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As increasing efficiency of a wind turbine gearbox, more power can be transferred from 

rotor blades to generator and less power is used to cause wear and heating in the gearbox. 

By using a simulation model, behavior of the gearbox can be studied before creating 

expensive prototypes. 

 

The objective of the thesis is to model a wind turbine gearbox and its lubrication system to 

study power losses and heat transfer inside the gearbox and to study the simulation methods 

of the used software. Software used to create the simulation model is Siemens LMS 

Imagine.Lab AMESim, which can be used to create one-dimensional mechatronic system 

simulation models from different fields of engineering. When combining components from 

different libraries it is possible to create a simulation model, which includes mechanical, 

thermal and hydraulic models of the gearbox.  

 

Results for mechanical, thermal, and hydraulic simulations are presented in the thesis. Due 

to the large scale of the wind turbine gearbox and the amount of power transmitted, power 

loss calculations from AMESim software are inaccurate and power losses are modelled as 

constant efficiency for each gear mesh. Starting values for simulation in thermal and 

hydraulic simulations were chosen from test measurements and from empirical study as 

compact and complex design of gearbox prevents accurate test measurements. 

 

In further studies to increase the accuracy of the simulation model, components used for 

power loss calculations needs to be modified and values for unknown variables are needed 

to be solved through accurate test measurements. 
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Parantamalla tuuliturbiinin hyötysuhdetta, enemmän tehoa voidaan välittää roottorin lavoilta 

generaattorille ja vähemmän tehoa kulutetaan vaihteen osien kulumiseen ja lämmittämiseen. 

Simulointimallia käyttämällä vaihteen käyttäytymistä voidaan tutkia ennen kalliiden 

prototyyppien luomista. 

 

Diplomityön tavoitteena on mallintaa tuuliturbiinin vaihde ja voitelujärjestelmä ja tutkia 

voimahäviöitä ja lämmönsiirtoa vaihteessa ja perehtyä käytettävän simulointiohjelman 

simulointimenetelmiin. Käytettävä simulointiohjelma on Siemensin LMS Imagine.Lab 

AMESim, jolla voidaan luoda yksiulotteisia simulointimalleja mekatronisista järjestelmistä 

eri tekniikan aloilta. Yhdistämällä komponentteja AMESim-ohjelman eri kirjastoista, on 

mahdollista luoda simulointimalli vaihteesta, joka käsittää mekaanisen, termisen ja 

hydraulisen mallinnuksen. 

 

Tulokset mekaanisesta, termisestä ja hydraulisesta mallinnuksesta ovat esitetty 

diplomityössä. Johtuen tuuliturbiinin vaihteen suuresta koosta ja välitettävän voiman 

suuruudesta, voimahäviöiden mallinnus AMESim-ohjelmassa on epätarkka, jonka takia 

voimahäviöiden mallinnus eri hammaspyörien ryntöjen välillä on toteutettu 

vakiohyötysuhteilla. Alkuarvot termisessä ja hydraulisessa simuloinnissa on selvitetty 

mittauksilla ja empiirisellä tutkimuksella, sillä tuuliturbiinin vaihteen kompakti ja 

moniosainen rakenne estävät tarkkojen mittauksien teon. 

 

Simulointituloksien tarkentamiseksi jatkotutkimuksissa on parannettava voimahäviöiden 

mallinnuksessa käytettävien komponenttien tarkkuutta ja alkuarvot termiselle ja 

hydrauliselle mallille on selvitettävä yksityiskohtaisemmilla mittauksilla.  
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SYMBOLS AND ABBREVIATIONS 

 

 

A   Area [mm2] 

Aorif    Cross sectional area of orifice [mm2] 

Amin    Smallest cross-sectional area of the flow after orifice [mm2]  

b0    Effective width of teeth [mm] 

b    Width of face of teeth [mm] 

cp    Specific heat of the liquid [J/kg/K] 

cdim   Characteristic geometrical dimension of the exchange [mm]  

C   Bearing load capacity [N] 

Cma   Variable to calculate torque losses on gear side 

Cmd   Variable to calculate torque losses on gear teeth 

Cp    Specific heat of the material [J/kg/K] 

Coeff    Adjustment value for coefficient load torque 

Cd    Orifice discharge coefficient  

dT   Distance between two temperature points [mm] 

dorif  Diameter of orifice [mm] 

D   Diameter of pipe [mm]   

Dm  Diameter of axis [mm]  

e   Variable for bearing loss calculation 

eh   Oil thickness [kg/m2] 

Eeq   Equivalent modulus of elasticity 

Eu   Euler number 

fg    Slipping coefficient  

f1   Frictional factor dependent of radial load 

f2   Frictional factor dependent of axial load 

f0    Frictional factor dependent on speed 

F    Contact force between gears [N] 

Fa    Axial load for bearings [N] 

Fn    Normal force [N] 

Fnu    Normal force per length unit [N/m] 

Fr    Rolling force between teeth [N] 
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Fra    Radial load for bearings [N] 

Fro   Froude number 

Fros   Froude number on gear side 

FroA   Froude number on gear teeth 

g    Acceleration due to gravity [m/s2] 

gf    Length of approach [mm] 

Gr   Grashof number 

h   Enthalpy of the liquid [J/kg] 

hi   Enthalpy into the volume [J/kg] 

ho   Enthalpy from the volume [J/kg] 

ht    Teeth height [mm] 

hto   Scale factor for teeth height 

H    Convective exchange coefficient 

Hforced    Forced convective exchange coefficient 

Hfree    Free convective exchange coefficient 

l    Pitch point coordinate on the action line [mm] 

lorif   Length of orifice [mm] 

La    Length of action [mm] 

m    Mass [kg] 

m    Mass flow [kg/s] 

im    Mass flow into the volume [kg/s] 

om    Mass flow from the volume [kg/s] 

hm    Enthalpy rate of the system [W] 

N1   Number of teeth on driven gear 

N2   Number of teeth on connected gear 

Ns   Number of teeth on sun gear  

Nr   Number of teeth on ring gear  

Nu   Nusselt number  

p    Pressure [bar] 

Pg    Slipping power loss [W] 

Ppad   Paddling power loss [W] 

 Pr   Rolling power loss [N] 

P1   Equivalent dynamic load contribution [N]  
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P0   Bearing load [N] 

Pr   Prandtl number 

q   Volumetric flow rate [L/min] 

Q    Heat flow rate [W] 

Re   Reynolds number  

Res   Reynolds number on gear side 

ReA   Reynolds number on gear teeth 

Rp1    Pitch radius of driven gear [mm] 

Rt1    Gear tip radius [mm] 

t    Time [s] 

T    Temperature [ºC] 

Tg    Gas temperature [ºC] 

Tw    Wall temperature [ºC] 

Tf    Fluid temperature [ºC] 

Tl   Overall torque losses [Nm] 

Toil    Torque losses due to the oil [Nm] 

TradialL   Torque losses from radial load [Nm] 

TaxiaL    Torque losses from axial load [Nm] 

u   Internal energy of liquid [W] 

v   Fluid velocity [m/s] 

V    Volume of the liquid [m3] 

Vo   Oil volume [m3] 

Vg    Slipping velocity [m/s] 

Vp    Immersed volume of the gear [mm3] 

Vr    Rolling velocity [m/s] 

X1   Variable for bearing loss calculation 

X2    Variable for bearing loss calculation 

Xeq    Equivalent curve radius of the gears [mm] 

Y1   Variable for bearing loss calculation 

Y2    Variable for bearing loss calculation 

ω   Gear rotation velocity [rpm] 

ωb    Angular rotary velocity of the bearing [rpm] 

ωs   Rotating speed of sun gear [rpm] 
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ωr   Rotating speed of ring gear [rpm] 

ωc   Rotating speed of carrier gear [rpm] 

ω2    Rotation velocity of the driven gear [rpm] 

ωmax   Maximum stream velocity [m/s] 

ζ   Total friction factor  

εgw    Equivalent emission factor 

α   Volumetric expansion coefficient 

αn    Normal pressure angle [ ͦ ] 

αtw    Working transverse pressure angle [ ͦ ] 

β   Helix angle [ ͦ ] 

βm    Bulk modulus [Pa] 

µo    Oil absolute viscosity [kg/ms] 

µr   Viscosity ratio 

ρ    Oil density [kg/m3] 

υ   Oil kinematic viscosity [m2/s] 

φ    Oil piezo viscosity coefficient [1/Pa] 

λ    Thermal conductivity of material [W/mK] 

σ    Stefan-Boltzmann constant [W/m2K4] 

 

Abbreviations 

AMESim  Advanced Modeling Environment for performing Simulations of 

engineering systems 

CAD   Computer-Aided Design 

GWEC   Global Wind Energy Council 

HSS   High Speed Stage 

LMS   Lifecycle Management System 

LSS   Low Speed Stage 

PLM   Product Lifecycle Management 

PL1   Planet 1 

PL2     Planet 2 

RMSE   Root Mean Square Error 
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1 INTRODUCTION 

 

 

Wind power industry has been increasing strongly during 21st century and last year the global 

cumulative installed wind capacity was 369.6 GW, according to the Global Wind Energy 

Council. At GWECs (Global Wind Energy Council) global cumulative installed wind 

capacity graph is seen the growth of the global capacity between years 1997-2014, Figure 1. 

During the last 10 years the growth has been from 47.6 GW to 369.6 GW at 2014. Despite 

the few years when the annual capacity growth has not been increased from earlier years, 

the cumulative wind capacity has been steadily increasing during the last 10 years, Figure 2. 

[1]  

 

 

Figure 1. Global cumulative installed wind capacity 1997-2014 [1]. 

 

For the first time at 2014 the global annually installed wind capacity was over 50 GW. In 

Figure 2 is illustrated the growth of the global annually installed wind power capacity 

between the years 1997 to 2014 by GWEC. Despite a slowdown at year 2013, when the 

global annual capacity growth was 35.7 GW, there has been a steady amount of global 

installations during 2009 to 2014.  The drop at 2013 was due to the fact that 2013 United 

States annually installed wind capacity was 1 GW, as earlier installed capacity at 2012 was 

13 GW. According GWES market update, this 92% drop in United States installations was 
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caused by policy uncertainty from pending extension of the federal Production Tax Credit, 

which slowed down the industry supply chain and project development. The extension was 

renewed at beginning of January 2013 and at the end of 2013, new constructions would 

produce 12 GW of wind capacity and starting constructions worth of 10.9 GW. [1, 2] 

 

 

Figure 2. Global annual installed wind capacity 1997-2014 [1]. 

 

As 2014 was a record breaking year, because of strong installations in North America, Asia 

and Brazil. GWEC predicts that the market is going to return to more “normal” state with 

annual installed capacity growth rate of 3-7% and cumulative capacity growth rate of 12-

14%, in their 2015 market forecast, Figure 3. Cumulative installed capacity is predicted to 

be almost doubled from 2014 capacity of 369.6 GW to a capacity of 666.1 GW at the end of 

year 2019. Currently the wind power industry is led by Asia, North America and Europe and 

GWEC predicts that in five years the new markets at Brazil, South Africa and Saudi-Arabia 

are starting to make a difference in the wind power market. [2, 3] 
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Figure 3. Market forecast for 2014-2019 by GWEC [3]. 

 

With new innovations and increasing the efficiency of wind turbines, the cumulative 

capacities of wind power could improve with a much faster rate. As increasing efficiency of 

wind turbines, the amount of wind capacity that can be produced by a single wind turbine 

increases. [3] 

 

1.1 Wind turbine 

Wind turbines are used to transform wind energy into a mechanical energy. Main 

components of a wind turbine can be seen in Figure 4. Kinetic energy of a wind is 

transformed to a rotational movement by wind turbine blades. Blades are connected to the 

rotor by a hub, which also includes the pitch system. Pitch system turns the blades, in order 

to convert wind energy more efficiently to a rotational movement. The rotational movement 

of the hub is transported to the gearbox by a rotor shaft, which is supported by main shaft 

bearings. Gearbox is used to transform slow rotational speed of rotor shaft to a higher speed, 

which is more suitable for the generator. Generator converts the rotational movement to 

electrical energy. The housing of wind turbine is called nacelle and most of the components 

are inside it. Yaw system rotates the nacelle around the tower, to face the wind for best 

efficiency. [4] 
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Figure 4. Components of wind turbine [5]. 

 

1.2 Planetary gear 

Gearbox main task is to change a revolving movement to a slower movement but stronger 

torque or to faster movement and weaker torque, depending of the gear ratio of the gearbox. 

