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Sammanfattning  

Fordonsindustrin eftersträvar ständigt att höja prestandan av elmotorer. För att uppnå detta är det önskvärt 

att förbättra värmetransporten genom att sänka temperaturerna i strömförande detaljer, och därmed höja 

verkningsgraden. En annan aspekt till varför en förbättrad värmetransport är eftertraktat, är eftersom 

mängden dysprosium kan minskas, om permanentmagneterna i rotorn hålls på en lägre temperatur. 

Dysprosium är dyrt och används i permanentmagneter för att höja temperaturtåligheten eftersom dessa blir 

känsliga och kan avmagnetiseras vid höga temperaturer. 

Den här rapporten innefattar en studie där CFD-simuleringar gjorda med STAR-CCM+ har använts för att 

beräkna oljekylningen i rotorn i en elmotor. Först utfördes simuleringar i 3D för att kunna uppskatta 

filmtjockleken. Filmtjockleken användes sedan till simuleringar i 2D där värmeöverföringen beräknades. 

Simuleringarna jämfördes med semi-empiriska formler och experiment. 

Resultaten visade att aluminium var det mest passande rotormaterialet eftersom det bidrog till en jämnare 

värmefördelning och lägre maxtemperaturer i rotorn, jämfört med de övriga materialen. Volymflödet 

10dl/min ansågs vara det mest lämpade för det angivna värmeflödet. Experimentell data som därefter 

jämfördes med 2D modellen visade dock att resultaten, för CFD simuleringen och det preliminära 

experimentet, ej var helt korrelerade. Ytterligare experiment och fler 3D simuleringar behövdes därför för 

att kunna avgöra om 2D modellen var lämpad för undersökningar av oljekylningen i en rotor.  
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Abstract 

Keywords: Electric motor, Oil cooling, CFD, Multiphase flow, Fluid film, Lagrangian multiphase flow   

This thesis investigated the heat transfer of internally oil cooled rotors in permanent magnet electric 

machines which are, among other things, used in hybrid vehicles or zero emission vehicles. The magnets 

become sensitive and can be demagnetized at high working temperatures, hence the need of cooling. The 

scope of this work included CFD simulations in STAR-CCM+. Three different 3D multiphase models 

simulating the oil propagation in the rotor were performed. A Lagrangian multiphase model combined with 

a fluid film model was the most suitable model for simulating the spray of the oil and the film thickness 

along the inner rotor wall. It was noticed that periodic boundaries caused problems for the fluid film model, 

therefore a complete geometry was preferred over a truncated model. The 3D solutions provided thicker 

film thicknesses than the analytical solutions from the fluid film thickness theory. The maximum analytical 

thickness was of the same order of magnitude as the surface average film thickness provided by the 

multiphase models. This thickness was assumed to be constant when used as the base for the fluid region 

in the 2D one-phase models.  

The study showed that aluminum was the most suitable rotor material due to its high conductive capacity, 

which provided a more even distribution of the temperature in the solid and hence resulted in lower overall 

temperatures. The cooling power increased linearly with the volumetric flow rate, however the heat transfer 

coefficient decreased for the higher flow rates. A volumetric flow rate of 10dl/min was recommended. A 

2D model was compared to a preliminary experiment and showed that these were not correlated. The 

conclusion was that more experiments and simulations are needed in order to confirm the validity of the 

2D model. 
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Nomenclature 

Symbols 

𝐴  Area (m2)  

𝐴𝑐  Flow cross-sectional area (m2) 

𝑏  Width of channel (m) 

𝑐𝑝 Specific heat (J/(kg ∙° C))  

𝑑  Characteristic length (m) 

𝐷ℎ  Hydraulic diameter (m) 

𝑓  Friction factor (−) 

𝐹𝑟  Froude Number (−) 

𝑔  Gravitational acceleration (m/s2)   

ℎ  Convective heat transfer 

coefficient (W/(m2 ∙ K)) 

𝑘  Thermal conductivity  

 (W/(m ∙ K))  

�̇� Mass flow rate (kg/s) 

𝑁𝑢  Nusselt Number (−) 

𝑝 Pressure (Pa) 

𝑃  Wetted perimeter (m) 

𝑃𝑟 Prandtl number (−) 

𝑄  Volumetric flow rate (m3/s)  

𝑞  Heat transfer rate (W) 

 

𝑞′′ Heat flux (W/m2)  

�̇� Energy generated per unit 

volume (W/m3) 

𝑟  Radius (m) 

𝑅𝑒  Reynolds number (−) 

𝑆0  Bottom slope (−) 

𝑆  Channel Slope  (−) 

𝑇 Temperature (K)  

𝑢  Velocity (m/s) 

𝑥  Coordinate of axial direction (m) 

𝑦  Film thickness (m) 

𝑦𝑐  Critical depth (m) 

𝜈  Kinematic viscosity (m2/s)  

𝜌  Density (kg/m3)  

∇ Del operator  

 

Abbreviations 

CFD Computational Fluid Dynamics 

PDE  Partial differential equation 

PM Permanent magnet  

VOF Volume of Fluid 
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 Introduction 

The global warming discussion and the concerns of fossil fuel availability in the future have encouraged 

research in the area of hybrid electric vehicles and electric vehicles in recent years. Electric cars have gained 

ground in Norway (DN, 2012) and are predicted to become more popular in Sweden in a couple of years, 

when the technology has developed further and the prices are reduced (Nyteknik, 2014). Several Swedish 

municipalities, such as Eskilstuna, are already investing in electric cars for transportation of both passengers 

and utilities within the municipality (Stockholms Stad & Vattenfall AB, 2013). Energimyndigheten1 finances 

the project ELDRIVET, which supports the development of the Swedish automotive industry expertise in 

the scientific field of electric powertrains. The project aims to improve the performance and lifespan of 

electric powertrains in the vehicle domain, by developing cooling methods for power electronics and electric 

motors, test methods for performance and longevity, as well as by examining alternative power 

semiconductors in electric powertrains in vehicles. Electric drive systems increase the energy efficiency of 

vehicles, consequently the research resulting from the project contributes to reaching the Swedish 

government's target of a fossil fuel-free vehicle fleet by 2030 (Energimyndigheten, 2012). The project is 

conducted jointly by large, medium and small companies in the Swedish automotive industry and 

universities.  

In 2014, Volvo Group Trucks in Gothenburg and Semcon are collaborating on one of ELDRIVET’s 

projects, with the mutual goal to investigate oil cooling of an electrical engine rotor. This thesis is a part of 

Semcon’s study. Volvo is responsible for the preliminary experiments and Semcon accounts for 

Computational Fluid Dynamics (CFD) simulations. The results from one CFD case are compared to the 

experimental data provided by Volvo, while the other results are used for comparing different CFD models 

in order to find the best suited model or combination of models for this purpose. The project is performed 

due to the high power density requirements for electrical engines in hybrid vehicles, which lead to high rates 

of heat generation and low rate of heat dissipation due to the limited space provided (Huang, 2013). 

Consequently, different cooling methods are necessary to consider. Thermal analysis has become very 

important in the design process of electrical machines, such as electric motors, due to the requests for 

reduced weights and costs, as well as on account of requirements of increased efficiencies (Staton et al., 

2009). 

 

  

                                                      
1 The Swedish Energy Agency 
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1.1 Literature review    

1.1.1 Electric Machines with Permanent Magnets 

Electric machines either convert electrical energy into mechanical energy, providing the rotational torque 

which is converted into linear motion, or the reverse which is the case for generators. For electric motors 

the first case applies. The power to weight requirements are becoming more and more strict, and 

consequently the cooling of electric motors has become a critical matter, since the industry has realized that 

the design should not only focus on the electrical design. A higher cooling rate does not only increase the 

motor efficiency, it also improves the motor operational reliability (Hongmin Li, 2009). The investigated 

electric motor in this study is an electric machine with permanent magnets (PM), for which the armature 

structure is comparable to the one for a universal motor, but the electrical field is upheld by permanent 

magnets instead of field coils. The advantages of PM motors are high power levels, high efficiency at low 

speeds, and speed control capabilities (Hongmin Li 2009). Generally the rotating assembly in the center of 

the generator, i.e. the rotor, comprises the magnets, as in Figure 1, and the stationary armature that is 

electrically connected to a load is the stator (von Meier, 2006).  

 

Figure 1 CAD-model of permanent magnet machine 

The magnetic properties of PM are temperature dependent which limits their allowable operating range of 

temperature (Soong, 2006), the maximum operating temperature is caused by the thermal limitations of the 

PM and stator windings (Khoobroo & Fahimi, 2010). The temperature at which the PM is irreversibly 

demagnetized is called the Curie temperature, and signifies the ultimate upper temperature limit. A more 

useful limit used in the industry is the maximum working temperature, which is lower than the Curie 

temperature (Soong, 2006). 

