity of the shaft it belongs to (gear speed), and the oil 

level: 

                                                                    (79) 

Notice how each radial and axial force were obtained: starting from each shaft load, and 

considering that it is applied in the middle of its length, since the distance between that point and 

each bearing is the same, the radial load of each bearing is the half of the global one due to the 

moment and force equilibrium along the shaft. Furthermore, the axial force is considered to be 

zero, because the load is normal to the shaft axis. Figure 17 and equation (80) show how to 

determine the radial load of the shaft (tangential force of the gear): 

 

Figure 17, Forces in spur gears [20] 
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In Figure 17, r represents the work radius of the pinion because it is the one which drives the 

gear. 

In conclusion, the bearing radial force was obtained as: 

       
  
 
 
    

 
 (80) 

where Mt represents the preload (torque) applied (input variable). 

Each bearing loss was applied in its own node: nodes 6, 7, 8 and 9. 

Shaft seal losses 

Seal function is to not let the lubricant to go out the gearbox and enable the shaft to go through 

the gearbox. Since the shaft rotates, the seal around the shaft makes that no gap in between 

exists, otherwise the lubricant would go out. 

Seal losses are due to the friction between the shaft and its seal. There are two possible seal 

losses per gear shaft in each gearbox -slave and test- and one per pinion shaft: this means that 

taking into account both boxes, there are six possible heat dissipation sources due to the seals. 

Using the expression of Jelaska [17], an overall formula of each single seal was used in the 

model: 

                                             
         (81) 

where the diameter, d, and the rotational speed, n, depends on the shaft analyzed. The lubricant 

temperature, Toil, is taken in [°C] and the viscosity at 40 ºC in [cSt]. 

The sum of the seal losses in each shaft was applied in their respective nodes: #10 for the pinion 

shaft and #11 for the gear one. 

Once these terms have been derived, it is important to clarify that both, the torque outside the 

test-rig loop (total power losses) and the churning losses, were obtained for the whole test rig 

(test and slave gearboxes). Therefore, Pseal and Pbear were also estimated for the whole system so 

that the power balance could be done. However, for this model the test gearbox power losses 

were the one taken into account, considering that Pmesh and Pchurn are half of the global ones. 

3.2.4 Thermal inertia 

The only term that has not been analyzed yet of equation (13) is:         
   

  
 

This term represents the thermal inertia, which is the heat stored by each element per time step. 

mi is the mass of the element i, which is constant, cpi is the specific heat that was considered as 

constant except for the oil sump, which was estimated as an interpolation of pair of values cp-T 

to a linear expression, and 
   

  
 is the variation of the temperature in each time step. 
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3.3 Lab measurements 

Experimental data has two main functions in this project: it is useful to have an accurate value of 

the total power losses (Case 1 and Case 2) and the churning ones (Case 1 and Case 3) and it also 

enables to verify the model results with temperature measurements by the use of the 

thermocouples. 

Moving into the explanation of the lab measurements, settle the parameters was the first thing to 

do: the gear rotational speed and the process duration (in time or number of revolutions of the 

pinion), verify the preload applied and, if it is required, control the temperature by the preheating 

or cooling system. 

To obtain the churning losses, no torque was applied, but the temperature was controlled in order 

to map the data. The oil temperature, the gear speed and the oil level were the input variables. As 

a result, the tests done to obtain the torque outside the power loop with the different operating 

conditions are shown in Table 4: 

Table 4, Operating conditions of the churning loss tests 

Oil level Lubricant temperature (ºC) Speed (m/s) 

Half 

 

2 modules 

40 

 

60 

 

90 

0.5 

2 

5 

8.3 

12 

15 

20 

A mean value of the torque was taken at each operating condition, also taking the offset into 

consideration.   

During each test, computer software was receiving the information. The data came from the 

thermocouples and the channels, which were connected each of them to one DAQ. The 

thermocouples, thank to the DAQ, sent the information in degrees Celsius to the computer. On 

the other hand, the channels stored the oil sump temperature of both gearboxes, the torque inside 

and outside the power loop and the speed in Volts units, scaled from 0 V (nothing applied or 

perceived: standstill conditions) to 10 V. As a result, Volts were needed to be converted to other 

units, as it follows: 

 Channels 1 and 2: TGB and SGB temperature, where 10 V means 200 ºC. 

Multiplying by 20 every value it yields that temperature unit. 

 Channel 3: torque inside the power loop. 10 V is equivalent to 400 Nm, so the factor 

is 40. 

 Channel 4: torque outside the power loop, where 10 V equals 50 Nm. 

 Channel 5: rotational speed of the gear, where 10 V represents 3500 rpm. 

Some of the thermocouples used for this project are shown in Figure 18 and Figure 19: 
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Figure 18, Test gearbox with external casing thermocouples 

 

Figure 19, Temperature sensor of the oil sump 

Notice that the experimental temperature used for the top part of the casing came from the 

average between the right and the left thermocouples and for the lateral part of the gearbox the 

average between gear casing and pinion casing temperature was used. 

All of the data was taken with polished gears, except for the churning losses, where the surface is 

not important since the test is without load. 

3.4 Program 

To make a program that can handle plots, computation and ease of modification, MATLAB was 

used. 

Before starting with the program, the first thing to do is to define the output variables and also 

the input needed for the model. After that, the framework of the program shall be explained. 

The desired variable Ti versus time could be isolated by applying equation (13). Hence the 

problem was how to get there. That expression requires knowing every single thermal resistance 

value and the rest of the node temperatures, starting from their initial temperatures. The other 

remaining terms are: the thermal inertia of each element, the heat generated in the element (Qi), 

in case of existing, and the derivative of temperature with respect to the time. 

Notice that the mentioned equation had to be applied in every time step. Therefore, there were 

two ways to proceed: either by a “manual” method (Version I) or by using MATLAB ordinary 

differential equation solvers (Version II). 
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In the beginning, the model was made by applying the first methodology. It consisted on 

calculating every necessary term as initial conditions, in order to isolate  
  

  
 
   

so that the 

temperature array of the next time step could be obtained and so on with a for loop. The 

sequence is expressed in the flowchart in Figure 20. 

The final methodology used was the MATLAB ODE solver, which allows solving equation (13): 

ode113 was the final choice. The algorithm used to calculate the temperatures was exactly the 

same, with just one main exception: the main for loop is done automatically by this MATLAB 

function when the differential equation is given. It is not necessary to implement it as a code 

because the function does it by its own. 