Simple planetary gear set, also known as epicyclic gearing consist of sun gear, planet gears, 

ring gear and from carrier, Figure 5. Ring gear is the outermost part of planetary gear and 

the planet gears are in mesh with it. Depending of the type of planetary gear, there could be 

from 3 to 7 planet gears. Single central gear is the sun gear, which is in contact with the 

planet gears. Planet gears are held together by a carrier, which rotates the planet gears 

between ring and sun gear. [6] 

 

 

Figure 5. Planetary gear [7]. 
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In many planetary gear systems either carrier, sun gear or ring gear is held fixed and 

remaining two components operates as an input or as an output. Gear ratio of gearbox 

depends, which of the components is held fixed, which is input or output and from the 

number of teeth on gears. Gear ratio on different cases are presented in Table 1, where Ns is 

number of teeth on sun gear, Nr is number of teeth on ring gear and ωs, ωr, and ωc are the 

rotating speeds of respective gears or carrier. Table 1 does not include the number of teeth 

on planet gears when defining gear ratios. This is because planet gears are idle gears in the 

system and provide spacing and support for sun and ring gear. [8] 

 

Table 1. Gear ratio calculations on planetary gear [8]. 

Fixed Input Output Gear ratio 

Carrier 

ωc =0 
Ring Sun 

−𝑁𝑠
𝑁𝑟

 

Carrier 

ωc =0 
Sun Ring 

−𝑁𝑟
𝑁𝑠

 

Sun 

ωs =0 
Carrier Ring 1 +

𝑁𝑠
𝑁𝑟

 

Sun 

ωs =0 
Ring Carrier 

𝑁𝑟
𝑁𝑠 + 𝑁𝑟

 

Ring 

ωr =0 
Carrier Sun 1 +

𝑁𝑟
𝑁𝑠

 

Ring 

ωr =0 
Sun Carrier 

𝑁𝑠
𝑁𝑠 + 𝑁𝑟

 

 

From the table can be noticed that as carrier is fixed, the planetary gear works as reverse 

gearbox where input and output shafts rotates in a different direction. When ring or sun gear 

is fixed and depending which of the remaining components operates as input, the planetary 

gear operates as either reduction or overdrive gearbox. [8] 

 

In Figure 6 is presented two teeth of an involute gear and terminology used to describe parts 

of the gear. Pitch circle is a predefined position on the gear where tooth thickness, face width, 

pressure angle and helix angle are measured. The difference of tooth thickness and space 

width, defines the gap between gears teeth. Addendum and dedendum defines the height of 

the tooth. Difference between addendum and dedendun provides clearance during gear mesh 

between top land of one gears tooth and the bottom land of tooth at the other gear, addendum 

is smaller than dedendum. The tooth side is called face and its width is measured along the 
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axis of the gear. Circular pitch is measured along pitch circle and is the length of the arc 

between two points of teeth. [9] 

 

 

Figure 6. Terminology of involute gear [modified 9]. 

 

In Figure 7 is shown contact point movement at the beginning and end of involute gears 

mesh. As the gears rotate, contact point moves on the gears surface and forms a straight line, 

which is tangent to the gears. This line is called line of action and it presents the direction of 

force between meshing teeth. In involute gears, direction of line of action is always constant. 

Pitch point is the contact point of teeth, which is on the line of centers of gears. Arc of action 

is the distance along pitch circle during contact. Length of action is measured between 

beginning and end of teeth contact. Center distance marks the length between gears center 

points. Angle of recess and angle of approach are the angle which the gears turns, either from 

the beginning of contact to pitch point or from pitch point to end of contact. [9] 
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Figure 7. Terminology of meshing gears [modified 9]. 

 

1.3 Power losses in gearboxes 

Power losses in gearboxes are mainly formed from a large number of different sized gears, 

which are in contact with each other. Even though the efficiency of power transfer on 

different gear pairs can be high, the number of gear contacts can cause considerable increase 

in total power loss. Total power loss can be divided to load dependent and load independent 

losses on gears and bearings. Load dependent losses includes sliding and rolling losses 

between two contacting surfaces during meshing. Load independent losses are caused from 

lubrication oil, which can cause windage and churning losses in the gearbox. [10] 

 

1.3.1 Sliding losses 

Sliding losses are caused by the friction force between two surfaces during meshing. 

Frictional force is caused by roughness of two surfaces, in Figure 8 is illustrated image of 

two surfaces in micro scale. When these two surfaces slides against each other, the peaks 

would collide causing wear and frictional loss. [10] 
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Figure 8. Micro scale presentation of two surfaces [modified 11]. 

 

In Figure 9 is presented the contact between two gears and the sliding effect during contact. 

Gears are rotating during work cycle and the point of contact slides or rolls alongside the 

surface of teeth. The gears are lubricated with oil to prevent sliding losses between teeth. 

Lubrication oil separates the surfaces from each other and surfaces are sliding against the 

lubricant. [10] 

 

 

Figure 9. Contact between gears teeth [12]. 

 

1.3.2 Rolling losses 

Rolling losses occurs when two surfaces are separated by thick lubrication film. As teeth roll 

across each other, they squeezes lubrication oil between them. This causes pressure buildup 

on rolling surfaces and restricts movement of the gears. The amount of losses depends on 

the viscosity of the lubrication oil. Rolling losses are lower, when lubricant oil has low 

viscosity, because the oil does not restrict movement of the surfaces. When oil’s viscosity is 

too low it increases the sliding losses, because the surfaces of the teeth are not sliding against 

the lubrication oil but against each other. [13] 
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1.3.3 Churning and windage losses in gears 

Power losses in gears, which are partially submerged in lubrication oil are referred as 

churning losses. Gear power losses, which occurs in gears that rotates freely in air are 

referred as windage losses. Both losses can be divided into pocketing and drag losses. [14] 

 

Pocketing losses represents the power, which is needed to remove lubrication oil or air/oil 

mixture from the cavities of rotating gears before meshing. In Figure 10 is presented the 

phenomena in teeth cavities as gears rotates. As gears teeth are meshing, the volume of 

cavities is reduced and oil or air/oil mixture is forced from the cavity, through openings at 

the ends of the gears at high velocity. The acceleration of liquid to high velocity, requires 

power and thus reduces the power transfer efficiency of the gears. [14] 

 

 

Figure 10. Illustration of pocketing losses during teeth engagement a) initial stage b) part of 

oil is being squeezed out c) Excess oil is squeezed out from cavities d) air-oil mixture is 

being squeezed out from cavities [modified 14]. 

 

Churning drag power losses are caused when rotating gear accelerates oil around the gears. 

When partially submerged gears teeth enters into oil, its cavities are filled with oil. When 

the gear is rotating, oil swirls past tooth edges, creating whirls outside the gears and inside 

teeth cavities. These whirls are different from the general flow of the gears and causes power 

loss.  Amount of losses depends on lubrication oils viscosity. Windage drag losses are similar 
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to churning drag losses. Instead of accelerating oil around submerged gears, windage drag 

accelerates air/oil mixture around the gears. [14] Windage losses are a small portion of losses 

in a gear system, that rotates at a low speed but in gears with high rotational speed the losses 

increases rapidly [13].  

 

1.3.4 Bearing losses 

Likewise the gears in previous chapters, bearing losses also consist of load dependent and 

load independent losses. The losses depends on the size and type of the bearings, in both 

cases. Load dependent losses also depends from the load affecting the bearings, sliding 

conditions and from the type of lubrication used. In Figure 11 and in Figure 12 is a 

comparison made by Wimmer et al to different types of bearings with same load capacity C 

[15]. A comparison for load dependent losses for bearings that has same utilization ratio 

P0/C is presented in Figure 11, where P0 presents the load affecting the bearings. Cylindrical 

roller bearings are most efficient radial bearings under load and most losses are caused by 

needle bearings. [15] 

 

 

Figure 11. Bearing types influence on load dependent losses [15]. 
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Beside size and type of the bearings, load independent losses depends from bearing 

arrangement, lubricant viscosity, lubricant supply method and rotating speed. In Figure 12 

is comparison of load independent bearings. From comparison can be seen that self-aligning 

ball bearings cause most load independent losses and cylindrical roller bearings are most 

efficient load independent bearings from radial bearings. [15] 

 

 

Figure 12. Bearing type’s influence on load independent losses [modified 15]. 

 

1.4 Oil lubrication systems 

Effective way to decrease friction and wear between components is to separate the surfaces 

by using lubrication film. According to Torbacke et al [16], the main tasks of lubrication are 

the following: “separate moving parts, transfer heat, reduce friction, protect against wear, 

prevent corrosion, carry away contaminants and debris and reduce noise and vibrations”. 

With effective lubrication it is possible to safe energy and increase efficiency. By decreasing 

wear in components, life span of machine is longer and machine works more reliably. [16] 
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When operating speed of a machine is high, they are preferred to use oil lubrication systems 

over grease lubrication. When operating at high speed, more heat is produced from losses. 

In oil lubrication system, excess heat can be transferred to cooling systems. However oil 

lubrication systems may require complex designs and frequent maintenance. Oil lubrication 

have a higher risk of leakage, which could reduce the amount of oil volume in the system. 

Oil lubrication systems can be separated to bath and circulating systems, depending of the 

methods which are used to deliver the lubrication oil to the components. [17] 

 

1.4.1 Oil bath lubrication 

In a bath oil lubrication system, components are partially immersed in a bath of oil. Bath 

lubrication is inexpensive and has low maintenance costs compared to circulating 

lubrication. The movement of the components distributes oil around the system, either by 

contact or by splashing and lubricates the contact surfaces. To ensure that all surfaces are 

properly lubricated, it is possible to use ring or a collar that is connected to a shaft. The 

ring/collar submerges in oil bath to gather oil and delivers it to a desired contact point. It is 

important to maintain proper oil level in bath lubrication, since if the level is too low oil is 

not distributed around the system. If the oil level is too high it may cause foaming, drag 

losses and frictional heat generation. [17] 

 

1.4.2 Circulating oil lubrication 

Oil circulating systems can be either dry or wet sump systems, where lubrication oil is stored 

in the casing or at separate reservoir. In cases where separate reservoir is used excess 

lubrication oil drips to the reservoir or is pumped from the sump. When pumping excess oil 

from the casing, paddling losses can be minimized. In Figure 13 is presented a schematic of 

a circulating oil system. Oil is pumped from a reservoir through a filter to heat exchanger, 

where excess heat is transferred to outside air. In case of a blockage in lubrication system 

relief pressure valve directs oil flow back to tank, to prevent pressure increase in the system. 

Nozzles are used to jet fed lubrication oil to lubricate components. Scavenge pump pumps 

excess lubrication oil from bottom of casing back to reservoir, where it is pumped back to 

the lubrication system by supply pump. [11] 



25 

 

Figure 13. Circulating oil lubrication [modified 11]. 

 

Circulating oil lubrication systems are more complex designs than bath lubrication. 

Circulating system requires tank, pipes/hoses, pumps, cooling system, contamination 

control, etc. Even though the system is complex it is more efficient, because the lubricant 

can be jet fed through a nozzle to a specific place. The benefits of a circulating system is that 

there are smaller oil drag losses, since the excess oil is delivered back to tank, debris and 

contaminations are filtered from the system and the generated heat is dissipated by heat 

exchangers. [11] 

 

1.5 Heat transfer 

Heat transfer occurs when two objects have different temperatures and warmer object 

transfers heat to colder object. Heat transfer predicts required energy transfer between 

objects, until both materials are at the same temperature value. In gearboxes, heat is 

generated from gears and bearings power losses. Generated heat is transferred throughout 

gearbox by different heat transfer modes which are conduction, convection and radiation, 

Figure 14. [18] 
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Figure 14. Heat transfer modes. q” is heat transfer rate from material [18]. 

 

In conduction, heat is transferred through a solid or a stationary fluid. Conduction occurs at 

atomic and molecular level. At high temperature, molecules velocities are faster than at 

lower temperature. Movement of molecules is random at both cases and as molecules from 

high temperature area moves to low temperature area, it transfers energy to the area. Through 

collisions, high temperature molecules transfer energy to low temperature molecules thus 

lowering the temperature difference of the areas. [18] 

 

Heat transfer by convection occurs between surface and moving fluid. Heat is transferred by 

molecular motion and by motion of the fluid. As fluid flows over a surface, velocity of the 

fluid is different at the surface and at center of the fluid. Near the surface, fluids velocity is 

close to zero and heat is transferred to the fluid by molecular motion and same way 

transferred around the fluid. As the velocity of the fluid is higher at center of the fluid, heat 

is transferred away from the surface by flow and replaced with cooler fluid. Depending of 

flow type, convection can be divided to forced and free convection. In forced convection 

flow against surface is produced by a fan, pump or wind. At free convection flow is caused 

by density differences in the fluid from temperature variations. [18] 
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In conduction and convection, energy transfer occurs through a material medium but in case 

of radiation heat transfer material is not required, and it is most efficient in vacuum. In 

thermal radiation, energy is emitted by electromagnetic radiation from the matter. As the 

energy emitted originates from the thermal energy of the matter, it results as loss to internal 

energy of the body. [18] 

 

1.6 Objectives  

Efficiency is a main concern in the transmission design and high efficiency gearboxes are 

required.  Power losses in transmissions are mostly effect of friction at the lubricated gear 

contacts and bearing contacts and these losses depend on the amount of torque transmitted 

through the gearbox [19]. The knowledge of power losses between components helps to 

improve the efficiency of the machine and locating contacts, where most heat is generated. 