1.1.1.1 Effects of Heat losses in Electrical Machines 

Electronic devices produce heat as a by-product of normal operation. When electrical current flows through 

a semiconductor or a passive device, a portion of the power is dissipated in the form of heat, this is called 

dissipated power (Hibbeler, 2001). Objects containing high thermal energy, transfer energy to low energy 

status surroundings without extra force or work. Thermal energy is hence released from this object to either 

other objects or the ambient environment through thermal conduction, convection or radiation. This is 

called heat dissipation and results in a temperature decrease of this heat dissipated object (Huang, 2013). 

Figure 2 illustrates the heat losses from the magnets entering the rotating rotor cylinder. When cooling an 

object, this can be achieved in two different ways, either by decreasing heat losses that are generated in the 

system or by increasing the total heat dissipation.  

 

http://en.wikipedia.org/wiki/Rotor_(electric)
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Figure 2 Cross section of rotor showing the heat losses from the magnets 

This thesis will mainly focus on the second technique, by implementing forced direct oil spray cooling in 

order to improve the heat dissipation. Electrical machines commonly use forced cooling when they are 

highly loaded. The method used in this study is oil spray and liquid cooling. Forced cooling via liquid cooling 

improves the heat transfer performances, since the convective heat transfer capabilities increases (Huang, 

2013).  

Magnet losses (W) in high-speed permanent magnet machines can decrease the motor efficiency, and even 

cause demagnetization of the magnets when they are overheated (Han-Wook et al., 2008). The magnets in 

electrical machines become more sensitive to demagnetization with increased temperature. The cost is 

affected by the thermal class; to be precise a higher thermal class increases the price. Magnets also need to 

be larger when in a system with higher temperatures (Hagstedt, 2014). Therefore an effective cooling 

method of the rotor, and hence the magnets, is essential for decreasing the size and cost of the magnets. 

Another variable which is correlated to the magnet losses, is a high rotational speed of the rotor, this can be 

observed in Figure 3.  

 

Figure 3 Magnet losses as a function of the rotational speed (Hagstedt, 2014). 

1.1.2 Available Techniques for Cooling of Electrical Machines 

The focus in the field of cooling electric motors has been on the stator and the windings. Air cooling with 

fans is mostly investigated in the gap between the rotor and the stator. Investigations of fan cooling are the 

most common, i.e. removing heat by using cool air with a high velocity (Hongmin Li, 2009), there are also 

studies investigating the effect of cooling fins when for enhancing the heat transfer rate (Dessouky et al., 

1998) and cooling of the stator core (Szogyen, 1979). For enclosed motors with no ventilation, the 

dissipation of losses is by radiation and natural convection, this is usually satisfactory for small motors and 

for motors with light thermal loads. However, when the size or the thermal load increases, the use of finning 

and forced cooling by convection is needed to augment the heat transfer rate. Even though air is a poor 
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conductor, it becomes a good medium for heat transfer by forced convection, when driven by a fan, 

particularly when the flow becomes turbulent (Szogyen, 1979). Hence most of the CFD models are based 

on turbulence models of the air flow in the electric motors and electric magnetic models such as in (Huang 

et al., 2012). Water cooling is also frequently used when cooling electric motors in the industry, and has 

been for many years. The use of water cooling is mainly appropriate for applications that oblige features 

which cannot be provided by conventional fan cooled motors (Pechánek & Bouzek, 2012).  

There are different types of liquid cooling types also, potential techniques are liquid cooling in micro 

channels, spray cooling and jet impingement cooling. Spray cooling seems to provide the best balance of 

high heat flux removal capability, isothermality, and fluid inventory. Spray cooling is not yet a widespread 

technique for cooling of electric motors, however the interest for this technology is increasing for electronic 

cooling and other sorts of high heat flux applications. The technology features high heat transfer rates, low 

droplet impact velocity and a uniform heat removal. Usage of liquid cooling techniques will become 

inevitable in the future, since the power dissipation levels are increasing continuously in electronic systems. 

When using spray cooling the liquid is forced through a small hole, and is diffused into fine droplets before 

hitting the hot surface. The droplets then spread on the surface and form a thin liquid film (Kim, 2007) 

In order to understand the cooling of the rotor further, a brief introduction to basic heat transfer and fluid 

mechanics theory is revised in chapter 2.  

1.2 Objectives  

The main aim of this study is to examine different CFD models that are able to investigate the heat transfer 

rate in a heated rotating rotor. The objectives are to accomplish this by investigating the results of several 

2D and 3D models. The goal is to determine if a 2D model agrees with the experimental results from Volvo 

Group Trucks. The models which are going to be investigated are 2D conjugate heat transfer models 

constituting of a one phase fluid film with constant thickness and a solid region representing a cross-section 

of the rotor wall, as well as 3D multiphase models for simulating the fluid film in a rotating system. The 3D 

models’ results will be compared to the fluid film thickness provided by the analytical solutions which do 

not contain the rotational velocity component.  

1.3 Research Questions 

 Which models are available in STAR-CCM+ to simulate two-phase flow?  

o What are the advantages and drawbacks of the models? 

 How well can a full 3D model be substituted by a truncated model with periodic boundary 

conditions? 

 Is it reasonable to use a method where a 2D heat transfer model is based on a fluid film thickness 

from analytical solutions? 

o How well does the analytical solution for the film thickness match the film thickness from 

the 3D two-phase model? 

o Can a two-phase model be replaced by a one-phase model? 

 How do solid material properties affect the heat transfer? 

 Does the 2D model match the experiment? 

1.4 Outline of Thesis  

The thesis is outlined as follows below.  

Chapter 1 includes the introduction, a brief literature review and the objectives of the thesis.  

Chapter 2 provides the first part of the theory. It focuses on the fundamental heat transfer, basic 

theory of lubrication and the fluid mechanics related to this case. The mathematical models are used to 

approximate the fluid film thickness and the temperatures in the rotor.  
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The second part of the theory is presented in Chapter 3. It investigates the principles of CFD as well 

as the methods and some models available in STAR-CCM+ to simulate conjugate heat transfer and 

multiphase flows. 

In Chapter 4 the method is presented. The different cases and how they are implemented are described 

in this section. 

Chapter 5 reports the results of the analytical calculations and the CFD models. Furthermore the 

results are discussed. 

Chapter 6 summarizes the conclusions of the work and provides some proposals for further research. 
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 Theory of Heat Transfer and Basic Fluid Mechanics 

The fluid film thickness must be known in order to follow through with the calculations of the heat transfer 

coefficients, therefore ways of approximating the fluid film thickness will be discussed in paragraph 2.3.  

2.1 Viscous Flow 

The two different types of viscous flows occurring in nature are laminar and turbulent flows. These flows 

can be calculated using the Navier-Stokes equations. A Laminar flow is smooth, well-ordered and move in 

parallel layers (Kundu et al., 2012), it occurs when the ratio of viscous to inertial forces is lower than the 

value of transition to a turbulent flow (White, 2003). This is described by the Reynolds number in Equation 

1. For low values of the Reynolds number, the entire flow may be influenced by viscosity and a no-slip 

boundary condition applies at solid surfaces (Kundu et al., 2012). 

𝑅𝑒 =
𝑢𝑑

𝜈
   (1) 

For thin film flows the flow is laminar when 𝑅𝑒 ≤ 2000 (Texas A&M University, 2013), which is the case 

for the oil flow on the rotor’s wall in this study. The mean velocity is defined as �̅� =
�̇�

𝜌𝐴𝑐
 (Holman, 2010), 

where �̇� is the mass flow rate (kg/s), 𝜈 is the kinematic viscosity (m2/s) and 𝑑 the characteristic length 

(m), which for internal flows is represented by the hydraulic diameter (Incropera et al., 2013). 

2.1.1 Internal Flow 

This paragraph covers the theory of convection transfer problems for internal flows. The fluid film is 

assumed to have a velocity profile corresponding to a plane Poiseuille flow between two parallel fixed plates. 

However, since the upper side of the flow is actually free, the velocity gradient and the shear stress is zero 

at 𝑦 = 0 in Figure 4. The free surface corresponds to a symmetry plane. 

 
 

 

The total thickness of the flow in Figure 4covers the area from −𝑦 at the bottom wall to 𝑦 at the upper 

wall. Half of the profile, which represents the film flow, covers half of the channel, from− 𝑦 at the lower 

wall to 𝑦 = 0.  

In order to make sure that the analytical estimations of the temperatues are correct, it is necessary to 

investigate if the velocity and thermal boundary layers are fully developed. For fluids with low thermal 

conductivity the thermal boundary layer can be especially large. The hydrodynamic entry length for the 

velocity boundary layer can be estimated as in Equation 2 for laminar flows (Incropera et al., 2013). 

𝐿𝑣 = 0.05 ∙ 𝐷 ∙ 𝑅𝑒   (2) 

Figure 4 Steady flow between fixed parallel plates (Kundu et al., 2012) 
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Where D (m) is the diameter of the flow.  The thermal entry length for laminar flow presented in Equation 

3 (Incropera et al.,  2013) is similar to the entrance length regarding the velocity, however it also includes 

the Prandtl number 𝑃𝑟.  

𝐿𝑡ℎ = 0.05 ∙ 𝐷 ∙ 𝑅𝑒 ∙ 𝑃𝑟   (3) 

2.2 Fundamental Heat Transfer 

Cooling through thermal dissipation is a result of the three types of heat transfer modes which will be 

described in this paragraph.  