Version I could be more problematic when selecting the time step. In the beginning should be 

much shorter than in the steady behaviour. The ODE function also does this automatically, 

selecting it in the best way. 

Before going into more detail, some variables used in the program have to be defined: 
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(87) 

 

It is important to remind that this differential equation does not comprise the air and the meshing 

of gear teeth. The air temperature is considered to be constant and node 14 does not have an own 

differential equation, because the derivative term vanishes when no mass is considered. The way 

to calculate T14 follows the next expression: 

     
     

  
        

  
    

 
 

        
  
    

 (88) 

The following sequence was used in Version II to solve the problem, represented in a flowchart 

shown in Figure 21: 
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 Create the main part of the program -“Main”-, where the entire general structure is: 

data, initial conditions, experimental test results, ODE function, power balance, some 

relevant thermal values and the plot. 

 Set up the data that will remain constant during the program execution: every 

geometrical, some thermodynamic and some physical (mass). This part was saved in 

“Data” and loaded in “Main”. 

 Set the operating conditions. 

 Save the necessary experimental data: temperature of the casing, gear and oil sump 

and the torque measured. This function is called “Experimental”.  

 Establish an initial temperature for each node: Ti(t=0s). This was set in 

“Initial_Conditions” function. These temperatures, together with the final time of the 

ode integration are the input of the ODE solver. 

 Determine inside the ODE function the physical and thermodynamic properties that 

will change during the execution (time or temperature dependent in some way): Gr, 

Pr, Re, cp, etc. 

 Estimate every single thermal resistance: 

- Convective: conditional algorithm by if/else code lines. 

- Radiation, conduction and striction: set the equations 

 Estimate the power losses or heat generated Qi, calculated in “Power_loss” function, 

which comprises four different cases explained. 

 Derive the initial d and g coefficients, so that the ordinary differential system is 

established: a and b were both calculated by a for loop (to implement the summation) 

and a conditional statement, which only takes into account the thermal resistances 

greater than zero. 

Meanwhile c, d and g were obtained by simply applying the formulae mentioned 

before. Therefore, a system of ordinary differential equations is set. 

 The ODE solver extracts automatically the temperature integrated from the 

differential equation (all the nodes except 14). As a result, the other variables have to 

be extracted in a different way. 

 Verify the power balance of the system. 

 Plot the diagrams and other visual tools of interest. 

This information is summarized in the following flowcharts: first for Version I, whose sequence 

differs slightly from the one explained, and then for Version II. 
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ODE Coefficients in t=0: 

ai bi ci di fi gi 
 

 

    
  
 
 
              

 

- Temperature: Ti(t=s+1) 

- Thermo-physical variables 

(t=s+1) 

 

 
Rth,i(t=s+1) 

Qi(t=s+1) 

 

 

ODE Coefficients in t=s+1: 

ai bi ci di fi gi 

 

 

for s=1:tf 

for i=1:n 

Initial conditions: 
- Temperature: Ti(t=0) 

- Final time, tf 

 

 

Data 

Constant parameters non-dependent 

on the operating conditions 

 

Experimental data 

 

Operating conditions 

 

 

 

Thermo-physical variables (t=0) 

Figure 20, Program flowchart of Version I 
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ODE Coefficients in t=0: 

ai bi ci di fi gi 
 

 

   
  

              

 

Ri(t=0) 

Qi(t=0) 

 

 

Initial conditions: 
- Temperature: Ti(t=0) 

- Final time, tf 

 

 

Data 

Constant parameters non-dependent 

on the operating conditions 

Figure 21, Program flowchart of Version II 
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Ode113 mentioned represents the numerical integration using a procedure based on the Adams 

methods which solves this kind of equations. Adams method, as Mathworks [21] states, is useful 

to solve “problems with stringent error tolerances or for solving computationally intensive 

problems” with an order of accuracy that could be high. In this specific model they are problems 

with stringent error tolerances. Notice that in this numerical integration the options set (RelTol 

and AbsTol) was necessary to be adjusted properly. 

Diagrams, graphs and other graphical resources were useful to show the thermal response. 

Thanks to plot function, graphics are made. Each node temperature evolution with respect to the 

time was plot as well as other thermal parameters such as heat transfer between gears and oil, 

conductance, and others. 

In addition, there are other ways to express the temperature evolution and heat transfer: 

 Test gearbox elements were plotted in MATLAB in two different drawing views: the 

plan and the side views. Each element was drawn by using the command “fill”, 

useful to obtain filled surfaces, defining several couple of contour points: circles and 

rectangles in this case. The purpose of this method was to show graphically how fast 

gets each element heated up in comparison to the rest of them. This is done by 

associating the maximum temperature that will reach one component of the system 

and comparing the rest of the elements to that one. 

 The thermal network was also plotted: the resistances by “fill” function, and the lines 

by “plot”. In addition, each line which represents a node will change the colour 

during the execution, in the same way as the casing drawing. The extra thing here is 

that the heat flow sense and value between the nodes connected was represented by 

arrows, thanks to the arrow function developed by Johnson [22], which was 

implemented in the program. Those arrows will be changing slightly during the 

program execution: size and sense, depending on the temperature differences and in 

proportion to the maximum arrow size during the execution. 

The code of the colour changing set of both drawings was placed in the same for loop, so that the 

evolution of both sketches can be seen simultaneously. Furthermore, a chronometer that shows 

each component of the output time vector was included in each figure. 

3.5 Add future features 

This section explains how to extend the model with new features, without any major changes. 

When adding new features the same thermal network composition is preserved, i.e. the changes 

will mainly come from the thermal resistance and power loss values. 

These features are: another lubricant system (spray lubrication), other gear materials and 

coatings. Besides, how to implement a cooling system in the program is also explained. 

Spray lubrication 

In this lubrication system the lubricant is sprayed from a nozzle directly on the gear tooth flanks, 

in contrast to dip lubrication in which the gears are immersed in the oil. 