The topic of this thesis is to model a wind turbine gearbox and lubrication system. Simulation 

software AMESim (Advanced Modeling Environment for performing Simulations of 

engineering systems), developed by Siemens LMS (Lifecycle Management System) Imagine 

Lab [20] is used to model the wind turbine gearbox. AMESim software is studied in order 

to know if it is suitable platform, which could be used and developed as a base software for 

large scale gearbox modelling platform. The AMESim software will be used to create a 

simulation model of a three stage planetary gearbox to simulate power losses, heat transfer 

and lubrication system of the gearbox. The use of a simulation model is an advantage in 

machine design, because simulation models reduces the number of expensive prototypes 

needed in the design process. 

 

The thesis is restricted to the gearbox and lubrication system, this thesis does not include 

torque and velocity calculations from wind speed or electrical power calculations from the 

generator.   
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2 METHODS 

 

 

The simulation software used in this thesis is Siemens LMS Imagine.Lab AMESim and it is 

used to create a simulation model of a wind turbine gearbox. Simulation model is used to 

research power losses between gear contacts and bearings, to study heat transfer and to 

model the lubrication system of the gearbox. 

 

2.1 Siemens LMS Imagine.LAB AMESim. 

LMS Imagine.Lab AMESim is part of Siemens PLM (Product lifecycle management) 

Software since 2012. AMESim offers a platform to create and analyze one-dimensional 

multi-domain mechatronic system simulation models. The created models consists from 

different components, which are connected to each other and described by mathematical 

models that presents the behavior of the components. This designing method focuses on 

simulating the overall performance of the model, without the need of time consuming 3D 

CAD (3D Computer-Aided Design) modelling. AMESim includes 38 libraries and over 

4500 components from different engineering fields such as mechanics, pneumatics, electrics, 

hydraulics, thermodynamics and many other. Combining different libraries, user is able to 

simulate various systems. AMESim offers different tools such as AMESet and AMECustom 

platforms, which allows the user to create new components, libraries and to customize the 

already build components. Version of AMESim used in this thesis is AMESim Rev 13. [21] 

 

2.2 Model creation in AMESim 

AMESim uses Bond Graph Theory to create simulation models. In bond graph theory a 

physical system is presented by symbols and lines, which describe the flow paths of power. 

Bond graph theory is different from block diagram modelling in a sense that the connections 

between components presents the physical structure of the system. In block diagram 

modelling connections presents signal flow. In bond graph theory, the model resembles 

actual schematics of the system. [22] Figure 15 presents a simulation model of a system, 

which is created using AMESim. In the system electric motor is used to rotate a shaft 

between hydraulic pump and motor. As shaft rotates, it operates hydraulic pump, which 

creates mass flow in the pipes and at hydraulic cylinder. Mass flow creates pressure in the 
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cylinders chambers, which transfers to force that moves the mass connected to the cylinder 

rod. [23] 

 

 

Figure 15. Example of AMESim simulation model. 

 

From Figure 16 can be seen the overall power flow throughout the system, from the electric 

motor to the mass connected to the hydraulic cylinder. Green arrows presents the output 

from component and red arrows are inputs. Power that goes into the component and out from 

the component can be calculated from the inputs and outputs. When every connection 

presents used power, component that creates most power loss is traceable and can be 

modified to increase overall efficiency of the system. [23] 

 

 

Figure 16. Power flow in AMESim simulation model. 

 

The simulation model in AMESim is created in four steps. The steps are sketch, submodel, 

parameter and simulation. In sketch mode components are picked from the libraries and 
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connected to each other. After sketch step, submodels are selected for each component to 

apply the mathematical models for components. For different components, there are multiple 

mathematical models, which differs in complexity and from physical phenomena that 

components are used to simulate. This way modeler has opportunity to set operation point 

between performance and accuracy of the model by taking into account available reference 

data. Third step is to set the parameters for each individual component and choose the 

complexity of the mathematical model. The last step is the simulation part, where user can 

select the options for simulation, run the simulation and examine the results. [23] 

 

2.2.1 AMESim powertrain library 

In this thesis the powertrain library in AMESim is used to model wind turbine gearbox and 

study power losses. The term powertrain in motor vehicles usually refers to a series of 

components, which are used to product and transfer energy from motor to surface of road. 

In this case the term refers to the components that transfers power from rotor blades to the 

generator. [24] 

 

To model the powertrain of wind turbine gearbox the sources and links, gears, planetary 

gears and bearings sections of the powertrain library is used. In Figure 17 is an example of 

a gear pair from powertrain library. Components from powertrain library are presented in 

dark green, red components are from the signal and control library and they are used to set 

the inputs values. Components from mechanical library are bright green and are used to 

measure values and change the input values to desired unit, in this case to rotational speed 

and torque. 

 

 

 Figure 17. Example of a gear pair from powertrain library. 
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2.2.2 AMESim thermal hydraulic library 

Thermal hydraulic library and thermal hydraulic resistance library are used to model the 

lubrication system of the gearbox. The libraries consists of components that are used to 

simulate changes in temperature, pressure and flow in thermal-hydraulic systems. It uses 

transient heat transfer approach and models thermal effects in liquids, as they are affected 

by different heat sources. [25] 

 

An example of a thermal hydraulic system is presented in Figure 18. The orange components 

are from thermal hydraulic library. On this simple example, the pump is modelled as volume 

flow source and green component is motor from mechanical library. Volume flow is divided 

by T-junction to two pipe components. Restriction components restricts oil flow before oil 

is returned to tank. Oil properties can be set by using component at upper left corner. 

 

 

Figure 18. Example of a thermal hydraulic system. 

 

2.2.3 AMESim thermal library 

Thermal library is used to model heat transfer between components in the gearbox. 

Components in the thermal library is used to model different masses affected by heat sources 

with specific materials and heat transfer between masses. Heat transfer can be modelled 

between materials as conduction, convection and radiation. Components in thermal library 

can be connected to mechanical and thermal hydraulic libraries thermal ports. [25] 

 

In Figure 19 is an example of thermal system modelled by components from thermal library. 

In the system are two aluminum masses at 20 ºC starting temperature. Mass 1 is being heated 
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by convection from 40 ºC temperature and heat is transferred between objects through 

convection. Heat is transferred to air from mass 2 by conduction and radiation. Material 

properties are set by using material component at upper left corner of the figure. Different 

materials can be used in simulation by adding more than one material component to the 

system. [25] 

 

 

Figure 19. Example of a thermal system. 

 

2.3 Equations used in AMESim for power loss prediction 

In this section of the thesis are presented the equations, which AMESim uses to model the 

behavior of the simulated model. The equations are acquired from the user’s guide for 

powertrain library in AMESim software [24]. 

 

2.3.1 Slipping and rolling losses between gears 

The friction between gear teeth is caused from rolling friction and slipping friction. They 

depend from the gear load, gear velocity, contact geometry and oil properties. Losses from 

the teeth friction can be set by constant efficiency, measurements or calculated by a 

designated model. The slipping power loss is calculated by linear integration of the slipping 

power on the action line 
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where Pg is slipping power loss, La is length of action, Fn is normal force, fg is slipping 

coefficient, and Vg is slipping velocity [24]. Normal force affecting gears depends on the 

force between gears and teeth angles as shown in following equation. 
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where F is contact force between gears, β is helix angle of teeth, and αn is normal pressure 

angle. The equation for slipping coefficient is 
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where Fnu is normal force per length unit, ρ is oil density, υ is oil kinematic viscosity, and Vr 

is rolling velocity. Slipping velocity is computed from 
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where ω2 is rotation velocity of the driven gear, l is pitch point coordinate on the action line, 

gf is length of approach, N1 is number of teeth on driven gear, and N2 is number of teeth on 

connected gear. Teeth rolling velocity is calculated from 
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where Rp1 is pitch radius of driven gear, and αtw is working transverse pressure angle. Rolling 

losses, Pr, between gears are calculated from the following equation: 
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where Fr is rolling force between teeth. [24] 
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 Rolling force is expressed as [24]: 
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where eh is oil thickness and b0 is effective width of teeth. Oil thickness is calculated from 
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where Xeq is equivalent curve radius of the gears, Eeq is equivalent modulus of elasticity, µo 

is absolute viscosity of oil, and φ is piezo viscosity coefficient of oil. [24] 

  

2.3.2 Paddling losses 

Paddling power losses are formed from gears teeth and side losses and they are related to 

gear geometries, oil path height and oil properties. Equation for paddling power losses, Ppad 

is formed by 
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where b is width of face of teeth, Rt1 is gear tip radius, Cmd and Cma are variables to calculate 

torque losses on gear side and teeth, ω is gear rotation velocity and ht is teeth height [24]. 

The paddling losses depends on Froude and Reynolds numbers. Froude number, Fro, 

describes the vortices around the surfaces and Reynolds number determines if the oil flow 

is laminar or turbulent [26]. Reynolds number on gear side, Res, and Froude number on gear 

side, Fros, are calculated from equations 10a, and 10b. 
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where g is acceleration due to gravity. Equations for Reynolds number on the gear teeth, ReA 

and Froude numbers on the gear teeth, FroA are expressed as follows [27]: 
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Variable used to calculate gear side torque losses, Cmd, depends from the type of flow, 

whether it is laminar or turbulent according to [27]: 
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where Vp is immersed volume of the gear and Vo is oil volume in the gearbox [27]. The 

variable used to calculate the teeth torque losses, Cma, depends also from the flow type: 
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where ht0 is a scale factor for gear teeth height [27].  
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2.3.3 Roller bearing losses 

Bearing torque losses depends from load forces, type of bearing and oil properties. Overall 

torque losses, Tl, is the sum from radial load losses, TradialL, axial load losses, TaxiaL, and oil 

losses, Toil [24]: 

 

 axialLradialLoill TTTT      (14) 

 

Torque losses from axial load is computed from following equation: 
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where f2 is frictional factor dependent of axial load [24]. Equation for torque losses due to 

the oil varies depending if the oil flow is turbulent or laminar 
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where f0 is frictional factor dependent on speed, ωb is angular rotary velocity of the bearing 

and Dm is diameter of the axis [27]. Torque losses from radial load is calculated from the 

sum of equivalent static preload Po and equivalent dynamic load contribution P1 from  
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where Coeff is adjustment value for coefficient load torque, and f1 is frictional factor 

dependable of radial load. The ratio between axial and radial load defines the equation for 

the equivalent dynamic load, P1. 
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where Fra is the radial load, Fa is axial load and X1, X2, Y1, Y2 and e are coefficients regarding 

the bearing type, which can be seen from the catalogue in . Equation 17 is simplified to  

 

 

0

bearings radialfor 

bearings for thrust

0

1








P

F

F
P

ra

a

    (19) 

 

when bearings are purely radial or thrust bearings, and are only affected by one type of load 

and without any preload. [24] 

 

2.4 Equations used in AMESim for thermal hydraulic calculations 

The equations for hydraulic calculations are presented in this chapter and they are from the 

user’s guide of Thermal Hydraulic library in AMESim software [25].   

 

Thermal hydraulic library consists from two types of components, which are capacitive and 

resistive components. The hydraulic model is created from different types of capacitive and 

resistive components, Figure 20. Capacitive components are used to calculate temperature 

and pressures from mass flow rates and enthalpy. Resistive components compute the 

enthalpy and mass flow rates from pressure and temperature. [25] 

 

 

Figure 20. Connection method for thermal hydraulic components. 

 

2.4.1 Resistive component 

The formulations and assumptions for pressure drops and friction factors in resistive 

components are based to Idelchik’s Handbook of hydraulic resistance [28, 25] and changes 

between equations are confirmed from Hydraulitekniikka by Kauranne et al [26].  
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Following assumptions are made for resistive components in AMESim software [25]: 

 the flow is one-dimensional, 

 the gravitational effects are significant in the hydraulic pipe submodels only, 

 the pressure displayed are total pressures, 

 cavitation phenomena does not cause any additional pressure drop. 

 

Equation for the mass flow rate can be formed from Bernoulli’s equation for pressure loss 

in the smallest cross sectional area of volume flow after orifice 
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where ωmax is maximum stream velocity, q is volumetric flow rate and Amin is smallest cross-

sectional area of the flow after orifice. Modifying equation 20, produces equation for volume 

flow, [25]: 
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Instead of using the flows cross sectional area to calculate volume flow, equation 21 can be 

modified to use the cross sectional area of the orifice, by using a suitable orifice discharge 

coefficient [26]. 
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where Cd is orifice discharge coefficient and Aorif is the cross sectional area of orifice. 