2.2.1 Conductive Heat Transfer 

The first heat transfer mode which is going to be discussed, heat conduction, is the transfer of energy from 

more energetic particles to particles with a lower energy level, through interaction between particles such as 

atoms or electrons when there is no bulk, or macroscopic, motion (Incropera et al., 2013). Briefly, it can be 

explained as the flow of internal energy, the energy transfer, from a region of higher temperature to a low-

temperature region when a temperature gradient exists in a body (Holman, 2010). Conduction can exist in 

all forms of matter. In solids it is caused by vibrations of molecules and diffusion of free electrons. Heat 

conduction in liquids and gases is due to collisions between molecules and diffusion of randomly moving 

molecules. The smaller distance between the particles, the more conductive a matter is, therefore conduction 

is greater in solids (CD-adapco, 2014a). 

Heat conduction depends on the material properties, the geometry and on the temperature difference on 

the surfaces in the body (Holman, 2010). The heat transfer rate, i.e. the amount of energy transferred per 

unit time, in the case of conduction is specified by the conduction rate equation, Equation 4, known as 

Fourier’s law.  

𝑞′′ = −𝑘∇𝑇     (4) 

Where 𝑞′′(W/m2) is the local heat flux vector, which represents the heat transfer rate per unit area. Hence 

the heat transfer rate, 𝑞 (W), is the product of the heat flux and the area of interest, 𝐴 (m2) (Incropera et 

al., 2013). Moreover, 𝑘 (W/(m ∙ K)) is the thermal conductivity of the material, it is a transport property of 

the material and describes how fast the heat transports in the material (Holman, 2010). The scalar 

temperature field in three dimensions, 𝑇 (K), and , ∇, the three-dimensional del operator describe the 

temperature gradients in the different directions due to the temperature difference in the volume (Incropera 

et al., 2013). As a conclusion one could say that conduction occurs in motionless fluids and through solid 

bodies, where the energy is transported from hot to cold. 

In a transient case when the temperature is changing with time, for example when heat sources are present 

within a body, Equation 4 is not adequate to describe the conduction. Equation 5, which is based on the 

principles of energy balance and valid for three-dimensional cases, is more appropriate when describing 

unsteady conduction.  

𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
= 𝛻 ∙ (𝑘𝛻𝑇) + �̇�  (5) 

The equation includes the energy generated per unit volume, �̇� (W/m3), and the change in internal energy 

where 𝜌 (kg/m3) is the density and  𝑐𝑝 (J/(kg ∙ K)) is the specific heat of the material (Holman, 2010).   

2.2.2 Convective Heat Transfer 

Convection heat transfer is the transfer of thermal energy by the movement of a fluid (Homan, 2010). 

Convective heat transfer essentially includes two different types of energy transfer, the energy transfer due 

to diffusion and the one due to advection. Advection is the energy transfer caused by larger-scale bulk 

motion of the fluid, whereas diffusion is the random molecular motion which dominates when the bulk 

velocity is zero (CD-adapco, 2014a). 
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Convection is usually divided into two categories, natural or forced convection. Natural convection occurs 

when the density, and consequently the relative buoyancy, changes because of heating of the fluid. The 

denser components descend, while less dense components rise. This results in a movement of the bulk fluid 

(Holman, 2010). Forced convection, however, is fluid motion due to for example a pump or a fan, i.e. when 

the fluid is forced to move by external sources (Holman, 2010). Forced convection provides an increase of 

the heat transfer rate at a surface, and is often used when natural convection is not sufficient for cooling or 

heating applications (CD-adapco, 2014a). The theory presented in this paragraph applies to forced 

convection.  

At the surface of a wall where the fluid velocity is zero, there is no advection and the heat from or to a solid 

is transported by diffusion and conduction (Holman, 2010). The velocity of the fluid is important because 

the temperature gradient is dependent on the rate of which the heat is carried away by the fluid. Therefore 

a high velocity is proportional to a high temperature gradient, and results in a greater convection rate 

(Holman, 2012).    

The overall effect of convective heat transfer at a surface is expressed and governed by Newton’s law of 

cooling (Holman, 2010; Incropera et al.,  2013) in Equation 6. 

𝑞𝑠
′′ = ℎ(𝑇𝑠 − 𝑇𝑟𝑒𝑓)   (6) 

The local surface heat flux 𝑞𝑠
′′ (W/m2) is the energy transported per unit time per square meter,  ℎ 

(W/(m2∙K)) is the local convection heat transfer coefficient, 𝑇𝑠 is the surface temperature of the wall and 

𝑇𝑟𝑒𝑓 is a characteristic temperature of the fluid moving over the surface. For flow in channels 𝑇𝑟𝑒𝑓 is defined 

as the fluid bulk temperature, whereas for exterior flow it is represented by the free stream temperature 

(Holman, 2010). In theory Newton’s law of cooling is a linear relationship between the local surface heat 

flux and the temperature difference. In fact, the relationship is not always linear in reality, the linear 

relationship in Equation 6 is actually just an approximation. Flow conditions vary on a surface, for that 

reason 𝑞𝑠
′′ and ℎ are functions of both space and time (CD-adapco, 2014a). 

2.2.2.1 Constant Surface Temperature in Internal Flows 

The average convective heat transfer coefficient for internal flows is defined as in Equation 7((Incropera et 

al., 2013). Where 𝑞𝑐𝑜𝑛𝑣 , the cooling power is presented in Equation 8. 

ℎ̅ =
𝑞𝑐𝑜𝑛𝑣

∆𝑇𝑙𝑚∙𝐴𝑠
   (7) 

𝑞𝑐𝑜𝑛𝑣 = �̇� ∙ 𝑐𝑝 ∙ (∆𝑇𝑖 − ∆𝑇𝑜)    (8) 

The constant temperature heat source is taken into account when calculating the log-mean temperature 

difference (Incropera et al., 2013), see Equation 9, that depends on the surface temperature 𝑇𝑠 as well as 

on the mean fluid outlet temperature 𝑇𝑓,𝑜, and mean fluid inlet temperature 𝑇𝑓,𝑖 .  

∆𝑇𝑙 =
∆𝑇𝑜−∆𝑇𝑖

𝑙𝑛 (
∆𝑇𝑜
∆𝑇𝑖

)
=

(𝑇𝑠−𝑇𝑓,𝑜)−(𝑇𝑠−𝑇𝑓,𝑖)

𝑙𝑛 (
𝑇𝑠−𝑇𝑓,𝑜

𝑇𝑠−𝑇𝑓,𝑖
)

  (9) 

The last parameter that affects the heat transfer coefficient is the cylinder surface area defined in Equation 

10.  

𝐴𝑠 = 𝑃 ∙ 𝐿   (10) 

L is the length of the cylinder in the x-direction. The wetted perimeter, 𝑃, is discussed further in the 

paragraph Convection Correlations. 
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2.2.2.2 Constant Surface Heat Flux in Internal Flows 

If assuming that the wall is subject to a uniform constant surface heat flux, then the total heat transfer rate 

can be expressed as in Equation 11 (Incropera et al., 2013). 

𝑞𝑐𝑜𝑛𝑣 = 𝑞𝑠
′′(𝑃 ∙ 𝐿)   (11) 

The mean fluid temperature, Equation 12, varies linearly with x along the cylinder axis, from the inlet to the 

outlet (Incropera et al., 2013), where the surface heat flux 𝑞𝑠
′′ is a constant. 

𝑇𝑓(𝑥) = 𝑇𝑓,𝑖 +
𝑞𝑠

′′𝑃

�̇�𝑐𝑝
𝑥   (12) 

Newton’s law of cooling can then be used to calculate the local convection coefficient in Equation 13 when 

the temperatures for the fluid and the solid are known. Later in the report this approach will be used to 

calculate the convection coefficient based on the temperatures provided by the simulations. 

ℎ̅ =
𝑞𝑠

′′

𝑇𝑠,𝑎𝑣𝑒𝑟𝑎𝑔𝑒−𝑇𝑓,𝑎𝑣𝑒𝑟𝑎𝑔𝑒
  (13) 

2.2.2.3 Analytical Convection Correlations 

In order to estimate the heat transfer coefficient when e.g. the temperatures are not known, convection 

correlations can be used. It is necessary to simplify the geometry of the fluid flow. Figure 5 illustrates the 

idea of approximating the flow along the x-axis of the cylinder, which has the cross sectional area of a thin 

disc, as a horizontal open channel flow. The illustrations are not to scale. 

 

Figure 5 a) Cross sectional area of the fluid film b) Analogous estimation of the open channel flow. 

The Nusselt number is defined in Equation 14, where the hydraulic diameter 𝐷ℎ is defined in Equation 15 

(Incropera et al., 2013; White, 2010).  

𝑁𝑢𝐷 ≡
ℎ𝐷ℎ

𝑘
    (14) 

𝐷ℎ =
4𝐴𝑐

𝑃
         (15) 

Where 𝑃 is the wetted perimeter, which in this case becomes the channel width 𝑏, and 𝐴𝑐 is the flow cross-

sectional area. The hydraulic diameter is used when calculating both 𝑅𝑒𝐷 and 𝑁𝑢𝐷. 