According to Maitra [23], it has been found that for high gear velocities, best results are obtained 

when lubrication is done by thin oils sprayed directly on the tooth flanks: the higher the velocity 

is, the finer the oil-spray should be. 
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The amount of lubricant in a dip lubricated gearbox is considered constant since no oil is added 

or removed during operation. On the other hand, if spray lubrication system was used, an oil jet 

would be applied every specific interval. Therefore, the lubricant comes from the nozzle 

connected to a tank and it is recirculated by a pipe from the test gearbox, so the mass flow       

instead of the lubricant mass must be used. However, in both cases the same elements of the 

system would be in contact with the oil and the same kind of convection would occur (forced 

convection), so the number or position of the thermal resistances in the network and their nature 

would be a priori equal, though those values would differ.  

The power losses would be different. As Höhn et al. tested [12], the no-load losses are lower 

with spray lubrication system than with dip lubrication because there is no oil dragged by the 

gears and bearings. Bearing losses depend on the oil viscosity, and regarding the lubrication 

system, it can be different, due to different oil temperature and oil film thickness. In addition, no 

drag losses would be considered. Power losses due to the lubricant, Q5, would be much lower 

(almost negligible) than in a dip lubrication system. 

As a result, equation (13) for node 5 becomes: 
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where ∆T represents: 

              (90) 

which means that the heat stored is a consequence of the difference in temperature between the 

flow that will be recirculated and the incoming flow (from the nozzles). So the lubricant that 

would leave the system will have the same temperature as node 5. 

An initial value of the spray temperature needs to be added in the model. This value is 

considered as constant because it will be controlled during the operation. However, if this 

temperature were not constant, the thermal network would have to be modified by adding a new 

node (the nozzle where the spray comes out) and thermal resistances due to the heat dissipated in 

the pipes and the tank. This means that the model would include the test gearbox, the pipes that 

let the oil being recirculated and the tank. 

Materials 

If the system were run with another gear material, heat transfer parameters and thermo-physical 

properties would be different, changing some thermal resistance and power losses terms. 

Thermal conductivity, specific heat and density depend on the material. As a consequence, the 

rest of the parameters which depend on them would also be affected. Besides, different tooth 

friction between these materials shall be considered because friction coefficient is influenced by 

the nature of the bodies in contact and their surface condition. 

Coating 

Coating on gears might affect the friction in the gear mesh and change the heat dissipation in that 

case. This is due to easy sheared contacts and that coated components have smoother initial 

surfaces. 

The thermal properties of the surface would change, but the bulk temperature and properties of 

the pinion and the gear would be the same, since the material has not been changed. 
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The experiments used for this model were all done with polished gears, but by running new 

efficiency tests with coated ones, it would be verified what is required to change in order to 

extend the model. 

Cooling system 

A cooling system was already implemented in the gear test rig but it has not been considered in 

the model. The reason of that is the thermal analysis is made without controlling the temperature. 

However, if the cooling system were included, the model would not be considerably affected. 

The temperature sensor of the oil sump which gives the information about its temperature is 

represented in Figure 19. Therefore, the heat power given or, as usually, extracted from the oil 

sump to cool it down, takes place by that device. The cooling is carried out by water flowing 

through the pipes and the temperature is controlled by a PID controller, which regulates the 

temperature by sending information that implies giving or extracting heat from/to the oil sump 

depending on the temperature value set. 

Focusing just on the model, this cooling system would be implemented by adding a new term, 

  cooling, in expression (13) particularized in node 5 (oil sump): in the left side of the equation, the 

heat power would result from subtracting the heat cooling power (considered positive when 

cooling down and negative when heating up) to the churning losses as it reads: 

                     (91) 

with all of the terms varying during each iteration step. As a result, if   cooling versus time is 

known, the cooling system can then be added in a future in the model. 
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4  RESULTS  

The results obtained with the methods described in the method chapter are compiled.  

In the results section, the standard conditions of the research are always referred hereinafter to 

the following conditions: 

 Load stage #5: 94.1 Nm. 

 Gear tangential velocity: 8.3 m/s. 

 Oil level: half. 

 Manufacturing method: polished gears. 

 Global power losses and churning losses obtained experimentally; Pbearing and Pseal 

calculated based on literature; and Pmesh as a function of the other power losses. 

This section is focused on the standard conditions results regarding different cases of ways to 

obtain the power losses and the program capability. 

All the diagrams were plotted up to 2500 s after the test rig starts running. The reason is because 

in some experimental tests (gear speed is 20 m/s) the test rig was stopped then to avoid 

overheating when no cooling system was being used. Therefore, no experimental results for 

longer running time at that speed were obtained. In that way every diagram has the same scale. 

4.1 Power losses 

First of all, the power losses of the gear test rig –both gearboxes- calculated by experimental and 

theoretical process are shown to compare how different they are.  

 

Figure 22, Power losses (W) of both gearboxes for standard conditions in Case 1 
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Figure 23, Power losses (W) of both gearboxes for standard conditions in Case 2 

 

Figure 24, Power losses (W) of both gearboxes for standard condition in Case 3 
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Figure 25, Power losses (W) of both gearboxes for standard conditions in Case 4 

In addition, the temperature of the oil sump and the gear meshing can give an idea of the 

influence of the power losses over the temperature: 

 

Figure 26, Oil sump and gear meshing temperatures regarding each way to obtain the power losses 
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4. 2 Standard conditions 

When the test rig is run with the standard conditions mentioned, a bearing of the pinion shaft has 

the following temperature evolution: 

 

Figure 27, Bearing of the pinion shaft temperature versus time for standard conditions 

Furthermore, the percentage of the heat flowing from the gears to the oil over the friction losses, 

Pmesh, is represented in Figure 28 as an example of the capability of the program. Notice that up 

to 300 s the curve is not plotted because the behaviour was not of interest. This initial behaviour 

was due to the maximum Pbearing value (reached initially), therefore the minimum friction losses 

and the initial temperature behaviour -higher oil sump temperature than gear ones in the model 

during the first seconds-. 

 

Figure 28, Percentage of the amount of heat flowing from the gears to the oil over the friction losses versus the time 

after running the test rig for standard conditions. 