Modification is done because value for cross-sectional area of orifice is a constant at different 

orifices and it can be measured, as cross-sectional area of flow can change depending of the 

flow type [26].  
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Orifice discharge coefficient can be computed from total friction factor by 
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where ζ is total friction factor. Friction factor depends from the system, since every 

component has own theoretical values for friction factor, these values for friction factor can 

be obtained from literature or by experimental tests [26]. Mass flow rate in the resistive 

component is computed by multiplying volume flow equation 22 with liquids density 
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Enthalpy rate of the system, hm  is formed by multiplying the mass flow rate with the specific 

enthalpy of the liquid 

 

 hmhm        (25) 

 

where h is the specific enthalpy of the liquid [25]. Enthalpy is a physical quantity that 

expresses energy in thermodynamics, specific enthalpy is the sum from systems internal 

energy and from division between pressure and liquids density [29]. 

 

2.4.2 Capacitive component 

Assumptions made in the capacitive components are [25]: 

 Capacitive components are considered as control volumes, 

 Pressure is calculated from mass conservation assumption, 

 Liquid in the control volume is considered to be homogeneous, 

 Kinetic and potential energy in control volumes are neglected. 
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Pressure and temperature are computed in the capacitive components as derivatives against 

time. The mass of the liquid in certain volume can be calculated by using liquids density 

 

 Vm       (26) 

 

where m is mass, and V is volume of the liquid. As there is flow through the specific volume, 

change in the liquid mass can be calculated as the difference of mass flow in and out of the 

volume as derivative respect to time, which is called the continuity equation of mass 

 

 
oi mmm        (27) 

 

where t is time, 
im  is incoming mass flow into the volume, and 

om  is outgoing mass flow 

from the volume. As the flow in and out is stationary, value for mass does not change, but 

in unstationary flows the mass changes, since flows in and out from volume can be different. 

When inserting equation 26 to equation 27 the continuity equation takes form 
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This can be formed to get the continuity equation for liquids density [26] 
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As liquid is affected by pressure and temperature, the density of liquid changes. By 

differentiating density against temperature and pressure we get 

 

 dT
T

dp
p

d











     (30) 

 

where p is pressure, and T is temperature. Continuity equation for pressure can be formed 

from reforming equation 30 to 
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By using liquids properties, equation 31 can be simplified and used to define continuity 

equation for pressure derivative against time. Bulk modulus, βm, value depends on 

temperature and pressure and it can be calculated by 
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Liquids bulk modulus defines how much liquid compresses under pressure [26]. The 

volumetric expansion coefficient, α, can be formed from 
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Liquids volumetric expansion coefficient defines changes in liquids volume according to 

temperature [26]. By inserting equations 32 and 33 to equation 31, the continuity equation 

for pressure derivative against time can be formed [26]: 
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Capacitive components uses equation 34 to compute pressures in the system. Equation for 

temperature derivative against time is deduced from the relationship between specific 

internal energy and enthalpy of the liquid. Internal energy of the system u comes from 

 

 


p
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Energy in the control volume is the sum of internal, kinetic and potential energies. With 

assumption, that the kinetic and potential energies are neglected in the control volume the 

equation for energy in the control volume is 
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 umE       (36) 

 

Derivative for the specific enthalpy is 
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where cp is specific heat of the liquid at constant pressure [25]. Combining equations 35, 36, 

37 and differentiating them produces  
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where hi is incoming enthalpy, h0 is outgoing enthalpy, and Q  is heat flow rate exchanged 

with outside. The temperature derivative against time can be formed from equation 38 to be 

[25]: 
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From equation 39 can be seen that the temperature of the liquid, depends from pressure 

derivative against time, equation 34, which value also depends from equation 39. [25] 

 

2.5 Equation for nozzle simulation. 

Bohra studied in his thesis the characteristics of pressure drop of highly viscous fluids 

through small diameter orifices [30]. By using orifice discharge coefficient, flow rate at 

different pressures can be obtained from equation 22. Study by Bohra presents that the orifice 

discharge coefficient can be expressed as Euler number, which can be represented as a 

function from Reynolds number, orifice geometry and viscosity ratio, equation 40. 
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where dorif  is orifice diameter, D is pipe diameter, lorif  is orifice length, and µr is viscosity 

ratio [30]. Equation for volume flow in orifice can be formed from equations 22 and 40 
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The function for Euler number consists from laminar and turbulent phases, where equation 

for laminar phase is 
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where A, B, C, D, and E are coefficients which are determined from measurements through 

regression analysis [30]. The equation for Euler number in turbulent phase is 
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By combining equations 42 and 43, provides equation for Euler number for both turbulent 

and laminar phase 
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To determine limit between turbulent and laminar flows, value for Cd can be obtained from 
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In Table 2 is presented coefficients for equation 44 from study made by Bohra [30]. 

 

Table 2. Coefficients used in Bohra’s study [30]. 

Parameter Value 

A 0.882±0.008 

B 1.159±0.034 

C 0.075±0.017 

D -0.334±0.009 

E 17.158±0.086 

 

Coefficients were achieved from large set of data points by regression analysis and they are 

valid when diameter ratio is 0.02 < dorif/D ≤ 0.137, aspect ratio of 0.32 < lorif/dorif ≤ 5.72, 

Reynolds number of 0.085 < Re ≤ 9677 and viscosity of 0.085 < υ ≤ 9.589 (kg/ms). 

Coefficients to calculate Euler’s number predicts 86% of data points within ±25% from the 

measured data. [30] 
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2.6 Equations used in AMESim for thermal calculations 

Thermal library in AMESim consist from two type of components, resistive and capacitive 

components. Components can be connected only to the type of component opposite of their 

own kind, Figure 21. Capacitive components are masses and thermal capacities of the system 

and they compute temperature for the mass from heat flow rate inputs. Resistive components 

models different modes of heat transfer and computes heat flow rate between masses from 

temperature inputs. [31] 

 

 

Figure 21. Model creation for thermal simulations. 

 

Following assumptions are considered for thermal simulations in AMESim [31]: 

 heat flow is one dimensional, 

 solids are considered as isotropic, which means that their thermal properties are the 

same in all directions, 

 temperature distribution in the thermal capacities is uniform. 

 

Following equations are used in thermal hydraulic library to calculate temperature of masses 

and thermal capacities and heat flow between them [31]. Thermal capacity of masses can be 

modelled as a temperature nodes, where temperature is calculated from derivative against 

time from heat flow rates, mass and from specific heat of material 
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where m is mass of object, Cp is specific heat of material, and Q  is heat flow rates. Heat flow 

occurs when there is difference in temperature. Conduction heat flow rate is computed by 

 

 )( TcoeffQconduction      (47) 

 



46 

where T1 and T2 are temperatures of different objects or section of material and coeff  is 

parameter depending from conduction type. AMESim haves different methods to calculate 

coefficient for conduction between objects, for example, contact conductance, 

linear conduction, cylindrical conduction, general conduction and others [31]. For linear 

conduction heat flow rate is calculated by 
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where λ is thermal conductivity of material, A is exchange area, and dT is distance between 

two temperature points [31]. Convection heat flow rate happens when fluid moves on surface 

and heat flow rate is computed by 

 

 )( wfconvection TTHAQ      (49) 

 

where H is the convective exchange coefficient, Tf  is mixing temperature of the fluid, and 

Tw is wall temperature [31]. Difference between free and forced convection comes from 

convective exchange coefficient. For forced convection, Hforced, convective exchange 

coefficient is: 
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where Nu is Nusselt number and cdim is characteristic geometrical dimension of the exchange. 

Nusselt number is used to describe thermal exchange between fluid and surface of solid. It 

is formed from a function of Prandtl and Reynolds number. Prandtl number, Pr, is used to 

define ratio between kinematic viscosity and thermal diffusivity of fluid [18]. 
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where cp is the specific heat of the fluid. [31] 
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 Reynolds number, Re, describes the ratio of inertia to viscous forces and it is calculated 

from 
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where v is fluid velocity. In case of free convection, Hfree, Nusselt number is formed from 

Grashof number instead of Reynolds number 
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where Gr is Grashof number. Grashof number is ratio between viscous forces and buoyancy 

forces [18]. Grashof number can be obtained from 
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Functions for different cases to form Nusselt number defined by Prandtl and Grashof number 

can be seen at Appendix 2. Heat radiation between wall and gas is computed from 
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where σ is Stefan-Boltzmann constant, εgw is equivalent emission factor of the combination 

of gas and wall, Tg is temperature of gas. [31]   
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3 SYSTEM UNDER INVESTIGATION 

 

 

The gearbox which is used as a model for simulations in AMESim is Moventas’s 3MW wind 

turbine gearbox. In this chapter are presented different sections of the gearbox and their 

simulation models done in AMESim. Studied phenomena is divided to three categories: 

mechanical, where power losses and power transmission are studied, to hydraulic, where 

lubrication system is studied, and to thermal, where cooling system and thermal heat transfer 

within the gearbox are studied.  

 

3.1 Moventas’s gearbox design 

Moventas’s 3MW wind turbine gearbox has three stages, which are two planetary gear stages 

and one helical stage. In Figure 22 is an illustration of three stage gearbox, where can be 

seen individual components of the gearbox. In both planet gear stages, ring gear is held 

stationary, planet carrier operates as input for power and sun gear as output.  Ring gear is 

presented as light green component, planet gears are yellow components, sun gear is red 

component and planet carrier is blue component in planet stages. At helical stage, driven 

gear is presented as gray component and pinion gear as red component. When ring gear is 

held stationary and carrier is input for the system, the gearbox operates as an overdrive 

gearbox, where speed of input shaft is lower than speed of output shaft. As speed increases 

in overdrive gearbox, torque decreases from input shaft to output shaft. 

 

 

Figure 22. Schematic of three stage wind turbine gearbox [modified 32]. 
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In Table 3 is presented number of teeth in gears from Moventas’s three stage 3MW wind 

turbine gearbox, which was used to create the simulation model. Specific information for the 

gears are not presented at public version of the thesis. 

 

Table 3. Gear parameters for Moventas’s three stage 3MW wind turbine gearbox. 

 Planet stage 1 Planet stage 2 Helical stage 

Gear 
Sun 

gear 

Planet 

gear 

Ring 

gear 

Sun 

gear 

Planet 

gear 

Ring 

gear 
Pinion 

Driven 

gear 

Number 

of teeth 
26 34 94 19 41 101 34 108 

 

At 1st planetary gear stage, there is 4 planet gears and the gear ratio is 4.615. At second stage, 

gear ratio is 6.31 and the number of planet gears is 3. Helical stage is the 3rd stage of the 

gearbox and it is formed from two meshing helical gear, which gear ratio is 3.176. Total gear 

ratio for the whole gearbox is 92.487. More illustrating image of Moventas’s 3MW wind 

turbine gearbox overall design and bearings locations can be seen in Figure 23. In 3MW 

wind turbine gearbox, there are 12 different kinds of bearings used. Bearings used for planet 

gears are integrated inside planet gears. Specific information of the bearings are not 

presented at public version of the thesis.  

 

 

Figure 23. Structure of Moventas’s 3MW wind turbine gearbox [modified 32]. 
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3.2 AMESim model of gearbox 

Gearbox is modelled using components from powertrain library in AMESim. In Figure 24 

is the AMESim simulation model of the gearbox. To model planet gear bearings in the 

system, planetary gears are modelled as two separate components. In order for the 

components to operate as planetary gear set, separate planetary gear components are directly 

connected to each other. Gear parameters are set to each component according to 3MW wind 

turbine gearbox parameters. Input torque is set to be equal to the torque affecting low speed 

shaft and input velocity is velocity of high speed shaft. Each component calculates power 

losses between gears, according to equations presented in chapter 2.3. Red circular 

components connected to gear and bearing models are transmitters and receivers, which are 

used to set bearing loads, which are calculated at gear components. Transmitters are 

connected to gear components and they are circular components, where thick arrow is 

pointing away from the circle, receivers are connected to bearings and thick arrow is pointing 

towards circle. Thermal port at each component is connected to a temperature source, which 

is the round component with letter T, this port can be connected to a thermal library model 

to simulate heat transfer from power losses. 

 

 

Figure 24. Gearbox simulation model. 

 

The gearbox is designed so that axial load from rotor does not affect the gearbox and when 

1st stage carrier is connected to main shaft, other components are suspended on the 1st stage 

carrier bearings. Radial load for 1st stage carrier bearings are calculated from suspended parts 

distance of mass center of gravity to 1st stage carrier bearings. Bearings affected from axial 

loads from gear contacts are 2nd stage generator side carrier bearing, helical stage low speed 

generator side bearing and helical stage high speed generator side bearing. Axial load 

affecting 2nd stage generator side carrier bearing is formed from gear contacts at 1st stage 

planet/ring mesh, which pushes 2nd stage carrier towards generator. Helical stage generator 
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side bearings axial load is the difference of axial force from 2nd stage planet/sun mesh, which 

pushes towards generator and axial force from helical stage mesh, which pushes towards 

rotor. Axial load for the high speed helical stage generator side bearing comes from helical 

stage mesh that pushes towards generator. [33] 

 

Radial load affecting the bearings are calculated from radial force at sun/planet contact mesh 

at planetary stages and from gear mesh at helical stage. Radial load for bearings is calculated 

from the distance of center of mesh to center of bearings. Planet bearings radial load is half 

from radial force from mesh, as the distance for mesh center is same for planet bearing pair. 