In order to calculate the convective heat transfer coefficient between the rotor and the oil film analytically, 

a correlation used for estimating the Nusselt number is used, see Table 1. The Nusselt number is in other 

words constant. The geometry comparable to the one in Figure 5b, i.e. the cross section of a rectangular 

pipe with infinitely large width to height ratio, such as the one in a very thin fluid film, is presented in Table 

1. This correlation is only applicable for fully developed laminar flow. 
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Table 1 Nusselt number for a rectangular pipe cross section 

Cross section shape Width/height ratio 𝑁𝑢𝐷 

(Uniform  𝑞𝑠
′′) 

𝑁𝑢𝐷         

(Uniform 𝑇𝑠) 

 
∞ 8.23 7.54 

 

The heat transfer coefficient can then be calculated as in 16, by using Equation 14. 

h =
𝑁𝑢𝐷𝑘

𝐷ℎ
     (16) 

The heat transfer coefficient for different fluid film thicknesses, when a uniform heat flux is applied to a 

rectangular pipe, is illustrated in Figure 6 where the Nusselt number is set to 8.23, the thermal conductivity 

is 0.13 (W/(m ∙ K)) and the radius is 0.045m. 

 

Figure 6 Heat transfer coefficient as a function of film thickness 

2.2.3 Radiation heat Transfer 

The third heat transfer mode is the radiative heat transfer. It will only be briefly discussed since the studied 

system is insulated and adiabatic, hence the radiative heat transfer will be neglected. The radiation will not 

be modelled in the CFD models. The rotor will be insulated and the thermal radiation to the rest of the 

room will be approximated to zero. However a brief explanation of this type of heat transfer is presented 

below. 

Electromagnetic radiation does not need matter to spread, unlike convection and conduction heat transfer. 

Nevertheless, all kinds of matter emit radiation (Incropera et al., 2013). The heat flux emitted by a real 

surface is given by: 

𝐸 = 휀𝜎𝑇𝑠
4    (17) 

Where 𝐸 (
𝑊

𝑚2) the rate at which radiation is emitted from a surface per unit area (Incropera et al., 2013). 𝑇𝑠 

is the surface temperature and 𝜎 (
𝑊

𝑚2𝐾4) is the Stefan-Boltzmann constant. The surface emissivity, 휀, ranges 

between the values zero and one. The maximum flux, which is the ideal case for a blackbody, corresponds 

to 휀 = 1. The net radiative flux, 𝑞𝑟𝑎𝑑
′′ (

𝑊

𝑚2) in Equation 18, is the net rate of radiation leaving the surface 

per unit area. 

𝑞𝑟𝑎𝑑
′′ = 𝐸 − 𝛼𝐺  (18) 

The absorptivity, 𝛼, is defined as the fraction of the absorbed irradiation and 𝐺 (
𝑊

𝑚2) is the irradiation 

(Incropera et al., 2013).  
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2.3 Estimation of the Fluid Film Thickness 

The volumetric flow rate determines height of the oil film and hence the velocity of the flow. Therefore the 

fluid film thickness is essential to approximate for the 2D simplified model, which is going to be compared 

with the 3D model. There are different ways of calculating the film thickness; one way is to use the depth 

of an open channel flow as an estimation of the fluid film thickness (White, 2003). Another way is based on 

lubrication theory (Kundu et al., 2012). The analytical calculations of the film thickness in this section do 

not include the rotational component of the fluid velocity.  

2.3.1 Fluid film thickness for subcritical open-channel flow 

Subcritical flow has a low flow velocity and a deeper flow depth than the critical depth, on a shallow channel 

slope with Froude number less than one. The critical flow is the dividing condition between subcritical flow 

and supercritical flow. The film is assumed to behave as a sub-critical flow that reaches critical conditions 

near the outlet (i.e. the surface edge), it then falls freely over the edge as illustrated in Figure 7 Sub-critical 

flow close to the outlet (White, 2003). 𝐹𝑟 is the Froude number, it is a dimensionless number defined as the 

ratio of a characteristic velocity and a characteristic water wave propagation velocity, and is analogous to 

the Mach number. For laminar flow 𝐹𝑟 is defined as (Kundu et al., 2012; White, 2003):  

𝐹𝑟 = 𝑢/ (
𝑔𝑦𝑐

2
)

0.5

  (19) 

Where 𝑢 is the mean velocity, 𝑔 is the gravitational acceleration (analogous to the centrifugal acceleration) 

and 𝑦𝑐 is the critical depth. For laminar flows in open-channels  𝑦𝑐 can be estimated as in Equation 20 

(White, 2003). 

𝑦𝑐 = (
𝑄2

𝑏2𝑔
)

1
3⁄

   (20) 

𝑄 is the volumetric flow and 𝑏 is the width of the channel equivalent to the rotor perimeter. The critical 

depth is used as a boundary condition 𝑦𝑜𝑢𝑡𝑙𝑒𝑡 = 𝑦𝑐. 

 

Figure 7 Sub-critical flow close to the outlet (White, 2003) 

The growth of the thickness upstream can be determined using Equation 21(White, 2003).  

𝑑𝑦

𝑑𝑥
=

𝑆0−𝑆

1−𝐹𝑟2   (21) 

𝑆0 is the slope of the bottom surface and 𝑆 is the channel slope defined in Equation 22 (White, 2003). 

𝑆 = 𝑓
𝑢2

𝐷ℎ2𝑔
.   (22) 

Where 𝑓 is the friction factor, which is estimated from empirical correlation for the flow in a rectangular 

pipe (Incropera et al., 2013). The flow is assumed to be similar to half the flow in a rectangular pipe, with 

the free surface corresponding to the symmetry plane inside the pipe. 
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2.3.2 Fluid Film Thickness based on Elementary Lubrication Theory  

For a steady state case, the volumetric flow rate of a gravity-driven dispersion of a two-dimensional drop 

on a flat stationary surface, can be expressed as: 

𝑄 = −
𝑔

3𝜈
𝑦ℎ

3 𝜕𝑦ℎ

𝜕𝑥
   (23) 

By altering the equation, integrating with respect to x and using appropriate boundary, the fluid film 

thickness 𝑦ℎ can be calculated. The critical depth can once again be used as a boundary condition 𝑦𝑜𝑢𝑡𝑙𝑒𝑡 =

𝑦𝑐 . The fluid is free on the upper surface and hindered to move by the viscous shear stress at the wall. A 

hydrostatic pressure forces causes the fluid to move, the gravity drives the spreading of the drop which is 

assumed to be symmetric around x = 0, only half of the fluid film profile is illustrated in Figure 8 (Kundu 

et al., 2012). The fluid film thicknesses are presented in the paragraph 5.1. 

 

Figure 8 Gravity driven spreading of a drop on a stationary surface (Kundu et al., 2012) 
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 Theory of Computational Fluid Dynamics 

Computational fluid dynamics (CFD) is the investigation of fluid motion, heat transfer and other related 

phenomena, by using numerical methods to solve systems of differential equations using computers 

(Versteeg & Malalasekera, 2007). Only a few fluid mechanics problems have analytical solutions, a vast 

majority of real world problems do not have a closed form solution (CFD-adapco, 2014a; CD-adapco, 

2014b). These mathematical solution models require a numerical solution. CFD simulations are a powerful 

engineering tool when trying to understand the thermal processes in electrical machines, instead of using 

expensive measurements. Some can be difficult to measure and visualize therefore it is important to use 

CFD as a compliment. CFD simulations can also be used to run many tests without having to perform them 

in a test bench, which reduces the development costs. This method can serve as a cheap way to perform 

studies of future engine designs and concepts before manufacturing the prototype, reducing development 

costs further. Furthermore CFD allows the exploration of small length and time scales, consequently it can 

show the behavior of phenomena that otherwise would be invisible to the human eye (Johannessen, 2012). 

It can also visualize the flow and in covered or closed systems, for example in an engine or a pipe.  

The CD-adapco software STAR-CCM+, used in this project, is discussed in this chapter. The fundamental 

equations of CFD, along with physical and meshing models will be introduced, after a brief presentation of 

the CFD method. 

3.1 Introduction to the CFD Method 

The foundation of CFD is the general Navier-Stokes equations, which are the governing equations of fluid 

mechanics, the continuity equations, the momentum equations and the energy equations. These 

fundamental equations are based on three physical principles (CD-adapco, 2014a; Versteeg & 

Malalasekera, 2007): 

 Conservation of mass, which is governed by the continuity equations. 

 Newton’s second law, which represents the rate of change of momentum equal to the sum of forces 
acting on the fluid. 

 Conservation of energy, which essentially is the first law of thermodynamics. 
These equations are also known as transport equations or conservation equations. The governing equations 
basically describe the effects of viscosity on the fluid flow, the thermal conductivity and the mass diffusion 
(CD-adapco, 2014a; Kundu et al., 2012). The governing equations will be examined further in paragraph 
3.2. 
 