The conductance between the gears and the lubricant and between the casing and the ambient air 

is of practical interest. The evolution of those values versus the time is also represented: 
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Figure 29, Conductance between the gears and the oil and between the casing and the ambient air versus time 

4.3 Capability 

Other possible input conditions can be applied in the model designed, which can give an idea of 

the capability of the program. Different velocities, oil levels, load stages and manufacturing 

methods can also be studied. Figure 30, Figure 31, Figure 32 and Figure 33 show the thermal 

response of the system depending on the operating conditions mentioned: 

 

Figure 30, Oil sump and pinion temperature depending on the gear velocity when the test rig is running with a gear 

load stage #5, oil level up to the half and polished gears 
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Figure 31, Oil sump and pinion temperature with respect to the oil level when the gear velocity is 8.3 m/s, the load 

stage is #5 and using polished gears 

 

Figure 32, Oil sump and pinion temperature depending on the load stage when the gear velocity is 8.3 m/s, the oil 

level up to the half and using polished gears. Power losses were calculated according to Case 3 
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Figure 33, Oil sump and pinion temperature depending on the manufacturing method considered. The gear velocity 

is 8.3 m/s, load stage #5 and oil level up to the half. Power losses were calculated according to Case 3 
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5  VERIFICATION 

In this chapter the power conservation and the thermal results accuracy are verified basing on 

thermal principles and experimental data, respectively. 

The model had to be validated in two different ways: the own model as the program made with 

the considerations and assumptions taken to verify that satisfied the thermodynamic principles; 

and the output of the model comparing it with experimental results to know how further in 

applicability it could go. 

5.1 Model verification 

The power balance was defined as the heat generated minus the heat stored by each element 

body and the dissipated to the exterior: ambient air. It must be zero according to the first 

principle of thermodynamics, considering the whole test gearbox as the system. 

Additionally, the test gearbox components and the thermal network drawing could easily give an 

idea of the model validation, especially of the heat flows (arrows) in the thermal network and 

verify whether they were logical or not. 

5.1.1 Power balance 

After testing all possible operating conditions it always leaded to power conservation -power 

balance almost zero: order of magnitude of 10
-10

- . An example is given: 

 

Figure 34, Power balance (W): heat power generated in the elements minus the heat power dissipated to the air and 

the stored/kept in each element body 

5.1.2 FZG and thermal network drawing 

Two different examples are given for each drawing: for standard conditions and for 20 m/s 

maintaining equal the rest of the operating conditions. The colour of each component/node 

represents its temperature (ºC) in agreement with the colour bar. 



 52 

 

Figure 35, FZG drawing at 1321 s for standard conditions 

 

Figure 36, Thermal network drawing at 1349 s for standard conditions 
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Figure 37, FZG drawing when the gear velocity is 20 m/s, 350.0 s after the test rig is initiated 

 

Figure 38, Thermal network drawing when the gear velocity is 20 m/s, 388.4 s after the test rig is started 

Figure 35 to Figure 38 are an example of the validation: nodes 6 and 7 –bearings of the pinion 

shaft- transfer heat to node 10 –pinion shaft- because the bearing losses were much greater 

especially in the beginning so they get heated up: this fact induces a review of the bearing losses 

due to the unexpected behaviour. 
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5.2 Model accuracy 

The lateral and top part of the casing, the oil sump and the gear are the elements which contain 

thermocouples, so that validation of those nodes represents the accuracy of the entire model 

(how far the values used are in agreement to reality). Those nodes were verified for the standard 

conditions and in the oil sump case for 2 m/s, 20 m/s and a different oil level (2 modules pinion 

immersion depth) as well. 

 

Figure 39, Verification of the lateral casing temperature evolution for standard conditions 

 

Figure 40, Verification of the top casing temperature evolution for standard conditions 
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Figure 41, Verification of the oil sump temperature evolution for standard conditions 

 

Figure 42, Verification of the gear temperature evolution for standard conditions 
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Figure 43, Verification of the oil sump temperature evolution when the gear velocity is 2 m/s, load stage #5, oil level 

up to the centre of the gears, polished gears 

 

 

Figure 44, Verification of the oil sump temperature evolution when the gear velocity is 20 m/s, load stage #5, oil 

level up to the centre of the gears, polished gears 
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Figure 45, Verification of the oil sump temperature evolution when the pinion immersion depth is two modules, and 

the gear speed is 8.3 m/s, load stage #5, polished gears 
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6  DISCUSSION AND CONCLUSIONS 

A discussion of the results and the conclusions drawn during the Master of Science thesis are 

presented in this chapter. 

6. 1 Discussion 

This section comprises the discussion of the results presented, alternative ways of calculations, 

the assumptions made in the method section and discussion about the ODE solver used in 

MATLAB and the program time execution. 

6.1.1 Power losses influence 

Power losses influence over the temperature behaviour of the elements can be extracted from 

Figure 22 to Figure 26 when different power loss values are compared.  

Over those power losses, since Pbearing is the same for Cases 1 to 4 and Pseal is almost negligible 

and always estimated in the same way, the power losses to analyze are the friction and the 

churning ones, hence the overall as well. Thus, if those power losses are ranked in relation to the 

power loss case, it yields: 

 Total power losses: P1=P2>P3>P4 

 Churning losses: P1=P3>P2=P4 

 Friction losses: P2>P1>P3=P4 

where the previous subscripts represent the number of the specific power loss case. 

Then, according to Figure 26, it can be extracted that the overall power losses are the one which 

more influence the oil sump temperature because the temperature of the two first cases are 

almost the same and greater than the others. However, the friction losses do not especially 

influence the lubricant thermal response because when the total power losses are equal with 

different friction losses the temperature does not get affected. 

With regards to the gear meshing, the overall power losses and the friction ones are the kind of 

power losses which affect more the gear contact temperature results: when the total power losses 

are equal, the one with greater friction value yields a higher temperature; in case of equal friction 

losses, the increased global losses, the higher temperature. One reason of it is that if the churning 

and power losses are higher, then the oil sump temperature as well, so less heat is flowing from 

the gears to the lubricant which leads to more heat stored by the gears, therefore the gear 

meshing temperature increases. The ratio of the heat flowing from both gears to the oil to the 

friction losses is shown in Figure 28: comparing two cases with equal friction losses, the more 

overall power losses, the lower the ratio mentioned would be, keeping the gears more heat in 

themselves. This ratio induces the amount of lubricant needed to cool down the gears: if the heat 

transferred from the gears to the oil sump increases (            , then the ratio also does. This 

heat flow can be caused by different factors expressed by the following equation: 

                     
     

  
        +            +               (92) 

which depends on the sought oil mass and the churning losses. 