 

Planet bearings are simulated by using a supercomponent to simplify the simulation model 

and to set the correct speed for planet bearings. AMESim uses planet gears rotation velocity 

around the shaft as an internal variable and output value is absolute rotational speed of planet 

gear. In order to get the correct speed for planet bearing, rotation velocity of planet gear is 

added to rotation speed of carrier. In Figure 25 is a simulation model for planet gear power 

loss. Signal and control components are used to set the correct speed for planet bearings and 

to calculate combined power loss from all planet bearings at planet stage. Ports 6 and 7 are 

connected to sun/planet mesh component and ports 3 and 4 to ring/planet mesh component.  

 

 

Figure 25. Planet bearings power loss simulation. 

 

Bearing component is used to calculate torque losses at planet bearing from the correct 

rotational speed of planet bearings. Torque losses are multiplied by the number of planet 

bearings in planet stage system. To get total power loss from all planet bearings, torque is 

multiplied with rotational speed of planet bearing. Power affecting the planet shaft is 

calculated from torque and rotation speed of planet shaft and the power losses from planet 
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bearings is reduced from the power affecting planet shaft. To compute power losses from 

planet bearings, torque transmitted by the planets have to be computed. This torque is equal 

to power divided by rotational speed of the shaft. 

 

Parameters to the bearings, for friction factors dependent on load and speed are selected from 

Appendix 1 by the type, dimension series of the bearings, and by the load type affecting the 

bearings.  

 

3.3 Design of gearbox lubrication system 

Method used for lubrication in Moventas’s 3MW wind turbine gearbox is circulating oil 

lubrication, where lubrication oil is jet fed to a specific locations in the gearbox. Lubrication 

oil is pumped from a tank to a lubrication system that is formed from different components, 

such as mechanical and electrical pump, pipes with different diameters, hoses, drillings, 

bends, intersections and nozzles. Mechanical pump used in Moventas’s lubrication system 

is Rickmeier’s pump size 80. Main branch of lubrication system divides to 21 different 

branches and every branch ends with a nozzle. Diameter of main branch is 38 mm and pipe 

diameter before nozzles is 12 mm. Lubrication system has 9 different nozzle types. Nozzles 

orifice diameter range from 2.4 mm to 5.2 mm. Different nozzle types, their diameter and 

location in lubrication system are marked in Table 4. Nozzles are located at helical stage’s 

HSS (High Speed Stage) and at LSS (Low Speed Stage) locations and at PL1 (Planet 1), PL2 

(Planet 2) stages in the gearbox. 

 

Lubrication oil, which is used to lubricate 3MW wind turbine gearbox is Castrol Optigear 

Synthetic A320. A320 oil’s density at 15 ºC is 870 kg/m3. Kinematic viscosity at 40 ºC is 

330 mm/s2 and at 100 ºC kinematic viscosity is 33 mm/s2. Information for the lubrication oil 

and a graph, where can be seen how temperature affects oil’s kinematic viscosity between   

-20 ºC to 120 ºC, are shown in Appendix 3.  
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Table 4. Nozzles used in lubrication system. 

Nozzle type Orifice diameter 

[mm] 

Location in system Amount of 

nozzles 

Moventas nozzle 2.4 LSS front bearing 1 

Moventas nozzle 3.8 HSS front bearing 1 

Moventas nozzle 4 PL1 oil supply flange 6 

Moventas nozzle 4.5 
PL2 oil supply flange 

and LSS gear coupling 
5 

Moventas nozzle 5.2 HSS rear bearing 1 

Veejet 9515 2.4 PL2 ring mesh 2 

Veejet 9520 2.8 PL1 ring mesh 2 

Veejet 9550 4.4 HSS mesh 2 

Fulljet 1/4HH-10 3.2 LSS front bearing 1 

 

3.4 AMESim model for lubrication system 

Lubrication system in AMESim is done for the 3MW wind turbine gearbox lubrication 

system. AMESim model for the complete lubrication system can be seen at  

Appendix 4. Lubrication system consist from AMESim components such as pipes, hoses, 

junctions, bends and tank.  

 

Parameters for each component are set to match the actual system. Simulation model of 

lubrication system from tank to beginning of piping can be seen in Figure 26. Tank is 

modelled as accumulator that produces specific pressure to start of system. Tank is 

connected to a heater, which is controlled by a trigger block that uses oil temperature as 

control signal.  

 

Lubrication system has two pumps, mechanical and electrical. Mechanical pump is 

connected to intermediate speed shaft and operating speed for pump is calculated from 

revolution speed of high speed shaft and helical stage gear ratio. Electrical pump is 

controlled by function and PI-control blocks. Desired rotational speed for electrical pump to 

produce correct volume flow to the system is defined based on oil temperature and from 

volume flow in pipe after electrical pump.  

 

Valve 1 and valve 2 models valves that at certain temperature opens and directs volume flow 

to coolers to prevent oil from overheating. Cooling system is simulated as hydraulic volume, 

which can be used to transfer heat away from the system. Trigger component is used to 
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model fans operation cycle. Operation of the fans is modelled by increasing heat exchange 

coefficient at thermal component. When increasing heat exchange coefficient, more heat is 

transferred away from the lubrication system. 

 

 

Figure 26. Lubrication system from tank to beginning of piping. 

 

Nozzles in lubrication system are presented as supercomponents, these are white square 

components in the lubrication model,  

Appendix 4. Supercomponents are used to simplify the visualization of simulation model. In 

Figure 27 is the simulation model for nozzles that is inside each supercomponent. Nozzles 

simulated by this method is referred as digital nozzles from this point on. Parameters for 

each nozzle type can be set individually. Volume flow through orifice is calculated according 

to Bohra’s study [30]. Red components are from AMESim’s signal and control library and 

they are used to create calculation for orifices Euler number. Calculation for Euler number 

is presented in chapter 2.5. 
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Figure 27. Supercomponent for nozzle simulation. 

 

In Figure 27 is the nozzle simulation method which is made by using AMESim’s function 

blocks, where specific equations can be inserted. Fluid velocity block calculates fluid’s 

velocity at nozzle orifice from mass flow and oil density [25], 
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Values for Reynolds number, Euler number and Cd is calculated from equations 52, 44 and 

45. Volume flow at nozzle is calculated in orifice component from equation 41 [30]. 

 

3.5 AMESim model for thermal system. 

To model heat transfer inside gearbox, lubrication and powertrain library are connected 

together by thermal library. Thermal library models the components materials, weights and 

heat transfer between components. In Figure 28 is heat transfer simulation model for 3MW 

wind turbine gearbox, where red components models casing and carriers and brown 

components bearings and gears. Material properties for different components were set for 

gears and bearings according to steel 18CrNiMo7-6 and for casing and carriers by cast iron 

EN-GJS-700-2, material properties are in Table 5.  
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Table 5. Material properties [34, 35]. 

Material 18CrNiMo7-6 EN-GJS-700-2 

Density of material 

[kg/m3] 
7840 7200 

Specific heat of 

material [J/kg/K] 
460 515 

Thermal conductivity 

of material [W/m/K] 
38 31.1 

 

Carrier, its bearings and helical stage bearings are modelled by individual mass components. 

At planetary stages, heat transfer from ring and planet gear contact is connected to mass and 

weight is set to include ring gear mass and half of the mass from planet gears. Same method 

is used for sun and planet gear contacts, where one mass component includes sun gear mass 

and half of the mass from planet gears. Planet gear bearings are modelled as single mass 

component, which weight is combined weight of all planet gears at planet stage. Casing of 

the gearbox is modelled by six mass components, where weight of the casing is divided 

among components and connected to each other with low resistance to heat transfer. In the 

simulation model heat is transferred by conduction between components and lubrication oil. 

Heat transfer from pipes or from components in which oil is transferred through drillings are 

not included at heat transfer simulation.  

 

Heat transfer between components are modelled as linear conduction, where heat transfer 

rate is calculated from thermal conductivity of material, area, temperature difference and 

from distance of two temperature points, according to equation 48. To improve the accuracy 

of thermal simulation, number of mass components can be increased at the expense of 

computational effort to model each individual component. 
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Figure 28. Heat transfer by conduction between components in the gearbox. 

 

Heat transfer from mass components to lubrication oil is modelled by component that 

represents hydraulic flow in pipe and heat exchange between fluid and pipe wall. Pipes 

diameters are user defined and they are set to cause minimal restriction to volume flow from 

nozzles. Heat transfer is calculated by forced convection according to equations 49 and 50. 

Difference at heat flow at each component after nozzles, comes from temperature differences 

between oil and mass components and from different Nusselt numbers, which value is 

dependable from volume flow. Component used to model heat exchange between mass 

component and lubrication oil has variable, which can be used to set heat gain for heat 

transfer. The heat transfer gain is used to increase heat transfer between mass components 

and lubrication oil to model overall heat transfer in gearbox more accurately. Value for heat 

gain needs to be determined experimentally.  

 

Heat transfer from casing to outside air is modelled by convection, where convective heat 

exchange coefficient, casing area and outside temperature uses user defined values and heat 

transfer to outside air is calculated by equation 49. 
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4 RESULTS AND DISCUSSION 

 

Individual simulations were done to the mechanical and lubrication part of the simulation 

model to verify the results from AMESim software. Results were compared to simulations 

done on other software and to real measurements. In heat transfer simulation, mechanical 

and lubrication systems were connected by thermal simulation system to simulate heat 

transfer inside gearbox. 

 

4.1 Gearbox simulation 

Simulation results for power losses in gearbox were compared to calculated results from 

STplus software that Moventas uses to determine losses at gear contacts in the gearbox. 

Gearbox model in Figure 24 was modified by removing bearings and setting losses 

calculation only to consider slipping and rolling losses, which is same simulation method 

that STplus uses. Input values were taken from STplus calculations. Input speed at high 

speed shaft was set to 1212.967 rpm and input torque to 2.4 MNm. Oil properties were set 

to match oil properties at STPlus and temperature during simulation was 70 ºC. In Table 6 

are slipping and rolling losses from gearbox simulation from STplus and AMESim, from 

table can be seen that AMESim gives higher values for losses, especially for planetary gears. 

Efficiency of the gearbox is 98% based on STplus calculations and 89% according to 

AMESim.   

 

Table 6. Slipping and rolling losses at gearbox. 

 STPlus AMESim 

1st stage power loss [W] 28828.8 175744 

2nd stage power loss [W] 23857.5 136380 

3rd stage power loss [W] 11561.8 22065.2 

Gearbox power loss [W] 64248.1 334189 

 

To test AMESim power loss calculation, power losses were simulated at single mesh 

between ring/planet contact and planet/sun contact. In Figure 29 is simulation model to 

define power loss at gear mesh, at left is ring/planet contact and right sun/planet contact.  
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Parameters for gears were taken from 1st planet stage and input values from STplus software. 

For ring/planet contact, input torque was set to 471087 Nm and rotation speed for planet 

gear 36.218 rpm and for sun/planet contact input, torque was set to 130300 Nm and rotation 

speed for planet gear to 36.218 rpm. 

 

 

Figure 29. Power loss calculation on gear mesh. 

 

Power losses at ring planet mesh were 8328 W and at sun planet mesh 9729 W. Losses from 

STplus software’s results were 1507 W at ring planet mesh and at sun planet mesh 5756.3 W. 

Power loss difference between softwares, at sun planet mesh and at helical stage are similar 

to each other, both are almost doubled. Reason for overestimated power losses is suspected 

to be caused by equation 3, which calculates slipping coefficient for slipping losses. From 

enquiries to AMESim support, it was noted that equation 3 is a modified version of Benedict 

and Kelley’s equation, where coefficients 0.0127 and 0.02912 are chosen by empirical study 

[36]. Studies done by Xu et al [37] and Thirumurugan et al [38] to mesh power losses, where 

original Benedict and Kelley’s equation were used, shows that original equation 

overestimates friction factor, when gears are affected by power in a scale of kilowatts. 

Because of these uncertainties and as AMESim’s readymade components cannot be 

modified to use different equations for slipping coefficient, losses at gear contacts are 

modelled as constant coefficients. Constant efficiencies are set individually for each gear 

contact, based on the results obtained from STPlus. 

 

Gear efficiencies were set according to results from STplus simulation, where power 

transmitted at gearbox is 3.3 MW, with input torque of 2.4 MNm and rotation velocity of 

high speed shaft at 1212.967. Contact efficiencies at 1st planet stage were set to 0.991 for 

planet/sun contact and 0.9976 for planet/ring contact. For 2nd planet stage efficiencies are 
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0.9924 for sun/planet contact and 0.9988 for ring/planet contact. Helical stage contact 

efficiency for gears is 0.996. When using same input values to the mechanical system in 

Figure 24, with bearing losses included total power loss for the gearbox is 78.8 kW which 

gives 97.6% efficiency to the gearbox. Losses from friction losses at gear contact, which is 

calculated from gear contact efficiencies is 64.3 kW, bearing losses for all bearings is 

14.5 kW. When comparing overall friction loss on gear contact to STplus results, in Table 6 

can be seen that AMESim gives same overall friction loss as STplus, when using constant 

gear efficiencies. 