The STAR-CCM+ software is based on the finite volume method. The finite volume method divides the 
solution domain into a finite number of control volumes, which corresponds to the cells of the 
computational grid generated by the mesh. The discretized transport equations are solved for each control 
volume (CD-adapco, 2014a). The inputs by the user at the pre-processing stage are used to solve the 
discretized equations and results in an approximate solution as shown in Figure 9. 
 

 
Figure 9 Stages in CFD (Ransau, 2011) 

 
A summary of the Finite Volume Method’s (FVM) numerical algorithm is presented in the following steps 
(Versteeg & Malalasekera, 2007): 
 

1. Control Volume Integration 
The first step is the integration of the governing equations over all finite control volumes.  

2. Discretization  
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The second step is the conversion of the resulting integral equations into a system of algebraic equations 
(Versteeg & Malalasekera, 2007; CD-adapco, 2014b), were the amount of unknowns correspond to the 
number of cells in the grid (CD-adapco, 2014a). Different discretized advection schemes can be used to, 
the scheme chosen in this project is the second-order upwind scheme, which is less diffusive than the first-
order upwind scheme (Popinet, 2011). 
 

3. Solution of the algebraic equations by an iterative method  
Generally two kinds of solution methods exist, for the system in Equation 24, specifically direct solvers and 

iterative solvers (CD-adapco, 2014a). A direct solver solves the linear system of equations directly by finding 

an approximation of the solution by matrix factorization, where the operations depend of the number of 

unknowns (Comsol, 2013). Direct methods, such as Gauss elimination, are costly from a computational 

resource and time point of view (CD-adapco, 2014a), which essentially means that direct methods are 

memory expensive and CPU time intensive. Direct methods should only be used for solving small sized 

applications (Comsol, 2013). These types of methods are therefore not suitable for practical problems 

involving large grids (CD-adapco, 2014a). As the physical phenomena of the transport equation are complex 

and non-linear, an iterative solution approach is required (Versteeg & Malalasekera, 2007), in addition it is 

desirable to use an efficient iterative method such as the previously mentioned algebraic multigrid method 

(CD-adapco, 2014a). Iterative methods begin with an approximated initial guess and then proceed to 

improve it by a succession of iterations (Comsol, 2013), the approximations come closer to the exact 

solution when the numbers of iterations increase (Ransau, 2011). Iterative methods have much lower 

memory consumption than the direct and outclass direct methods when working with large 3D simulations. 

However, iterative approaches are more difficult to tune and get working when dealing with multiphysics 

problems (Comsol, 2013). 

 
When the equations are non-linear, suitable linearization strategies are employed when iterating. The 
linearized equations are then solved with an iterative method. STAR-CCM+ uses the algebraic multigrid 
solver to achieve this (CD-adapco, 2014a). The linear system in Equation 24, resulting from the 
discretization, represents the algebraic equations for each cell of the grid. The AMG Linear Solver uses the 
algebraic multigrid method, an effective iterative method, to solve the discrete linear system. The system is 

composed by the 𝑛 × 𝑛 matrix 𝑨 which contains the known coefficients, the vector 𝜿 which characterizes 

the unknowns in each computational cell and the vector 𝒃 representing the residuals (CD-adapco, 2014a). 
 

𝑨𝜿 = 𝒃   (24) 

The solved system of equations governs the conservation of a general flow variable ϕ, e.g. the temperature, 
within a finite control volume. The conservation of the flow variable is defined as the equilibrium between 
the processes in Equation 25 (Versteeg & Malalasekera, 2007), for the analogous equations please see 
paragraph 3.2.5. 
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 ]
 
 
 
 
 
 

 (25) 

 

Multigrid techniques are used in combination with iterative techniques (Versteeg & Malalasekera, 2007). 

The iterative multigrid method offers several iteration schemes. Multigrid techniques allow significant 

acceleration of basic iteration schemes. This is achieved by the use of correction sweeps on an arrangement 

of coarser meshes, which may influence the algorithm efficiency considerably (CD-adapco, 2014a). In 

practical applications the multigrid method is sophisticated with different cycles of coarsening and 

refinement of the mesh (Versteeg & Malalasekera, 2007). There are two cycling approaches in the STAR-

CCM+ AMG solver, namely fixed and flexible strategies (CD-adapco, 2014a). Three types of fixed multigrid 

cycles are available, of which the V-cycle is based on the simplest process. As can be seen in Figure 10 it 
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consists of two legs, and the calculation begins at level 1 which is the finest level and level 4 is the coarsest. 

The finest level is based on the user defined mesh size, and the coarser levels are based on coarser grids 

invisible to the user, these coarse meshes only encloses a limited number of “cells” (CD-adapco, 2014a). 

Iterations at any level are referred to as a relaxation (Versteeg & Malalasekera, 2007). The first leg performs 

some relaxation sweeps on the finest level and passes on the residuals to the next coarse level (CD-adapco, 

2014a; Versteeg & Malalasekera, 2007). This procedure is repeated continuously for the first leg, downward 

each coarser and coarser level until the coarsest level is reached (CD-adapco, 2014a).  After the final 

relaxation and finishing of the sweeps on the coarsest level, the up-to-date solution is used to correct the 

solution on the next finer level. The process of correction of the solution and relaxation sweeps is performed 

on each of the finer levels, until the finest and initial level is reached on the upward leg of the V-cycle (CD-

adapco, 2014a; Versteeg & Malalasekera, 2007).  

 

Figure 10 The V fix cycle procedure (Versteeg & Malalasekera, 2007) 

The flexible cycles offer a less expensive cycling scheme for linear systems. Flexible cycles don’t use the 

multigrid levels in a regular pre-defined pattern in contrast to fixed cycles. After each sweep on a given grid 

level the residuals are checked, if the ratio of the residuals surpasses a specified threshold then the solution 

continues on a coarser level. On the other hand the solution moves up to a finer mesh level, if the residual 

is reduced more than a certain tolerance value (CD-adapco, 2014a).  

Two numerical methods are utilized to solve the numerical form of the transport equations: the segregated 

solver and the coupled solver. The coupled approach solves the flow equations simultaneously and is 

suitable for compressible flows, for pros and cons of the approach please see Table 2. The segregated 

approach solves the equations sequentially, i.e. the flow equations are solved separately: one for each velocity 

component and one for pressure. The segregated solver then links them using a correction equation (CD-

adapco, 2014a). It is both quicker and uses less memory than the coupled solver. The model is suitable for 

constant-density and mildly compressible flows (CD-adapco, 2014a). For additional information concerning 

the solver, the user is referred to CD-adapco’s STAR-CCM+ User Guide. A variation of the SIMPLE 

algorithm is used in STAR-CCM+ for solving equations of fluid flow as well as heat transfer, when the 

analysis is solved in a segregated manner (CD-adapco, 2014b). SIMPLE is an abbreviation for Semi-Implicit 

Method for Pressure Linked Equations.  

The unsteady SIMPLE algorithm is used for the implicit unsteady model when the system is solved in a 

segregated manner. The segregated flow solver can be combined with a steady state or implicit unsteady 

model as seen in Table 3.Transient flows generally govern the physical time-step, it is therefore necessary 

to set the physical time-step when running an unsteady simulation (CD-adapco, 2014a). The segregated flow 

solver carries out a selected amount of inner iterations within each time step, the greater amount of inner 

iterations the better the solution converges. A smaller physical time-step mean that the solution is changing 

less from one time-step to the next, the outcome is that less inner iterations are required (CD-adapco, 

2014a).  
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Table 2 The segregated versus coupled solvers (Mangani & Bianchini, 2010) 

Solver Advantages Disadvantages Appropriate Flows 

Coupled 

Algorithm 
 More robust and 

accurate solutions 

 Fast convergence 

 Convergence speed is 

grid independent 

 Quasi initialization 

independent 

 Not recommended 

for incompressible 

and/or isothermal 

flows, if 

computational 

resources are an 

issue. 

 Huge memory 

allocation 

 Less flexible 

 Compressible flows 

and shocks 

 Natural convection 

 Flows with large 

body forces 

 Flows with large 

energy sources 

 

 

Segregated 

Algorithm 
 Uses less memory than 

the coupled. 