Besides, another different way to obtain the power losses in bearings was also suggested by SKF 

[19] (shorter expression), which could be valid “under certain conditions”. That expression is the 

following: 
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   (93) 

where μbear is a dimensionless constant coefficient of friction (1.1·10
-3

 for cylindrical roller 

bearings with a cage and no axial load), Fr the radial force, Fa the axial force (zero in this case), 

d is the diameter of the inner part of the bearing (see Figure 51), and ω the angular velocity of 

the shaft which is supported. 

With this last method, different results of the bearing power losses were obtained as it is shown 

when comparing Figure 22 to Figure 46: 

 

Figure 46, Power losses (W) of both gearboxes for the standard conditions when the bearing power losses are 

estimated on the shortest expression provided by SKF 

Thus, bearing losses vary depending on the SKF expression from an oscillating mean value of 

334.5 W to a constant one of 48.1 W when the gear speed is 8.3 m/s. 

6.1.2 Effect of additional considerations  

Some considerations were taken when designing the model. Their effect over the component 

temperatures has been studied. Those considerations were: to take into account for the heat 

transfer between the air and the casing the foundation as a fin of the lower part of the casing and 

the cylindrical element as a fin of the top part; take into account the convective heat transfer 

between oil and bearings; and also the thermal resistance values between the oil and the casing.  

 It was proved that the consideration of the foundation as a fin of the lower part of the 

casing has the following influence in the results, as a heat dissipation source: for the 

oil sump, after considering the fin, the temperature decreased from 56.1 ºC to 55.4 ºC 

and for the casing it did from 53.0 ºC after 2500 s run to 51.4 ºC (for standard 

conditions). Figure 47 is an indicator of that. 
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Figure 47, Oil sump and lower part of the casing thermal response for standard conditions when the 

foundation as a fin is considered and when it is not 

 The consequence over the temperature evolution of the consideration of the 

cylindrical fin placed on the top part of the casing is represented as it follows: 

 

Figure 48, Oil sump and top part of the casing temperature behaviour for standard conditions when the 

cylindrical fin placed on the top of the casing is considered or not 

Hence taking into account the cylindrical element placed on the top part of the casing 

as a fin does not have a remarkable effect over the temperature: the greatest 

difference is from 52.43 ºC to 52.1 ºC for the top of the casing 2500 s after the 

starting (for standard conditions). Thus, for gear speeds up to 8.3 m/s the fin effect is 

negligible. 

The reason of not considering this fin as an infinite one (at least as heat dissipation) 

was extracted from the following expression, according to Fdez. Benítez and 

Corrochano [13]: 
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                  (94) 

 

Besides, the reason why the heat dissipation of the cylindrical fin could not have 

been estimated as an independent element (connecting its thermal resistance 

contribution in parallel to the plate and estimating the equivalent one) applying the 

same correlations as a vertical plate for natural convection was obtained by the 

following unsatisfied condition extracted from [13]: 

 
 

 
 

  

     
 (95) 

 

               (96) 

The condition in expression (95) was not satisfied because the boundary layer 

thickness is not much lower than its diameter and the cylinder is not isothermal. 

Therefore, fin approximation was the most appropriate way found. 

 Moreover, the importance of the consideration of the oil-bearings convection 

resistance was estimated, as the following figure shows: 

 

Figure 49, Oil sump and pinion-shaft bearing thermal behaviour for standard conditions regarding the 

consideration or not of convection between oil and bearings 

Thus, the oil-bearing resistances could not have been taken into consideration either 

because their effect over the oil sump and the bearings is negligible. 

 Additionally, since the oil-casing convection terms were obtained by considering no 

viscous dissipation, which is not true, the thermal response of the system when those 

values change considerably is plotted in Figure 50. The temperature evolution of the 

oil sump and the casing is represented regarding α value. α is a factor applied over 

the thermal resistance value between the oil and each part of the casing. α=1 when 

the values are obtained applying the methodology explained. 
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Figure 50, Oil sump and casing parts thermal response for standard conditions depending on the oil-casing 

convection thermal resistance values. α is estimated with respect to the value used in “Methodology” 

From Figure 50 is concluded that the lower α values are, the less influence the 

convection resistances between the oil and each part of the casing has over the 

temperature of the components, and vice versa. The reference value (α=1) does not 

include the lubricant viscous effects over the plates. If those effects were considered, 

then the thermal resistance value would be lower because more heat would be 

dissipated to the contact. Hence that assumption does not have a major effect over 

the temperature evolution. 

6.1.3 Restrictions and assumptions 

The restrictions of the model designed come mainly from thermo-physical aspects: 

 With regards to the nodes, the first assumption done is to consider the model to be a 

lumped one but with some restrictions. According to Çengel [24], a lumped system 

analysis “assumes a uniform temperature distribution throughout the body, which is 

the case only when the thermal resistance of the body to heat conduction is zero. 

Thus, lumped system analysis is exact when Bi=0”. 

Biot number (Bi) is defined as the quotient between the conduction resistance within 

the body and the convection resistance at the surface of the body: 

    
    
 

 
              
              

 (97) 

If Bi<0.1 then the element or system can be considered as a lumped one, because 

conductivity is so high that the element has the same temperature throughout itself. 

Therefore, in a lumped model, no nodes of each element need to be defined, just the 

whole element. 

It has been demonstrated that the condition was not satisfied: Biot number is always 

greater than 0.1 for each element. Therefore, the nodes had to be defined as one-

dimensional geometries: lines, where can be considered conduction resistances in 

between. It is a lumped model when applying the first principle of thermodynamics 
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to obtain each temperature: the mass is over the whole element, and the node 

represents its temperature. Otherwise, the model would have been much more 

complex and perhaps unworthy according to the goal established. The temperature of 

each node that belongs to a specific element is called the temperature of the whole 

element, but actually, when moving from one element to the other one, the 

conduction resistance was considered. 

 The research was made to analyze the test gearbox, so the analysis of the slave 

gearbox was not entirely done. 

When deriving experimentally the global power losses, since the oil level of the slave 

gearbox was always half and the test gearbox sometimes used two different oil 

levels, the assumption of considering the losses of the test gearbox to be half of the 

total, is not always 100% correct. 

In addition, the radiation of the casing did not take into account the possible radiation 

between both boxes, nor the radiation reflected from the room walls to the casing: 

only the test gearbox towards the room. 