 

Paddling losses in AMESim simulations are not included in the simulations as equations, to 

model paddling losses are valid for smaller sized gears, than are used in the wind turbine 

gearbox. For paddling losses calculations to be valid maximum width for gears is 14 mm. 

 

4.2 Lubrication simulation 

Due to the compact design of wind turbine gearbox, measurements for lubrication system 

were not available. Comparison to verify lubrication results from AMESim were done to 

earlier test measurements for individual nozzles and to simulation results from LubCal 

software to the piping section of the lubrication model. 

 

4.2.1 Nozzle simulation 

Simulations for nozzles were carried out by using simulation system presented in Figure 27. 

Simulation results were compared by visually and numerically to measurements done earlier 

by Moventas for 8 different nozzles from two different maker and different orifice diameters. 

Simulations were done by setting a pressure source to the nozzle simulation system that had 

0.01 bar starting pressure and 6 bar end value, simulation time was 6 seconds. Oil 

temperature during simulation was set at 20 ºC, 30 ºC, 40 ºC, 50 ºC and 60 ºC degree for 

each nozzle simulation. For simulation, pipe diameter and orifice length were set constant 

for all measured nozzles. Pipe diameter was set to 12 mm and orifice length to 1.5 mm. 

Simulated volume flow results from nozzles were compared to measured values and to 

results from Moventas’s simulation software, LubCal.  
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At first tests, it was noted that equation used in Bohra’s study did not give accurate results 

for different nozzle types. To make the simulated and measured values to correspond, 

equation 44 was adjusted by experimentally changing coefficient values and potency for Cd 

value. Changes are needed, since nozzle diameter and pipe diameter ratio for each nozzle 

types are not in range of Bohra’s study [30].  

 

Based on experimental tests, it was concluded that by changing potency for Cd and value for 

coefficient E, simulated results were obtained to correspond with measured values. Same 

method was used for all nozzle types to create individual equations for each nozzle. In Table 

7 is presented nozzles used in simulation and changes, which were made to equation 44 for 

each nozzle. In Moventas nozzles, coefficient E can be set to constant value for all orifice 

diameters and potency for Cd decreases when orifice diameter increases. Both coefficients 

for Veejet nozzles are adjusted, coefficient E has lower values at smaller orifice and potency 

for coefficient Cd increases as diameter is narrower. 

 

Table 7. Coefficients for tested nozzles. 

Nozzle type Orifice diameter 

[mm] 

Value for coefficient 

E 

Value for potency 

to Cd 

Moventas nozzle 2 18 1.9 

Moventas nozzle 3 18 1.7 

Moventas nozzle 4 18 1.3 

Moventas nozzle 5 18 1.3 

Veejet 9510 2 3.5 1.2 

Veejet 9520 2.8 15 0.7 

Veejet 9540 4 17 0.6 

Veejet 9570 5.2 20 0.3 

 

In Figure 30 is comparison made for Moventas 5 mm nozzle at 50 ºC temperature. Red line 

shows modified equation, green is results from unmodified equation, and blue line with dots 

is measured values. Black line presents simulation from Moventas’s LubCal software. 

LubCal software uses unmodified version of equation 44 to Moventas’s nozzles. From 

comparison can be seen that by modifying the equation 44, it is possible to get measured and 

simulated values to correspond.  
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Figure 30. Moventas nozzle 4 mm flow comparison at 50 ºC temperature. 

 

In Figure 31 is flow comparison for Veejet 9520 nozzle, which orifice diameter is 2.8 mm. 

Moventas’s LubCal software uses manufacturer’s equation to calculate volume flow for 

Veejet and Fulljet nozzles. Lines color coding is same to Figure 30 color coding.    

 

 

Figure 31. Veejet 9520 2.8 mm flow comparison at 30 ºC temperature. 
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For numerical comparison, Matlab software was used to calculate root mean square error 

(RMSE) for volume flow curves from AMESim simulations at different temperature values. 

Results for mean and maximum difference between curves are presented in Table 8. As 

measured and simulated values had different time step, measured values were interpolated 

to get data values for 0.01 second time step. Results marked inside brackets in Table 8, has 

high values and these are caused from measurement errors during actual test. Highest 

differences are at Veejet 9540 and 9570 nozzles at low temperatures, even though simulated 

results at higher temperature are similar to measured values. Simulation results from nozzles 

that has narrower orifice diameter corresponds more accurately to measured results. 

 

Table 8. Difference between simulated and measured volume flows, at different temperature 

values. Values in brackets are the result of measurement error. 

 20 ºC 30 ºC 40 ºC 50 ºC 60 ºC 

Nozzle 
Difference 

[L/min] 

Difference 

[L/min] 

Difference 

[L/min] 

Difference 

[L/min] 

Difference 

[L/min] 

mean max mean max mean max mean max mean max 

Moventas 

2mm 
0.09 0.16 (0.59) (0.89) 0.24 0.31 0.24 0.36 0.17 0.31 

Moventas 

3mm 
0.36 0.41 0.43 0.51 0.30 0.58 0.31 0.69 (6.9) (9.3) 

Moventas 

4mm 
0.21 0.40 0.09 0.19 (2.81) (4.14) 0.12 0.17 0.29 1.1 

Moventas 

5mm 
0.53 0.77 0.59 0.92 (4.99) (8.14) (1.54) (3.03) 0.21 0.32 

Veejet 

9510 
0.08 0.19 0.183 0.24 0.11 0.19 0.10 0.18 0.07 0.12 

Veejet 

9520 
(1.71) (1.9) 0.06 0.14 0.15 0.2 0.13 0.26 0.16 0.56 

Veejet 

9540 
0.27 0.58 0.89 1.2 (1.59) (2.12) 0.30 0.87 0.24 0.45 

Veejet 

9570 
1.26 1.82 0.98 1.2 0.73 1.06 0.39 1.17 0.29 0.53 
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At Appendix 8 is presented flow comparison for all measured nozzles at different 

temperature values. In some nozzle cases, changes done to equation 44 does not produce an 

exact match to measured values, or there is difference at some temperature value. During 

simulations, it was also noticed that some measured values had inconsistency, which could 

be caused by measurement errors or from variation of oil temperature during tests. In Figure 

32 is graph of oil’s kinematic viscosity, which is used in the gearbox. From graph can be 

seen, that changes in oil kinematic viscosity are greater at lower temperature values. Small 

error in measured temperature value can cause difference when comparing measurement 

results to simulated results. 

 

 

Figure 32. Temperatures effect on oil kinematic viscosity. 

 

Lubrication system for 3MW wind turbine gearbox uses 9 different nozzle types, from these 

9 used nozzle types, 3 is among nozzles that were earlier tested by Moventas. In order to 

solve specific equations to model nozzles, which cannot be compared to test results, nozzles 

were compared to measured values that were done to nozzles with wider and narrower orifice 

diameter. In Figure 33 is presented flow comparison for Moventas nozzle 4.5 mm that has 

no measured values for comparison. Comparison is done to measured values on Moventas 

4 mm and 5 mm nozzles and to their simulated results from AMESim software. Difference 

at orifice diameter between nozzles is 0.5 mm. By modifying equation 44 according to 

orifice diameter difference between nozzles, an estimation can be done to define coefficients 

for nozzles that cannot be compared to measured values. 
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Figure 33. Flow comparison for Moventas nozzle 4.5mm. 

 

Same method was used to define coefficients to equation 44 for every nozzles, which has 

not been measured. In Table 9 is presented coefficients for nozzles that has not been 

measured and at Appendix 9 are volume flow comparison graphs for all nozzles. 

 

Table 9. Estimated coefficients for untested nozzles. 

Nozzle type Orifice diameter 

[mm] 

Value for 

coefficient E 

Value for 

potency to Cd 

Moventas nozzle 2.4 18 2 

Moventas nozzle 3.8 18 1.4 

Moventas nozzle 4.5 18 1.3 

Moventas nozzle 5.2 18 1.3 

Veejet 9515 2.4 5 1.3 

Veejet 9550 4.4 18 0.45 

Fulljet 1/4HH-10 3.2 16 0.65 

 

As there is only one Fulljet nozzle type in the lubrication system and Fulljet nozzles were 

not among the measured nozzle types, coefficients for Fulljet nozzle was determined from 

flow comparison to Veejet 9520 and 9540 measured values. As there is no measured results 

to verify modified equation for Fulljet nozzles, accuracy of modified equation is 

questionable. 
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4.2.2 Simulation for lubrication system. 

As the complex design prevents measuring the complete lubrication system, comparison for 

AMESim results will be made between simulation results from LubCal software and 

AMESim. At Appendix 5 is the simulation system created for piping section of lubrication 

system in AMESim, which corresponds to the system used in LubCal software. With 

difference that AMESim uses modified equations to nozzles from chapter 4.2 and LubCal 

uses unmodified equation 44 for Moventas nozzles and for Veejet and Fulljet nozzles 

equations from manufacturer. In both softwares the input for lubrication system is a specific 

volume flow and temperature. Comparison is made from pressure and volume flow affecting 

each nozzles. In Table 10 is comparison for nozzle volume flows and pressures from LubCal 

and AMESim simulation. Pressure values are presented as overpressure and tank pressure in 

AMESim simulation is set to 0.001 bar to match LubCal simulations. Volume flow input to 

the system is 150 L/min and temperature is 40 ºC.  

 

From comparison at previous chapters, between simulated nozzle flow and measured values, 

can be noted that LubCal gives greater volume flow than measured values with smaller 

pressure for all measured nozzles. Nozzles has high impact on overall pressure distribution 

in the lubrication system due to their narrow orifices. When using modified equation in 

AMESim, volume flow values are similar between softwares and pressures in AMESim 

simulation are higher than in LubCal simulation. Flow comparison results are presented in 

Table 10. 

 

When inspecting the results in Table 10, it is worth noting that results are from two 

simulation softwares. From nozzle comparison, it was noted that results from LubCal 

software are not accurate when compared to measured values, which indicates that results 

for piping system could be inaccurate. Results from AMESim simulations to piping system 

should be verified by doing measurements for the real system or by testing each individual 

component separately, similarly as measurements were done to nozzles and construct 

complete simulation model based on them.  
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For some nozzle types, amount of nozzles is greater than one in the lubrication system. When 

there is two same nozzles, results for both nozzles are presented. Results are presented as 

lowest and highest pressure and volume flow values, if amount of nozzles is higher than two. 

Amount of nozzles can be seen at Table 4. 

 

Table 10. Flow comparison at lubrication system when input volume flow is 150L/min. 

Nozzle type Location in 

system 

LubCal 

Pressure 

[bar] 

AMESim 

Pressure 

[bar] 

LubCal 

Volume flow 

[L/min] 

AMESim 

Volume flow 

[L/min] 

Veejet 

9515 

PL2 

Ring mesh 

0.64 

0.61 

0.91 

0.98 

3.25 

3.18 

3.11 

3.24 

Veejet 

9520 

PL1 

Ring mesh 

0.67 

0.64 

1.05 

1.00 

4.53 

4.43 

4.46 

4.32 

Veejet 

9550 

Helical 

Mesh 

0.47 

0.57 

0.60 

0.85 

9.40 

10.34 

9.00 

11.00 

Moventas 

2.4mm 

LSS 

Rear bearing 
0.70 0.95 1.59 2.38 

Moventas 

3.8mm 

HSS 

Front bearing 
0.67 0.87 6.59 6.75 

Moventas 

4mm 

PL1 

Oil supply flange 
0.57-0.63 0.60-0.90 6.77-7.35 6.25-7.84 

Moventas 

4mm 
M2, B2, B3 0.69 0.90 7.81 7.85 

Moventas 

4.5mm 

PL2 

Oil supply flange 
0.51-0.64 0.64-0.82 8.19-9.46 8.3–9.48 

Moventas 

4.5mm 

LSS 

Gear coupling 
0.54 0.67 8.56 8.54 

Moventas 

5.2mm 

HSS 

Rear bearing 
0.71 1.04 13.17 14.30 

Fulljet 

3.2mm 

LSS 

Front bearing 
0.57 0.77 6.23 4.14 
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Highest difference in results for different nozzles is between Fulljet nozzles at different 

softwares. AMESim simulation predicts higher pressure, but lower volume flow for the 

nozzle. Equation used in Fulljet nozzle was deduced from measurements to nozzles from 

Veejet series, which is causing different behavior than at other nozzle types between 

different softwares.  As the input value to simulations is volume flow, it is divided among 

nozzles and as some nozzle incorrectly simulates volume flow it affects volume flow results 

at other nozzles. From Table 10 can be seen that as Fulljet nozzle has lower volume flow in 

AMESim simulation, Moventas 2.4 mm and Moventas 5.2 mm nozzles has higher volume 

flow value than LubCal simulation. Since Fulljet nozzle transfers less oil, the difference in 

volume flow is transferred through other nozzles, which could be in this case Moventas 

2.4 mm and 5.2 mm nozzles. 