 

 The number of 

iterations required 

increases with mesh 

size 

 Incompressible 

flows 

 Mildly compressible 

flows 
 

Table 3 Available solvers for different time algorithms (IIT Gandhinagar, 2014)  

Modelling Capabilities  

Time Steady State SIMPLE 

Transient Implicit Unsteady SIMPLE 

Coupled Solver 

Transient Explicit Unsteady Coupled Solver 

3.1.1 Accuracy and Typical Issues 

The increased importance of CFD has resulted in improved methods and increased accuracy of the 

simulation results due to the research and resources invested in the business, yet, the calculations are never 

exact. There are several types of errors causing uncertainties, the most common sources of error not caused 

by lack of knowledge are numerical errors such as discretization, iterative convergence errors and round-off 

errors, in addition to this there are also coding errors and mistakes in the software itself, and finally user 

errors regarding human errors through incorrect use of the software (Kundu et al., 2012; Versteeg & 

Malalasekera, 2007). The iteration error is the difference between the iterative and the exact solution of the 

algebraic system of equations, while the discretization error is basically the difference between the exact 

solution of the differential equation and the solution of the algebraic system of equations which was 

obtained by discretizing the PDEs. Discretization errors can be predicted by performing a systematic grid 

refinement, since the errors are proportional to the difference in solution obtained on the repeatedly refined 

grids (CD-adapco, 2014b). Hence, it is essential to do a mesh dependency study if accuracy is of great 

importance, in order to minimize discretization errors. Other sources of uncertainties are for example 

physical model errors concerning the equations, which can only estimate the flow and never give an exact 

solution (Kundu et al., 2012; Versteeg & Malalasekera, 2007). The modeling error is the difference between 

the actual flow and the exact solution of the model equations, such as the Navier Stokes equations (CD-

adpaco, 2014b). Furthermore input errors, caused by limited information, as well as the uncertainty of the 

input values and the initial conditions, result in an uncertainty error of the output (Kundu et al., 2012; 

Versteeg & Malalasekera, 2007).  

Other normal issues when dealing with CFD are stability and convergence problems. The stability 

characterization is described by the Courant-Friedrichs-Levi condition: 

𝐶𝐹𝐿 = 𝑢
∆𝑡

∆𝑥
   (26) 
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A CFL value smaller than 1 is desirable for an explicit scheme, while it is acceptable with higher CFL 

numbers for implicit solutions, however it is desirable to keep the CFL number as low as possible since 

instability is more likely to occur the higher the value of the CFL-number is (CD-adapco, 2014a). To 

additionally increase the stability, an under-relaxation is done for all variables other than the pressure 

correction (CD-adapco, 2014b). A too large time step can cause a slow convergence of iterations, and results 

in temporal discretization errors. It is preferable to reduce the time step than to use many iterations in a 

combination with a large time step, by doing so the computing effort only becomes slightly higher while the 

accuracy of solution is increased (CD-adapco, 2014a).  

The solution is convergent if the solution of the discretized equations tends to the exact solution of the 

differential equations as the grid spacing tends to zero, a method will only converge if it is both consistent 

and stable (Johannessen, 2012). There are two main criteria for convergence monitoring, the first criteria is 

to ensure that the global residuals reduce by 2-3 orders of magnitude and the second is to monitor 

appropriate engineering quantities of interest, such as outlet temperature, pressure rise, pressure drop and 

make sure that they do not change with iteration. Regarding the residuals, the level of the residual are not 

what really matters, it is the amount of reduction compared to initial levels that are relevant (CD-adapco, 

2014b). 

3.2 Governing Equations of Fluid Flow and Heat Transfer 

CFD is primarily based on the governing equations of fluid dynamics, which represent the conservation 

laws of physics (Fakhrai, 2013). 

3.2.1 Mathematical Flow Models 

There are two different mathematical methods to describe flows, the Eulerian model and the Lagrangian 

model (Fakhrai, 2013). When using the Eulerian model, the mathematical laws are written for a fixed control 

volume of a finite size, such as the one in Figure 11, with fluid particles moving through it. Each side of the 

control volume will record a flux trough the control surface, either an influx or an outflux depending on the 

definition being used. A volume stationary in space is also called a fluid element (Fakhrai, 2013). The 

majority of the fluid regions in STAR-CCM+ are based on an Eulerian framework (CD-adapco, 2014). 

 

Figure 11 Eulerian Model (Fakhrai, 2013). 

The Lagrangian model, on the other hand, represents infinitesimal moving control volumes as in Figure 12. 

The control volume can for example represent a fluid particle volume moving with the flow. 

 

Figure 12 Lagrangian Model (Fakhrai, 2013). 
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3.2.2 Constitutive Relations 

As the system of conservation equations is unclosed, the response of materials to external effects, such as 
surface forces, heat or mass fluxes, need to be included. This is described by constitutive relations. Stoke’s 
law, in Equation 27, expresses the relation between the stresses and the rate of deformation for the fluid 

where D =
1

2
[∇𝐮 + (∇𝐮)𝑇] (CD-adapco, 2014b). 

𝜏 = 2𝜇𝐷 − 2𝜇∇ ∙ (𝐮𝐼) − 𝑝𝐼  (27) 

Here 𝜏 is the shear stress, 𝐼 the identity tensor and 𝜇 is the dynamic viscosity of the fluid. Moreover 𝑝 and 

𝐮 describe the pressure and velocity fields. Fourier’s law (CD-adapco, 2014b) is yet another of the 
constitutive relations. For more information the reader is referred to paragraph 2.2.1. that addresses heat 
transfer mode conduction. In addition, appropriate initial and boundary conditions also need to be specified 
(Kundu et al., 2012; Versteeg & Malalasekera, 2007). The result gives the solution for the distribution of 
velocity, pressure, density and temperature in the simulated system (CD-adapco, 2014a): 

 Velocity field: 𝐮 = [𝑢(𝑥, 𝑦, 𝑧, 𝑡), 𝑣(𝑥, 𝑦, 𝑧, 𝑡), 𝑤(𝑥, 𝑦, 𝑧, 𝑡)]𝑇 

 Pressure field: 𝑝(𝑥, 𝑦, 𝑧, 𝑡) 

 Density distribution: 𝜌(𝑧, 𝑦, 𝑧, 𝑡) 

 Temperature distribution: 𝑇(𝑥, 𝑦, 𝑧, 𝑡) 

3.2.3 Continuity Equation 

The conservation of mass, also known as the continuity equation, is defined in Equation 28 (Kundu et al., 

2012; Fakhrai, 2013; CD-adapco, 2014a). 

   
𝑑

𝑑𝑡
∫ 𝜌𝜙𝑑𝑉
𝑉

+ ∫ 𝜌(𝒖 − 𝒖𝑔) ∙ 𝒏 𝑑𝐴
𝐴

= 0   (28) 

The second term in is the divergence of the mass-density flux 𝜌𝒖, with respect to the grid velocity 𝒖𝑔. This 

general form of the continuity equation is required when the material derivative is nonzero due to changes 

in for example pressure and temperature (Kundu et al., 2012). 

3.2.4 Momentum Conservation Equation 

The momentum-conservation originates from Newton’s second law which governs the fluid momentum 

(Kundu et al., 2012). The rate of change of momentum equals the sum of surface and body forces on the 

fluid particles (Fakhrai, 2013): 

                
𝑑

𝑑𝑡
(∫ 𝜌𝒖𝑑𝑉

𝑉
) + ∫ 𝜌𝒖(𝒖 − 𝒖𝑔) ∙ 𝒏 𝑑𝐴

𝐴
= ∫ (𝑇 − 𝑝𝐼) ∙ 𝒏 𝑑𝐴

𝐴
+ ∫ 𝜌𝒃 𝑑𝑉

𝑉
      (29) 

Where 𝑇 stands for the stress tensor and 𝒃 is the vector of body forces per unit mass. 

3.2.5 General Transport Equation 

The conservation form of all fluid flow equations can be written in a continuous integral form for the general 

variable 𝜙 as in Equation 30 (Fakhrai, 2013; CD-adapco, 2014a). 

                   
𝜕

𝜕𝑡
∫ 𝜌𝜙 𝑑𝑉
𝑉

+ ∫ 𝜌𝜙(𝒖 − 𝒖𝑔) ∙ 𝒏 𝑑𝐴
𝐴

= ∫ Γ ∇𝜙 ∙ 𝒏 𝑑𝐴
𝐴

+ ∫ 𝜌𝒃𝜙 𝑑𝑉
𝑉

          (30) 

The first term stands for the rate of increase of 𝜙 and is the transient term. This term becomes zero for 

steady analyses.  The rate of decrease of 𝜙 due to convection across the boundaries is described by the 
second term on the left hand side, known as the convective term. On the right hand side the first term is 

the diffusion term, which represents the rate of increase of 𝜙 due to diffusion across boundaries. The last 

term is the rate of increase of 𝜙  due to sources (Fakhrai, 2013; CD-adapco, 2014a). 
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3.3 Modeling Multiphase flow 

The multiphase flow model can simulate the interaction of several instantaneous flow materials with 

different thermodynamic states or phases, namely gas, liquid or solid, within the same system. It is also 

capable of modeling materials with different chemical properties that are in the same state or phase, 

specifically such as oil droplets in water (Bakker, 2006). Distinct interfaces exist between the different 

phases. In modeling terms, a phase does not only refer to the thermodynamic state of a matter, it is the 

quantity of a matter with certain physical properties which distinguish it from other phases within the 

sheared system (CD-adapco, 2014a). The volume fraction of a phase is defined as the ratio of the volume 

that the phase occupies in a cell, to the volume of the computational cell itself (CD-adapco, 2014a; Bakker, 

2006). There are different types of multiphase flow regimes, the ones corresponding to the investigated case 

are introduced in Table 4. However, there are only two categories of multiphase, the first category is 

dispersed flows, such as bubbles, droplets and particle flows. For this type of dispersed flow, the phase 

occupies disconnected regions of space (CD-adapco, 2014a) and is defined as a secondary phase when 

modeling multiphase flow analysis (Bakker, 2006). The second category is stratified flows, for instance free 

surface or annular film flows (CD-adapco, 2014a). Continuous flows are defined as the primary phase 

(Bakker, 2006). An example is the flow regime in Table 4a, where discrete fluid droplets are dispersed in a 

continuous gas, the fluid droplets are represented by the secondary phase and the gas by the primary phase. 