 Radiation between the fin of the shafts and the room was not considered. 

 Oil convection between the oil and the casing walls did not considered the fluid as a 

viscous one: viscous effects neglected. 

 Convection of the air inside the test gearbox was not either considered. Especially for 

high velocities this is negligible because the lubricant is in contact with all the 

components. 

 The cylindrical element of the top part of the casing was assumed to be a fin. 

 The resistances of the material contacts were not taken into account, only the 

striction term of the tooth meshing, which cannot be considered negligible. 

 The value of the thermal resistance due to the centrifugal fling-off bearing-lubricant 

was unknown. It was assumed to be three times greater than the pinion value. 

 Air temperature outside the machine was assumed to be constant (23ºC). 

 The density and the thermal conductivity were considered as constant in all the solid 

elements. Additionally, the lubricant density is assumed to be constant, because it 

was tested that the variation is not more than 2% for the operating conditions 

considered. 

6.1.4 ODE solver 

Results of the temperature versus time of the oil sump and gear for different operating conditions 

-8.3 m/s and 20 m/s- showed the same validity for every ode tested: ode45, ode23 (both using 

Runge-Kutta method), ode113 (Adams method), ode23s (Rosenbrock method) and ode23t 

(applying the Trapezoidal rule) [21]. Therefore, the next issue to discuss is the handling or 

variable extraction, how to maintain the accuracy of the solver regarding future modifications 

and the solving time: 

 Only ode113 and ode23 extract values that belong to the ones calculated inside the 

ODE function –the output vector components are selected from the ones calculated, 

with no recalculations-. As a consequence, by using find function, it would be 

possible to extract other variables inside the ODE function and make them to have 

the values corresponding to the same indexes that the ode selects for the output 

variables. Therefore, it is possible to save each variable value –temperatures, heat 
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transfer, thermal resistances, and others- in the same time step: beneficial for the 

accuracy and plots. If other ODE solvers want to be used, a new way to extract 

variables has to be found. 

 Accuracy of the temperature versus time plots is the same for practical purposes 

when using each ODE solver. However, maintaining a range of accuracy if future 

versions –values or functions more complex or intense- are used is recommendable. 

 Saving runtime is always desired. All of the solvers mentioned except ode45 are 

faster than the ode113 as it is shown in the profiler function (see APPENDIX D). 

ode23s and ode23t are especially faster: it took 11 s to finish the execution rather 

than 161 s for ode113 when the program was run in standard conditions. 

6.1.5 Validation of the model 

The validation of the model depends on the thermal evolution of the nodes of interest: those are 

the oil sump, the pinion, the gear and the contact, and the bearings. Among them, only the gear 

and the oil sump temperature could be measured. According to Figure 39 to Figure 45, the 

validation of the model in comparison to the real thermal behaviour is extracted. Agreement 

between model and experimental results is different with regards to the gear velocity: 

 For standard operating conditions the oil sump temperature of the model fit the 

experimental curve when the system is run in standard operating conditions but less 

agreement with the gear temperature, reaching a maximum difference of 11% between 

the experimental and the model gear temperature. The reason for the less agreement in 

the gear temperature could be that the friction losses are not known experimentally and 

also the importance of where the thermocouple was exactly placed (experimental results). 

In the same conditions but with the lowest oil level case, the response is almost the same. 

 For lower gear speeds, like 2 m/s, the lubricant temperature response is also valid. 

 For high velocities as 20 m/s the model results do not satisfy the experimental ones in the 

steady state (after 500 s), where the slope should be less marked. Since the heat power 

generated -power losses- leads to heat stored in the element bodies and heat dissipated to 

the exterior –air-, the model would be applicable for higher gear speeds if more heat 

would be transferred to the air, so that less heat kept in the elements. 

6. 2 Conclusions 

The following conclusions can be drawn from the model: 

 A thermal model of an FZG test gearbox has been developed and verified for 

different operating conditions by making a MATLAB program. 

 The chosen method, lumped system, was an appropriate way to approach the thermal 

study of the system. However, if thermal results closer to the experimental ones were 

needed, then a different method like finite element could improve the accuracy. 

 The program made can extract all the variables in each time step calculated: thermo-

physical properties, thermal resistances, power losses, temperature of each node, heat 

flow between elements, etc. Therefore, it is possible to know the evolution of each 

variable regarding the time. 
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 The capability of the model is able to be extended. Lubrication, cooling system, other 

gear material or coated gears could also be implemented without any major change 

of the model. This fact makes the program to be versatile and able to implement new 

features, useful for later use. 

 Designing a thermal model of a test gearbox implies an expansion of the scope of the 

efficiency and wear investigation. Theoretical expressions used in the program can 

always be substituted by experimental ones and obtain the heat transfer interactions 

in a more realistic way. Hence the model applicability is not only restricted to the 

current results obtained. 

 Thermal results depend on the operating conditions used, which determine the 

suitability. Thus, for a gear speed of 8.3 m/s results of the oil sump temperature 

demonstrated its validity but a missing of accuracy with respect to the experimental 

results for higher speeds. 

 With regards to high speeds it has been proved that considering forced air convection 

to the casing the steady behaviour improves and fits the experimental results. 

However, forced air convection does not really occur. 

 After running no-load efficiency tests, churning losses were obtained as a function of 

the lubricant temperature and gear speed for the two different oil levels studied. 

Results showed that they were not sensitive to the oil viscosity from 8.3 m/s gear 

speed values to greater ones. This fact suggests the use of spray lubrication because 

the oil sump only seems to serve for cooling down the gears rather than lubricating as 

well. 

 After plotting the gear contact temperature regarding the different ways of obtaining 

the power losses (four cases), it has been concluded that it depends especially on the 

friction and overall power losses.  

 Oil sump temperature depends on the overall power losses. In addition, the ratio of 

heat transferred from the gears to the oil to the friction losses is applicable to an 

approach of the amount of lubricant needed because that amount of heat depends on 

the oil mass and the churning losses. 

 Results also showed that some modifications introduced –cylindrical fin and 

resistance between oil and bearings- with respect to other models such as Durand de 

Gevigney et al. [2] are not of practical interest because no major changes in 

temperature were obtained. 