 

4.3 Heat transfer simulation 

In heat transfer simulation, mechanical and lubrication models are connected by thermal 

simulation model. Thermal model is connected to mechanical components thermal ports, 

where all power losses are assumed to generate heat, therefore transfer of power losses to 

acoustic and vibrating energy is assumed to be minimal. To model heat transfer from gearbox 

parts to lubrication oil as oil is lubricating parts, thermal components are connected to casing 

and to lubrication system after each nozzle. Heat transfer from oil to components, which are 

used to model piping in lubrication model are not modelled in heat transfer simulation. 

Simulation model for the heat transfer model is presented at Appendix 6 and important 

components are listed at Appendix 7. 

 

Values for lubrication system from tank to beginning at piping, Figure 26 were set according 

to real lubrication system. Pressure in system is simulated as absolute pressure and tank 

pressure is set to 1 bar and starting pressure for pipes after pumps is 1.01 bar. Electrical 

pump produces volume flow according to oil temperature. When temperature is below 40 ºC 

pump produces 45 L/min and when temperature is above 40 ºC, produced volume flow is 

153 L/min. Valves for cooling are set to open when oil temperature is at 45 ºC and they are 

completely open at 60 ºC. Cooling power, when fan is operating is set to 1.4 kW/ºC, at 

location of altitude of 1000 meters, according to cooling system manufacturer’s data sheet. 

Fans are operating when oil temperature is above 62 ºC and fans are operating until oil 

temperature decreases below 55 ºC. 
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Input torque at planet stage 1 carrier and rotation velocity for high speed shaft are set 

according to Moventas prototype test. At start of the simulation, input torque is set to 

504716 Nm and after 2.3 hours torque is increased to 833894 Nm. Rotation velocity at start 

of simulation is 932 rpm and after 2.3 hours (8600 s) is increased to 1160 rpm. Transmitted 

power through gearbox, during simulation is at start 532 kW and after increase 1094 kW. 

Duration for values to be increased is set to 1 minute and total simulation time is 4.3 hours 

(15560 s). During prototype test, temperature measurements were done to high speed shafts 

generator side bearing and to lubrication oil at helical and planetary sumps, oil before cooler 

and after cooler and oil at manifold. Comparison between real and simulated model is done 

based on temperature values at helical sump and at generator side bearing at high speed shaft. 

 

Because of the compact design of the gearbox, values for multiple variables are unknown. 

Values for these variables are selected by doing simulations for thermal system with different 

values and comparing results to actual measurements. Variables with unknown value are: 

 Starting temperature of mass components, 

 Heat exchange coefficient when fans are not operating, 

 Heat transfer between mass components, 

 Heat exchange coefficient between casing and outside air, 

 Heat exchange coefficient and area of exchange between lubrication oil and mass 

components. 

 

Amount of heat from power losses is used to heat up the components, can be adjusted by 

changing starting temperature of mass components. Heat exchange coefficient when fans are 

not operating, defines how fast lubrication oil warms up. Heat transfer between mass 

components can be changed by changing value for “distance between two temperature 

points” variable. Heat exchange coefficient for convection from casing, defines how much 

heat is transferred out from gearbox. To define heat transfer rate between oil and mass 

components, heat gain value at heat transfer component between lubrication model and mass 

components is adjusted. When increasing heat gain value, more heat is transferred between 

mass components and lubrication oil and the effect of cooling fans operation is more visible. 

 

In Figure 34 is comparison for results from measured values at HSS generator side bearing 

and helical sump temperature to simulated results after multiple simulation runs to define 
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values for unknown variables. Simulation results and measurements were compared by 

visually and numerically by calculating root mean square error difference for results, as was 

done for volume flow comparison for different nozzles. Mean difference for bearing 

temperature values is 1.4 ºC and for oil temperature mean difference is 3.8 ºC. When fans 

are operating for the first time, maximum difference for bearing temperature is 7.67 ºC at 

time of 3.1 hours. Maximum difference for oil temperature is 3.87 ºC at time of 3.7 hours, 

when fans are operating for second time. 

 

 

Figure 34. Comparison between measured temperature values and simulated temperature 

values. 

 

At the beginning, power losses from gear and bearings transfers heat to components and 

lubrication oil, increasing both temperature value steadily. Heat is also transferred from the 

system by free convection from cooling system as the fans are not operating. After 2.3 hours 

torque and rotation velocity are increased, which causes more power loss from the system 

and heat is transferred more to the system and it increases temperature growth at components 

and lubrication oil. When oil temperature reaches 62 ºC cooling fans are set on and it cools 

lubrication oil and lubrication oil cools gears and bearings. When lubrication oil temperature 

decrease to 55 ºC, fans are not operating and temperature of components and lubrication oil 
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rises until fans are operating again. In results from measurements, oil temperature descends 

steadily, as in simulation results temperature descends suddenly. Sudden drop in temperature 

values indicates that cooling system dissipates more heat from the system in the simulation 

model than from the real system. When fans are operating for first time, operation time is 

approximately 15 minutes in measured and simulation results.  

 

Values for unknown variables were chosen by comparing simulation results to measured 

values. Choosing values for different unknown variables proved to be difficult as changes 

done to one value requires to do changes to other unknown values, as they are dependable 

on each other. Measured results are from HSS generator side bearing and oil temperature at 

helical sump and they are used as comparison to define unknown values. Starting 

temperature for mass components is chosen for helical stage mass components to be 50 ºC 

according to measured value for bearing. Temperature value for other mass components at 

planet stages and for casing are set to 39 ºC, according to oil temperature value at beginning 

of prototype test. From comparison in Figure 34 can be seen that, at the beginning of 

simulation heat transfer from helical stage components increases oil temperature rapidly. 

 

Heat exchange coefficient when fans are not operating is set to 45 W/ºC. At steady state 

stage of simulation, oil temperature increases slower than measured value, which indicates 

that value for heat exchange is too high or that heat transferred from different components 

to lubrication oil is lower than in actual gearbox. After increase in torque and rotation 

velocity, oil temperature increases similarly as measured values. After increase in torque 

values, time to reach oil temperature of 62 ºC is 49 minutes for simulation and 41 minutes 

for measured values.  

 

Heat transfer between mass components is adjusted by changing value for “distance between 

two temperature points” variable at conduction heat transfer components. For simulation 

done in Figure 34, values are set to 30 mm. Value is approximated from weighted average 

distance from bearings center point to contact point of bearing and gear or shaft.  “Distance 

between two temperature points” variables value affects heat transfer rate between 

components, if value is set to high value, time needed for components temperature to settle 

at same values is longer. 
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Heat exchange coefficient between casing and outside air defines how much heat is 

transferred from gearbox to outside air. Amount of heat transfer is calculated based on area 

of casing, outside temperature and by convective exchange coefficient. Area of casing is set 

to 15 m2, which is estimated from CAD drawings of the gearbox. Outside temperature is set 

to 30 ºC based on prototype test information. Convective exchange coefficient is set to 

10 W/m2 ºC according to simulation results. When temperature of casing varies from 39 ºC 

to 58 ºC, heat exchange to outside air varies between 1.3 kW and 4.3 kW. 

 

Area of heat exchange between lubrication oil and mass components is set by defining 

diameter and length to the pipe component with minimal restriction to volume flow in 

lubrication system. Since the area of exchange between each mass components and 

lubrication oil is unknown, diameter and length of the pipe component are set constant for 

all components, length of the pipe is set to 0.1 m and diameter of pipe is set to 30 mm. Area 

for convection heat exchange is calculated based on pipe diameters. Convective heat 

exchange is calculated according to equation 49, where difference in volume flow causes 

different heat transfer rates for each nozzles. Heat gain variable is used to multiply calculated 

heat transfer rate value by a user defined value to increase heat transfer between lubrication 

oil and mass components. At simulation done in Figure 34, heat gain is set to 165 for all heat 

transfer components based on experimental studies. Oil temperature value depends on heat 

transfer rate from mass components to lubrication oil, by increasing heat gain value 

lubrication oil temperature increases in shorter time. When mass components transfer more 

heat to oil, fans operation is more visible in mass components temperature value. Heat 

transfer rate happens also from lubrication oil to mass components, if mass components 

temperature value is lower than temperature of oil. During simulation, helical stage 

components transfers heat to lubrication oil and lubrication oil transfers heat to planet stages 

and casings mass components. 

 

In Figure 35 is presented bearing, gear and total losses generated at mechanical part of the 

simulation model and heat dissipated through casing and cooling systems, from lubrication 

model. At the beginning of the simulation, losses calculations has a high value when 

mechanical, heat transfer and lubrication models are combined. Peak value for losses is 1e75 

and it is visible at gear losses, even though losses are calculated based on constant 

efficiencies. High spike value could be caused from the start values and it last for one time 
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step, which is 0.2 seconds. High losses value is not causing any different behaviors in the 

system and it can be neglected.  

 

Lubrication oil temperature effect on losses is visual at bearing losses, which value descends 

during simulation at steady states, Figure 35. As lubrication oil temperature increases, oil 

viscosity value lowers and it lowers paddling losses at bearings. This is not seen at gear 

losses, because gear losses are modelled by constant coefficients from STplus calculations. 

Total losses at beginning of simulation is 21 kW and after increase in torque and rotation 

velocity, total losses is 34 kW. Total heat dissipated through casing and from cooling when 

fans are not operating is 1.5 kW and after increase 5 kW. Difference in power losses and 

dissipated heat warms up mass components and lubrication oil. As the fans are operating, 

heat dissipated through cooling system increases rapidly to 84 kW. When fans are operating 

heat dissipated through cooling is higher than heat produced from power losses and this 

causes temperature of lubrication oil and mass components to descent, until fans are not 

operating.  

 

Convection heat exchange coefficient was set according to manufacturer’s calculations, 

which were done for situation where gearbox would be operating with 3.3 MW power at 

high outside temperature 46 ºC.  Maximum power is 1.1 MW and outside temperature is 

30 ºC during prototype test, for these situations cooling system is over measured and it can 

be noted from the spike value at beginning of fans operation. With half of the cooling power, 

temperature values for lubrication oil and mass components would still be descending. As 

oil temperature drops below temperature of components, heat transfer from components to 

oil increases, which lowers temperature of the components. 
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Figure 35. Power losses in gearbox and dissipated heat from casing and cooling systems. 

 

As there is many variables, which values are chosen by experimental simulations and 

comparing results to actual measurements, the accuracy of simulation model needs to be 

confirmed by experiments. In order to make an accurate model to simulate heat transfer in 

gearbox, it is necessary to make more detailed measurements to the gearbox, where 

temperature is measured from multiple positions inside and outside of the gearbox. By 

knowing mass components temperature values during prototype tests, unknown variables 

would decrease and estimation for heat transfer rate between mass components and 

lubrication oil would be more accurate.   
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5 CONCLUSION 

 

 

In this thesis, simulation software AMESim from SIEMENS LMS Imagine.Lab was used to 

create simulation model of a wind turbine gearbox to model power losses, heat transfer and 

lubrication system. Version of AMESim used in this thesis was AMESim Rev 13. AMESim 

software’s capabilities and simulation methods were studied, during model creation in order 

to know if AMESim software can be used, later on as a suitable software, which could be 

developed to be modelling platform for wind turbine gearbox simulations. Simulation model 

for gearbox was done in three stages, where individual models were created for mechanical 

and lubrication systems and these models were connected to each other by thermal 

simulation model to simulate heat transfer in the gearbox. 

 

AMESim software is used to simulate mechatronic systems from different engineering 

fields, where components from different fields can be connected to each other to simulate 

various systems. AMESim’s simulation method is bond graph theory, where components are 

connected to each other and all connections presents power flow in the model. This way 

components that creates most power loss can be located from the simulation model and 

adjusted for better efficiency. [20] 

 

5.1 Mechanical 

AMESim’s powertrain library includes components, which can be used to model wind 

turbine gearbox’s powertrain. Mechanical simulation model was created from components 

at powertrain library.  

 

During simulations to calculate power losses between gear contacts on planetary and helical 

stages, it was noted that AMESim produces high amount of losses for slipping losses at gear 

contact. High value for power losses is suspected to come from AMESim’s modelling 

method for slipping coefficient. Equation used for slipping coefficient is based on Benedict’s 

and Kelley’s equation [38], which is modified by empirical data [36]. As losses were 

overestimated in AMESim calculations, constant efficiency for gear contact were used to 

model power losses in this thesis. In order to use AMESim software for power loss 

modelling, slipping coefficient equation is needed to be modified or changed to equation 
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which is more suitable for power loss calculations at gearbox that transmits power in scale 

of megawatts. Powertrain library’s components cannot be modified by end users but 

AMESim’s AMESet allows users to create own models and to use them with different 

components in AMESim [36]. In further studies, AMESet could be used to create own 

components, which would allow to modify equation for slipping coefficient to predict power 

losses more accurately. 