A diameter must be assigned for the secondary phase particles in order to calculate the interaction with the 

primary phase.  

Multiphase flows must not be mistaken for multi-component flows. However many flows are indeed 

multiphase multi-component flows (CD-adapco, 2014a). 

Table 4 Flow specific types for multiphase flows (Bakker, 2006) 

Multiphase Flow Regime Description Illustration 

 

 

a) Droplet flow 

 

 

Discrete fluid droplets in a 

continuous gas. 

 

 

 

 

b) Annular flow 

 

 

Continuous liquid along walls, 

gas in core. 

 

 

 

c) Stratified and free-

surface flow 

 

 

Immiscible fluids separated by a 

clearly-defined interface. 

 

 

 

Five separate multiphase models are available in STAR-CCM+, however only the following three will be 

inspected in this study, namely the Volume of Fluid (VOF) model, Lagrangian Multiphase model and Fluid 

Film model. 
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3.3.1 Volume of Fluid  

The Volume of Fluid (VOF) multiphase model provides a simple model for systems comprising of at least 

two separate fluid phases. The VOF model formulation utilizes an Eulerian framework, setting up 

simulations hence involves the use of separate Eulerian phases. This approach determines the interface 

between the fluid phases in the mixture and calculates the movement of the interface. On the other hand it 

does not model the inter-phase interaction, by assuming that all phases share the same velocity, pressure, 

and temperature fields. This assumption results in a discretization error. However, as a result of this 

assumption, the same set of basic governing equations as for a single-phase flow is solved. The VOF model 

is suitable for stratified and smooth free surface flows, where the total contact area between the phases is 

relatively small. The interface between two immiscible fluids is termed a free surface, such as the multiphase 

flow regime in Table 4c. The VOF multiphase model is applicable for modelling free surfaces and resolves 

the shape and the position of a free surface (CD-adapco, 2014a). The VOF method should hence be fitting 

for simulating a fluid film with a smooth surface. A suitable grid when using the VOF model is presented 

in Figure 13b, whereas Figure 13a shows an unsuitable grid for multiphase flows. Consequently, if a large 

number of for example air bubbles in water or water droplets in air appears, the method would require a 

refinement of the mesh with at least three cells across each droplet/bubble in order to converge and to 

produce small modeling errors (CD-adapco, 2014a). 

 

Figure 13 Illustration of two-phase flows using VOF (CD-adapco, 2014) 

The basic governing equations describing the transport are solved by using a segregated approach. The set 

of equations in Table 5 are used with the conservation equation describing the volume fraction transport in 

Equation 31. 

Table 5 Equations for physical properties in the i th phase. 

Density 

 

Molecular 

viscosity 

Specific heat 

 

𝜌 = ∑ 𝜌𝑖𝛼𝑖𝑖   𝜇 = ∑  𝜇𝑖𝛼𝑖𝑖   𝑐𝑝 = ∑
(𝑐𝑝)𝑖𝜌𝑖𝛼𝑖

𝜌𝑖   

Here 𝛼𝑖 =
𝑉𝑖

𝑉
 is the volume fraction in the 𝑖th phase.  

𝑑

𝑑𝑡
∫ 𝛼𝑖 𝑑𝑉
𝑉

+ ∫ 𝛼𝑖(𝒖 − 𝒖𝑖) ∙ 𝑑𝐴 =
𝐴

∫ (𝑆𝛼𝑖
−

𝛼𝑖

𝜌𝑖

𝐷𝜌𝑖

𝐷𝑡
) 𝑑𝑉

𝑉
  (31) 

Where 𝑆𝛼𝑖
 is the source of the 𝑖th phase, and 

𝐷𝜌𝑖

𝐷𝑡
 is the material derivative of the phase densities.  

3.3.2 Lagrangian Multiphase Model  

The Lagrangian Multiphase model does not use the Eulerian framework which is used to compute 

continuous fluids, instead it uses a Lagrangian modeling method, see paragraph 3.2.1, which is restricted to 

disperse multiphase flows. It solves the equation of motion for separate parcels of the dispersed phase along 

a streamline through the whole system. The Lagrangian Multiphase model is intended to represent the 

secondary phase in systems consisting of a single continuous phase. The interaction of the dispersed 

particles with the continuous phase dominate the transport of the secondary phase, the interaction of the 
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parcels with each other is negligible since the dispersed phases are dilute. The Lagrangian phase is 

represented by parcels, which are made up by a cluster of discrete droplets, particles or bubbles with the 

same properties as in Figure 14. 

 

Figure 14 Parcel interaction with wall boundaries (CD-adapco, 2014) 

The Lagrangian Multiphase model suits a wide range of flow processes involving the movement of dispersed 

phases such as liquid droplets, solid particles, or gas bubbles through a gaseous or liquid continuous phase. 

Examples of appropriate applications for the Langrangian Multiphase model are spray coating and spray 

cooling (CD-adapco, 2014a). 

It is possible to choose between material particles and massless particles when using the Lagrangian 

Multiphase model. Material particles represent real particles made of a physical material, such as water 

droplets. The material particles are simplified such that they are assumed to be internally homogenous. The 

particles have mass and volume, which means that the physical conservation laws govern their conduct. 

Massless particles, however, don’t influence each other or the continuous phase, this type of phase does not 

represent a material. Nonetheless it might be useful when visualizing e.g. turbulent diffusion of a continuous 

phase or mixing of fluid streams. Several options for modelling collisions of droplets, evaporation, erosion, 

particle radiation, distortion of droplets and different types of droplet breakups are available. An 

examination and explanations of these models will not be included in this report, as they won’t be used in 

the CFD model. 

A brief description of the methodology, which is used to solve the system of equations that the Lagrangian 

Multiphase and the Lagrangian Phase models create during unsteady simulations, will be provided. The 

solution of equations is associated with time dependent differential equations, and the position of each 

parcel is solved for one common element (CD-adapco, 2014a). The used approach can be categorized as a 

discrete element method when modeling unsteady simulations (Crowe et al., 1998), the solution provides 

the state, such as the position, velocity, and temperature, of each parcel at a specific moment in time. 

Equation 32 defines the momentum balance for a material particle, where 𝑭𝑠 is the sum of all surface forces 

and 𝑭𝑏 the total body forces (CD-adapco, 2014a).  

𝑚𝑝
𝑑𝒖𝑝

𝑑𝑡
= 𝑭𝑠 + 𝑭𝑏  (32) 

The basic equations of motion providing the particle position 𝒓𝑝(𝑡), with respect to the reference frame, is 

written as follows:  

𝑑𝒓𝑝

𝑑𝑡
= 𝒖𝑝 + 𝒖𝑔   (33) 

Where 𝒖𝑝(𝑡) is the absolute velocity of the particle and 𝒖𝑔(𝒙, 𝑡) is the grid velocity. The equation describing 

the mass balance for a material particle, i.e. the conservation of mass, is defined in Equation 34. The rate of 

mass transfer to the particle �̇�𝑝 is the time derivative of the particle mass 𝑚𝑝. 

𝑑𝑚𝑝

𝑑𝑡
= �̇�𝑝    (34) 

The total mass and heat transfer of the particle provides the particle energy formulation in Equation 35. 
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𝑚𝑝
𝑑(𝑐𝑝,𝑝𝑇𝑝)

𝑑𝑡
= 𝑞𝑡 + 𝑞𝑟𝑎𝑑 + 𝑞𝑠 + �̇�𝑝ℎ   (35) 

Where ℎ is the enthalpy of the transferred material. The heat transfer is composed by 𝑞𝑡, the rate of 

convective heat transfer to the particle from the continuous phase, 𝑞𝑟𝑎𝑑 which represents the rate pf 

radiative heat transfer and 𝑞𝑠 which are other possible heat sources. The momentum transfer, 𝑆𝑣, in unsteady 

simulations can be expressed as Equation 36, which represents the rate of momentum transfer from all 

particles in a cell c to the continuous phase (CD-adapco, 2014a). 

            𝑆𝑣 = −
1

∆𝑡
∑ (∫ ∫ 𝛿(𝒓 − 𝒓𝜋)

𝑉𝑐

𝑡+∆𝑡

𝑡
𝒏𝜋(𝑭𝑠 + �̇�𝑝𝒖𝑝)𝑑𝑉 𝑑𝑡)𝜋            (36) 

The subscript 𝜋 is reserved for quantities which are exclusively defined on parcels in the cell c. The dirac 

delta function, 𝛿, filters out parcels that are not in the cell. 