 In relation to the program speed, a reduction of the runtime could be accomplished: 

changing ode113 by ode23 will make the program faster with no handling capacity 

modifications. Ode23s and ode23t are the fastest solvers among all of them. 
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  7  RECOMMENDATIONS AND FUTURE WORK 

In this chapter, recommendations about the use of the model and future work recommended in 

this field are presented.  

7.1 Recommendations 

An analysis of a gear test rig requires a wide research on gears, lubricant and power losses. Gear 

efficiency depends on those power losses, which are strongly dependent on the lubricant. A 

deeper understanding of both requires knowledge about the thermal behaviour of the test gearbox 

elements. As a result, the thermal model brings the possibility to construe the heat flow within 

the different elements: the heat that flows from the gears to the oil in comparison to the friction 

losses is an example of its applicability. Furthermore, the dynamic thermal network makes this 

understanding more visual thanks to the arrows (heat flow) and the node colour (temperature) 

evolutions. 

Besides, a future use of the model is of practical interest. The program can be used as a tool of 

research in the power losses mentioned. For some operating conditions, where the model 

matches reality, the results can be used to obtain the power losses and minimize the amount of 

lubricant used, as backwards process. Therefore, applying the program as a heat transfer tool, 

together with some other gear efficiency research, could help to extend the knowledge in this 

field. 

Recommendations about modifications to do in a future in order to improve the model are 

proposed in the following section. 

7. 2 Future work 

Future work can be suggested in three different ways: 

1. Keeping the model but changing internal things, such as power loss and thermal 

resistance values, or implementing new features as a way of extending its scope. 

2. Divide some elements into more nodes: extension of the thermal network. 

3. Move from the lumped system to a finite elements one. 

If the model is maintained, the following aspects could be improved: 

 The heat dissipated to the air, i.e. the heat not stored in the elements, shall be 

increased in order to apply this model for high gear speeds. This fact suggests a 

deeper study of the air convection. 

 More accuracy of the oil flow values along the casing when the gear speed is greater 

than 2 m/s in order to obtain better Reynolds number, thus thermal resistance. If 

future research in the oil flow were done, as the one done by Hartono et al. [11], it 

would be suggested to apply it in the model. Furthermore, taking into account the 

heat dissipated to the casing due to viscosity of the oil would slightly improve the 

results (it is not case-sensitive for the results). 

 Obtaining a formula of churning losses. By adjusting the results obtained to the 

expressions used by Changenet and Velex (2007) [7], the same formulae could be 

used if those experimental coefficients, ψ, were estimated for this particular case. 
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 Try other bearing power losses formulae to make sure which ones fit better the gear 

test rig. 

 Other features shall be implemented in the program, such as spray lubrication for 

gear velocities higher than 8.3 m/s. 

 Find another way to extract other variables from the ODE solver, such as heat 

transfer, thermal resistances and power losses, which allows the use of ode23s or 

ode23t making the program time execution to be shorter. 

If the idea of a lumped system is kept, some changes would improve the accuracy of the results: 

 The lateral part of the casing is much wider than other elements, so if each parameter 

is used as representative of the whole part of the casing, accuracy is missed then. 

Using at least four nodes (one per vertical surface of the lateral part) in this element 

would be required, since each of them has different oil convective interaction 

 Considering the surface temperature of the shaft represents the entire one differs to 

reality due to the not negligible gradient between the surface and the shaft axis. 

However, the main assumption of the project was to consider the system as a lumped one. It 

would be interesting to do a finite element study in order to see also the temperature gradients 

throughout the elements. 

The wide applicability of the gear contact temperature in terms of friction and wear and the 

inability to obtain it empirically, suggests a deeper study that reaches gear and pinion 

temperature evolutions closer to the experimental results. The interaction between the oil and the 

gears could be a reason of that, because the oil sump temperature is not the same throughout 

itself. A finite element method or discretize each element into several parts and adding many 

more nodes would make the results to be more accurate.  
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APPENDIX A: DATA 

Thermo-physical parameters used for each element are summarized in the four following tables: 

air [14], casing [25], oil sump, bearing [26], shafts [27], pinion and gear [28], foundation [14] 

and cylindrical fin [14]: 

Table 5, Density (kg/m
3
) of the elements 

1: Air 8.9308·10
-6

·Tair
2
(K

2
) -9.1995·10

-3
·Tair(K) +3.1332 

2: Lower casing part
 

7250 

3: Lateral part of the casing
 

7250 

4: Top plate of the casing
 

7250 

5: Oil sump
 

836 

6, 7, 8, 9: Bearings
 

7810 

10: Pinion shaft
 

7810
 

11: Gear shaft
 

7810 

12: Pinion
 

7810 

13: Gear
 

7810 

Table 6, Specific heat (J/Kg-K) of the elements 

1: Air 1008 

2: Lower casing part
 

460 

3: Lateral part of the casing
 

460 

4: Top plate of the casing
 

460 

5: Oil sump [29] 1796+84/20·Toil(ºC) 

6, 7, 8, 9: Bearings
 

460 

10: Pinion shaft
 

460
 

11: Gear shaft
 

460 

12: Pinion
 

460 

13: Gear
 

460 

Table 7, Thermal conductivity (W/m-K) of the elements 

1: Air -1.6976·10
-8

·Tair
2
(K

2
) +8.2436·10

-5
·Tair(K)+0.0029 

2: Lower casing part
 

45.25 

3: Lateral part of the casing
 

45.25 

4: Top plate of the casing
 

45.25 

5: Oil sump [30] -3.8961·10
-7

·Toil
2
(ºC

2
)-8.5325·10

-5
·Toil(ºC)+0.1114 

6, 7, 8, 9: Bearings
 

46.6 

10: Pinion shaft
 

42
 

11: Gear shaft
 

42 

12: Pinion
 

41 

13: Gear
 

41 

Foundation 20 

Cylindrical fin 15 
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Table 8, Kinematic viscosity (m
2
/s) of air and oil 

1: Air 1.51675·10
-10

·Tair
2
(K

2
)-1.08466·10

-9
·Tair(K)+2.38122·10

-6 

5: Oil sump
 (1.8383·10

-6
·Toil

4
(ºC

4
)-7.2946·10

-4
·Toil

3
(ºC

3
)+0.1117· Toil

2
(ºC

2
)-

8.0574·Toil(ºC)+246.4022)·10
-3

/ρoil 

Table 9, Gear and pinion geometrical data (SI units) 