 

5.2 Lubrication 

Lubrication model in AMESim is created from components from thermal hydraulic library 

and from thermal hydraulic resistance library. Simulations were done to the whole 

lubrication system, piping section of lubrication system and to nozzles.  

 

Nozzle simulations were done by implementing and modifying equation 44 from Bohra’s 

[30] study to calculate discharge coefficient for nozzles to accurately model nozzles. By 

modifying equation 44 according to measurements, it is possible to get accurate results for 

each individual nozzles. Method used in this thesis can be used to other nozzle types, to 

create equations for different nozzles to simulate accurately volume flow from nozzles based 

on measurements. 

 

Verification for the whole lubrication system could not be done, as compact design of the 

gearbox prevents measurements to be done for the whole lubrication system. Comparison 

for piping section of the lubrication system were done by comparing results to simulated 

results from LubCal software. Simulation models differs from each other as AMESim uses 

equations defined in this thesis for each nozzles. Results for piping section states that, as 

volume flow values were relatively same, pressure values were approximately 0.3 bar higher 

at AMESim results. Employees at Moventas states that, simulations done by LubCal predicts 

pressure values to be about 0.5 bar lower than measured values, which indicates that 

simulations done by AMESim for piping section of lubrication system, are more accurate 

than LubCal software’s results. 

 

In order to verify lubrication system results for complete lubrication system, measurements 

could be done to each component on the lubrication system and construct simulation model 

from components, which are modelled based on measurements for individual components. 
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5.3 Heat transfer 

Heat transfer simulation is connected to mechanical and lubrication simulation models by 

components from thermal library. In simulation model, heat is modelled to transfer by 

conduction between mass components and by forced convection to lubrication oil after 

nozzles and by free convection from casing to outside air. Heat transfer simulation model 

does not include heat transfer from lubrication oil to piping or from drillings to gearbox 

parts. 

 

Heat transfer simulation were done according to prototype tests, where comparison for 

temperature values were compared to HSS generator side bearing and lubrication oil 

temperature at helical sump. Accuracy of the heat transfer simulation is affected by the 

uncertainties in the variables, which could not be obtained at this stage of research reliably. 

The methodology however used in the simulation appears to represent the behavior of the 

modeled system properly. In order to get accurate results from heat transfer simulation 

model, it is needed to measure temperature values from different components from gearbox. 

By knowing temperature values for multiple components, it is possible to calculate heat 

transfer rates more accurately between different mass components, lubrication oil and 

cooling system. 

 

5.4 Summary 

Based on the results from AMESim simulation model of wind turbine gearbox, it could be 

said that AMESim software can be used as a base software for gearbox simulations, as it is 

possible to do simulation models for power losses calculation, lubrication system and for 

heat transfer. AMESim components needs to be developed to get accurate results for power 

loss calculations at gear contacts and it is needed to make more detailed prototype tests to 

accurately model heat transfer. Components at hydraulic library includes components to 

create simulation model for gearbox lubrication system and they can be used to simulate 

lubrication system. To get simulation model of lubrication system to correspond to real 

lubrication system, it is needed to make detailed measurements for the complete lubrication 

system. Modelling of complex components using signal processing library is good for 

prototyping the components and for verification of their behavior. However construction of 

individual components can be much more efficient in implementation, despite the need for 

much more complex programming tasks to be completed. 
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Appendix 1, 1 

Tables to define coefficients for bearings  

Information in tables are from AMESim’s bearing losses help section and they are from 

Timken’s catalogue [27]. 

 

Parameters for f0 and f1 coefficients based on bearing type and dimension series. 

Bearing type 
Dimension 

series 
f0 f1 

Single-row deep groove ball 

bearings 

18 

28 

38 

19 

39 

00 

10 

02 

03 

04 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

2 

2.3 

2.3 

0.00010 

0.00010 

0.00010 

0.00015 

0.00015 

0.00015 

0.00015 

0.00020 

0.00020 

0.00020 

Single-row cylindrical roller 

bearings with cage 

10 

02 

22 

03 

23 

04 

2 

2 

3 

2 

4 

2 

0.00020 

0.00030 

0.00040 

0.00035 

0.00040 

0.00040 

Single-row cylindrical roller 

bearings full complement 

18 

29 

30 

22 

23 

5 

6 

7 

8 

12 

0.00055 

0.00055 

0.00055 

0.00055 

0.00055 

Spherical roller bearings 

39 

30 

40 

31 

41 

22 

32 

03 

23 

4.5 

4.5 

6.5 

5.5 

7 

4 

6 

3.5 

4.5 

0.00017 

0.00017 

0.00027 

0.00027 

0.00049 

0.00019 

0.00036 

0.00019 

0.0030 

 



 

Appendix 1, 2 

Tables to define coefficients for bearings 

 

Values for coefficients e, X1, X2, Y1, Y2 can be chosen from tables below, according to bearing 

type. α is pressure angle for bearings and for bearings that are not angular contact type α is 

0, for precision bearings α is between 15 and 25. [24] 

 

Coefficients Radial ball 
Radial cylindrical or 

spherical roller 

Thrust ball or cylindrical 

roller or spherical roller 

e 11/(9*cot(α)) 10/(8*cot(α)) 0 

X1 1 1 0 

Y1 0 0 1 

X2 -0.1 0 0 

Y2 0.9*cot(α) 0.8*cot(α) 1 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

          Appendix 2, 1 

Definition for Nusselt number.  

 

The following data is from Fundamentals of Heat and Mass Transfer by Incopera et al [18]. 

Nusselt numbers for heat transfer by forced convection to external flow: 

Correlation Geometry Conditions 

Nu=0.332Re0.5Pr0.33 Flat plate Laminar, local 0.6<Pr<50 

Nu=0.664Re0.5Pr0.33 Flat plate 
Laminar, average 

0.6<Pr<50 

Nu=0.0296Re0.5Pr0.33 Flat plate 
Turbulent, local, Re<108 

0.6<Pr<50 

Nu=C*RemPr0.33 

Re                         C           M 

 0.4-4                  0.989      0.33 

4-40                   0.911      0.385 

40-4000             0.683      0.466 

4000-40000       0.193      0.618 

40000-400000   0.027      0.805 

Cylinder Average, 0.4<Re<4e5 

Nu=2+(0.4Re0.5+0.06Re0.06)Pr0.4 Sphere 
Average, 3.5<Re<7.6e4 

0.7<Pr<380 

 

Nusselt correlation for heat transfer to forced convection by flow in circular tubes. 

Correlation Conditions 

Nu=3.66 
Laminar, fully developed, uniform T, 

Pr>=0.6 

Nu=1.86(Re*Pr*D/L)0.33*(µo/ µos)
0.14 

Laminar, combined entry length, L=length 

of the cylinder, D=diameter of the 

cylinder, µo is absolute viscosity of oil, µos 

absolute viscosity of oil at wall 

temperature. 

Nu=0.027Re0.8Pr0.33(µo/ µos)
0.14 

Turbulent, fully developed, 0.7<Pr<16700 

Re>10000, L/D>10 

  

 

 

 



 

      Appendix 2, 2 

Definition for Nusselt number. 

 

Nusselt correlation for heat transfer by free convection. 

Nusselt number for free convection comes from 

 

nGrCNu Pr)(   

 

For laminar flow n=0.25 and for turbulent flow n=0.33. 

 

Geometry and 

orientation of the wall 

Characteristic 

dimension of 

the exchange 

Coefficient C 

Laminar 

convection 

n=25 

Turbulent 

convection 

n=0.33 

Vertical plate or 

cylinder 
Height 

0.59 

(104<GrPr<109) 

0.13 

(109<GrPr<1013) 

Horizontal cylinder 
External 

diameter 

0.53 

(103<GrPr<109) 

0.1 

(109<GrPr<1013) 

Horizontal plate 

heating upwards 
Width 

0.54 

(105<GrPr<2e7) 

0.14 

(2e7<GrPr<3e10) 

Horizontal plate 

heating downwards 
Width 

0.27 

(3e5<GrPr<3e10) 

0.07 

(3e10<GrPr<1013) 

 

 

 

 

  



 

          Appendix 3, 1  

Datasheet for Castrol Optigear Synthetic A320 lubrication oil. 

 

 

 

 

 



 

      Appendix 3, 2  

Datasheet for Castrol Optigear Synthetic A320 lubrication oil. 

 

 

 

           



 

Appendix 4 

AMESim model of lubrication system. 

 

 

 

 



 

Appendix 5 

AMESim model of lubrication system with constant input source 

 



 

Appendix 6 

AMESim simulation model of 3MW wind turbine gearbox. 

 



 

Appendix 7, 1 

Component list for complete simulation model. 

In the tables is listed important components from the thermal simulation model. 

Component Amount Library Task 

RSTAT 1 Simulation Stats 

CONS00 45 Signal Input 

PID001 1 Signal PID 

FX00 3 Signal Function 

FXYO 29 Signal Function 

FXYZ 23 Signal Function 

JUN3M 6 Signal Calculation 

SIGRECEI0 32 Signal Receiver 

SIGTRANS0 23 Signal Transmitter 

UD00 2 Signal Input 

TRIG0 2 Signal Control 

OMEGC0 1 Mechanical Source 

F000 2 Mechanical Source 

TWSG01 6 Mechanical Source 

TWSG02 6 Mechanical Source 

V001 2 Mechanical Source 

W000 2 Mechanical Source 

PMV00 2 Mechanical Motor 

PTR10 4 Mechanical Sensor 

MECFS0B 1 Mechanical Sensor 

TRGSEN01F 1 Mechanical Load sensor 

THC000 23 Thermal Mass 

THCD00 35 Thermal Heat transfer 

THGV 3 Thermal Heat transfer 

THN00 14 Thermal Heat transfer 

THSD00 2 Thermal Material data 

THCS 2 Thermal Source 

THHF0 7 Thermal Plug 

 



 

Appendix 7, 2 

 Component list for complete simulation model. 

 

Component Amount Library Task 

TFC000 2 Thermal hydraulic Volume 

TFCVINT11 22 Thermal hydraulic Heat transfer 

TFSV23-05 2 Thermal hydraulic Valve 

TFVF000 3 Thermal hydraulic Sensor 

TFTS10 1 Thermal hydraulic Sensor 

TFFD4 1 Thermal hydraulic Fluid data 

TFFPR 43 Thermal hydraulic Fluid properties 

TFVOR001 21 Thermal hydraulic Nozzle 

TFCP0 128 
Thermal hydraulic 

resistance 
Pipe 

TFCP1 31 
Thermal hydraulic 

resistance 
Pipe 

TFCP3 3 
Thermal hydraulic 

resistance 
Pipe 

TFPU1 2 
Thermal hydraulic 

resistance 
Pump 

TRTHBE03B 2 Powertrain Bearing 

TRTHBE03A 4 Powertrain Bearing 

TRTHGT01 2 Powertrain Gear 

TRTHPR01B 2 Powertrain Planet/ring 

TRTHPS01K 2 Powertrain Planet/sun 

 

  



 

          Appendix 8, 1 

 Flow comparison for nozzles with test measurements.  

 

Veejet 9510 2mm nozzle: 

 

 

Veejet 9520 2.8mm nozzle: 

 

 



 

      Appendix 8, 2  

Flow comparison for nozzles with test measurements. 

 

Veejet 9540 4mm nozzle: 

 

 

Veejet 9570 5.2mm nozzle: 

 

 



 

      Appendix 8, 3  

Flow comparison for nozzles with test measurements. 

 

Moventas 2mm nozzle: 

 

 

Moventas 3mm nozzle: 

 

       



 

      Appendix 8, 4  

Flow comparison for nozzles with test measurements. 

 

Moventas 4mm nozzle: 

 

 

Moventas 5mm nozzle: 

 

 



 

          Appendix 9, 1  

Flow comparison for nozzles without test measurements. 

 

Moventas nozzle 2.4mm. 

 

 

Moventas nozzle 3.8mm. 

 

 



 

 

      Appendix 9, 2 

Flow comparison for nozzles without test measurements. 

 

Moventas nozzle 4.5mm. 

 

 

Moventas nozzle 5.2mm. 

 



 

      Appendix 9, 3 

 Flow comparison for nozzles without test measurements. 

 

Veejet nozzle 9151 2.4mm. 

 

 

Veejet nozzle 9550 4.4mm. 

 

 



 

      Appendix 9, 4 

Flow comparison for nozzles without test measurements. 

 

As there is no measurements done to the Fulljet nozzle series. Equation for Euler number 

were resolved from measured result to Veejet 9520 and Veejet 9540 nozzles. 

 

Fulljet nozzle 3.2mm 

 