Constant Pinion Gear 

Z 16 24 

m 4.5·10
-3

 4.5·10
-3 

b 14·10
-3

 14·10
-3

 

x 356·10
-3

 221·10
-3

 

d 72·10
-3

 108·10
-3

 

db 67.6579·10
-3

 101.4868·10
-3

 

da 82.46·10
-3

 118.36·10
-3

 

df 61.34·10
-3

 98.98·10
-3

 

Ht (da-df)/2 (da-df)/2 

Rp m·(Z+x)/2 m·(Z+x)/2 

Rw 36.6·10
-3

 54.9·10
-3

 

Rin 15·10
-3

 15·10
-3

 

Dweb 60·10
-3

 60·10
-3

 

bweb 8·10
-3

 8·10
-3

 

α0 20º 20º 

α 22.4º 22.4º 

ρ db/2·tan(α) db/2·tan(α) 

s π·m/2+2·x·m·tan(α0) π·m/2+2·x·m·tan(α0) 

Table 10, Bearing [31] geometrical data (m) 

Din 30·10
-3

 

Dout 90·10
-3 

B 23·10
-3

 

F 45·10
-3

 

E 73·10
-3

 

dm 59·10
-3
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Figure 51, Bearing drawing with the dimensions and notation [31] 

Table 11, Pinion shaft geometrical data (m) 

Lin 135·10
-3

 

d 30·10
-3 

Lout, Right, 1 13·10
-3 

Rout, Right, 1 15·10
-3 

Lout, Right, 2 200·10
-3

 

Rout, Right, 2 0.5·23·10
-3 

Lout, Right, 3 115·10
-3 

Rout, Right, 3 15·10
-3 

Lout, Right, 4 175·10
-3 

Rout, Right, 4 0.5·25·10
-3 

Table 12, gear shaft geometrical data (m) 

Lin 135·10
-3

 

d 30·10
-3 

Lout, Left 65·10
-3 

Rout, Left 10·10
-3 

Lout, Right, 1 108·10
-3 

Rout, Right, 1 15·10
-3 

Lout, Right, 2 320·10
-3

 

Rout, Right, 2 0.5·23·10
-3 

Lout, Right, 3 78·10
-3 

Rout, Right, 3 15·10
-3 

dSeal, Slave 25·10
-3 

Table 13, Lower part of the casing geometrical data (m) 

L 312·10
-3

 

b 107·10
-3 

e 20·10
-3 
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Table 14, Lateral part of the casing geometrical data (m) 

h 180·10
-3

 

bav 80.6·10
-3 

Lav 290·10
-3 

bin 56.2·10
-3 

bout 107·10
-3 

Lin 268·10
-3 

Lout 312·10
-3

 

eb 22·10
-3 

el 26.4·10
-3 

Table 15, Top part of the casing geometrical data (m) 

L 312·10
-3

 

b 107·10
-3 

e 15·10
-3 

Table 16, Foundation geometrical data (m) 

L 0.5·519·10
-3

 

b 385·10
-3 

e 9·10
-3 

Table 17, Geometrical data (m) of the cylindrical fin 

L 295·10
-3

 

d 24·10
-3

 

Figure 18, Characteristic lengths in convection (m) of the components involved 

Component Oil forced-convection Oil natural-convection Air convection 

Lower casing part L L  

Foundation   L 

Lateral casing part h h h 

Top casing part L L L 

Cylindrical fin   L 

bearings dm/2 Immersion depth  

Pinion shaft   D 

Gear shaft   D 

Pinion Rp Immersion depth  

Gear Rp Immersion depth  

where h is the height of the lateral part of the casing. 
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APPENDIX B: OIL FLOW INSIDE THE TEST GEARBOX 

Figures shown in this appendix were taken from [11]: 

 

Figure 52, Oil flow inside the test gearbox 
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Figure 53, Oil flow when the gear tangential speed is 0.55 m/s and the oil level is the half 

 

Figure 54, Oil flow when the gear speed is 0.55 m/s and the oil level is 2 modules of pinion immersion depth 
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Figure 55, Oil flow when the gear tangential speed is 1.62 m/s, oil level is the half 

 

Figure 56, Oil flow when the gear speed is 1.62 m/s and the oil level is 2 modules of pinion immersion depth 
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APPENDIX C: THERMAL RESISTANCES 

 

Figure 57, Thermal network representing all the thermal resistances considered 

Thermal resistances expressions: 
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Rth(12,5)=
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The heat transfer rate numeration that was used in the MATLAB program is represented by Figure 58: 

1
 

Figure 58, Thermal network with the heat transfer rate numeration that was used in the MATLAB program 

  

                                                 
*
Equivalent surface area due to the fin or foundation 
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APPENDIX D: MATLAB PROFILER 

An extract of the MATLAB Profiler depending on each ODE solver used is shown. They were 

obtained for a gear speed of 8.3 m/s and 20 m/s. 

Including test gearbox and thermal network drawings when the gear speed is 8.3 m/s: 

 

Figure 59, ode113 Profiler when the gear speed is 8.3 m/s and with the test gearbox and thermal network drawings 

 

Figure 60, ode23 Profiler when the gear speed is 8.3 m/s and with the test gearbox and thermal network drawings 

Without including the test gearbox and thermal network drawings for a gear speed of 8.3 m/s: 

 

Figure 61, ode113 Profiler for 8.3 m/s gear speed without plotting the test gearbox and thermal network drawings 
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Figure 62, ode23 Profiler for 8.3 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

Figure 63, ode45 Profiler for 8.3 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

Figure 64, ode23s Profiler for 8.3 m/s gear speed without plotting the test gearbox and thermal network drawings 
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Figure 65, ode23t Profiler for 8.3 m/s gear speed without plotting the test gearbox and thermal network drawings 

Without including the test gearbox and thermal network drawings for a gear speed of 20 m/s: 

 

Figure 66, ode113 Profiler for 20 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

Figure 67, ode23 Profiler for 20 m/s gear speed without plotting the test gearbox and thermal network drawings 
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Figure 68, ode45Profiler for 20 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

Figure 69, ode23s Profiler for 20 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

Figure 70, ode23t Profiler for 20 m/s gear speed without plotting the test gearbox and thermal network drawings 

 

 