3.3.2.1 Injector 

Injectors can be used to create a specified inlet for particles to enter the fluid continuum when using the 

Lagrangian Multiphase model. The Lagrangian phase states what particles enter and their behavior, but the 

injector defines the location where, direction and frequency. STAR-CCM+ currently provides eight types 

of injectors. In this project only one type will be used, the surface injector. Surface injectors must be a part 

that has a specified region boundary. Parcels are injected at the centroid of each face of the injector boundary 

region. 

3.3.2.2 Connecting Lagrangian Multiphase with a Fluid Film  

The state of the dispersed phases is influenced by the state of the continuous phase. Two-way coupling in 

which the state of the continuous phase will depend on the dispersed phases too, can be applicable in some 

cases. When combining the Lagrangian Multiphase model with the Fluid Film model, it is necessary to 

activate the Two-way coupling. This feature allows the Lagrangian phase to exchange mass, momentum and 

energy with the continuous phase, such as the fluid film phase and the surrounding air (CD-adapco, 2014a; 

Bakker, 2006). It is also required to activate the Film-Lagrangian Phase interaction model as well as the 

Impingement model. The Film Lagrangian Phase Interaction model permits the phases to be defined. The 

Fluid Film continuum interacting with the Lagrangian phase and the Lagrangian phase interacting with the 

fluid film phase are selected. The Impingement model allows the film to accept impinging droplets from 

the Lagrangian phase (CD-adapco, 2014a). For transient analyses, the mass transfer rate of component 𝑖, 

from all particles in a cell c to the continuous phase, is expressed as in Equation 37.  

𝑆𝑚𝑖 = −
1

∆𝑡
∑ (∫ ∫ 𝛿(𝒓 − 𝒓𝜋)

𝑉𝑐

𝑡+∆𝑡

𝑡
𝒏𝜋�̇�𝑝𝑖 𝑑𝑉 𝑑𝑡)𝜋                (37) 

Where the volume integral is over the cell and the rate of mass transfer to a single particle from the 

continuous phase is �̇�𝑝𝑖. The field 𝑆𝑚𝑖 is applied in the conservation equation of the continuous phase for 

component 𝑖 (CD-adapco, 2014a). 

There are numerous Lagrangian Phase Boundary conditions used to model impingement. Some of the 

available impingement models, presented in Table 6, can be selected when using the Fluid Film model in 

combination with the Lagrangian Multiphase. The Fluid Film mode allows Lagrangian phase droplets 

landing on the Fluid-Film interface to be converted to a fluid film. The fluid film mode guarantees global 

conservation, by adding the mass, momentum, and energy of the discretized phase to the conservation 

equations of the continuous Fluid Film phase in the Fluid Film model. The fluid film also needs to have a 

Flow-Split Outlet boundary in order to let the mass exit from the region. 
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Table 6 Interaction modes for different boundary types (CD-adapco, 2014a) 

Boundary/Interface Type Material Particle Interaction Modes 

Fluid Film 

 Composite 

 Escape 

 Rebound 

 Stick 

 Fluid Film 

Flow-Split Outlet  Escape 

3.3.3 Fluid Film Model 

The Fluid Film model calculates the movement of films on walls by using boundary layer approximations. 

It is required to include a shell region for each boundary on which the fluid film flows. A shell region is a 

surface domain and can be created from already existing surface boundaries. The thin shell region that lie 

across the surface of solid walls on which the film is formed is used to predict the film transport and is the 

fluid solution domain for the Fluid Film model. The corresponding mesh is based on the boundary faces of 

the volume mesh. The volume of the film cell is defined as the boundary area times the film thickness, both 

the volume and the surface area are functions of the film thickness and its spatial distribution. (CD-adapco, 

2014a). The film is assumed to be laminar, thin enough for laminar boundary layer approximation to be 

valid, and locally smooth. It is also presumed that the film stays attached to the wall and that a parabolic 

velocity profile across the film exists. The analysis is always transient but the fluid properties, such as the 

density, are constant. The conservation equations are integrated and discretized for each cell within the fluid 

film domain, the mass and momentum equations are solved in a segregated manner, while the energy 

equation can be solved either in a segregated or coupled way. Equation 38 governs the film mass 

conservation and is used when calculating the film thickness ℎ𝑓 (CD-adapco, 2014a).  

𝜕

𝜕𝑡
∫ 𝜌𝑓 𝑑𝑉
𝑉

+ ∫ 𝜌𝑓(𝒖𝑓 − 𝒖𝑔) ∙
𝐴

𝑑𝐴 = ∫
𝑠𝑚

ℎ𝑓𝑉
𝑑𝑉  (38) 

The subscript f indicates that the variable belongs to fluid film and g represents the grid values. The term 

𝑠𝑚 signifies the mass source quantity per unit area, which contribution originates from droplet impingement 

from the Lagrangian phase, from film stripping, mass transfer or user defined sources. The momentum 

conservation equation for the fluid film is expressed as: 

𝜕

𝜕𝑡
∫ 𝜌𝑓𝒖𝑓 𝑑𝑉
𝑉

+ ∫ 𝜌𝑓𝒖𝑓(𝒖𝑓 − 𝒖𝑔) ∙
𝐴

𝑑𝐴 = ∫ 𝑻𝑓 ∙ 𝑑𝐴
𝐴

− ∫ 𝑝𝑓 ∙ 𝑑𝐴
𝐴

+ ∫ (𝜌𝑓𝒇𝑏 +
𝑠𝑚

ℎ𝑓
)

𝑉
 𝑑𝑉    (39) 

In this case 𝑠𝑚 denotes the momentum source corresponding to the mass source, 𝒇𝑏 the body force and 

𝑻𝑓 the viscous stress tensor within the film. The volume fraction for the film in the bordering cell 

representing the gas, is calculated as in Equation 40 where 𝑉𝑓𝑖𝑙𝑚 is the film volume, 𝑉𝑔𝑎𝑠 the volume of 

neighboring cell and lastly the maximum fluid film thickness, 𝜙𝑓𝑖𝑙𝑚,𝑚𝑎𝑥, is defined by the user (CD-adapco, 

2014a). 

𝜙𝑓𝑖𝑙𝑚 = 𝑚𝑖𝑛 (
𝑉𝑓𝑖𝑙𝑚

𝑉𝑔𝑎𝑠
, 𝜙𝑓𝑖𝑙𝑚,𝑚𝑎𝑥)  (40) 

3.4 Mesh considerations 

Three types of core meshing models and two additional models can be used to generate a volume mesh. 

The core meshing models, as shown in Figure 15, are the tetrahedral, polyhedral and trimmed meshing 

models. The tetrahedral volume model has a tetrahedral cell shape based core mesh, such as a pyramid, and 

the polyhedral model produces a random core mesh with polyhedral cells. The trimmed volume model is 

based on a hexahedral cell shape core mesh. The polyhedral and the tetrahedral volume quality rely on the 
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quality of the surface mesh, it is therefore necessary to ensure a high quality starting surface. In cases when 

the meshing problem is complex, the global cell quality of the tetrahedral mesh is higher than the one for 

the polyhedral mesh, when the initial surface is identical in both cases. The trimmer model is more probable 

to create a high-quality mesh, because it is independent of the quality of the starting surface (CD-adapco, 

2014a). 

In addition to the three core mesh models, two additional models are available in STAR-CCM+, the Thin 

Mesh and the Advancing Layer Mesh. The Thin Mesh model produces a tetrahedral or polyhedral based 

prismatic thin mesh which is recommended for geometries that are predominantly composed of thin 

surfaces. The last model, the Advancing Layer Mesh, generates a polyhedral core mesh with in-built 

prismatic layers. 

 

Figure 15 Three core mesh models a) Polyhedral b) Tetrahedral c) Hexahedral (CD-adapco, 2014a) 

It is also possible to include prismatic cells near the wall with the core mesh models, as shown in Figure 16, 

by activating the prism mesher. Prism layers diminish numerical diffusion close to the wall. In cases where 

the prism mesher is used with a periodic interface, it tries to create a conformal mesh for the boundary pair 

where possible. Prism layers are not generated on interfaces by default (CD-adapco, 2014a).  

 

Figure 16 Prism Layer near a wall boundary in combination with a core mesh (CD-adapco, 2014a) 

One can use different mesh types for different regions, however in this case a conformal mesh interface is 

not supported at the boundary between the regions. It is necessary to use the tetrahedral or polyhedral core 

meshers with a single mesh continuum when meshing a multi-region grid, in order to get a conformal mesh 

at the interfaces. Meshing models that support conformal meshes across interfaces are tetrahedral mesher, 

polyhedral mesher as well as the prism layer mesher and the surface remesher. The trimmer mesh is not 

capable of producing a conformal mesh at interfaces (CD-adapco, 2014a). 

The tetrahedral mesher uses the less memory and generates the volume mesh faster than any other mesh 

type. The solution quality of the mesh is however much lower, which means that approximately five to eight 

times as many cells are needed to reach the same accuracy level as for polyhedral and trimmed meshes, this 

results in a longer solution time and increased time for the solution to converge. Even though polyhedral 

and trimmed meshes generally give more accurate solutions then a tetrahedral mesh, it is possible to attain 

mesh independent solutions for all mesh types if the density of the mesh is increased to an appropriate level 

(CD-adapco, 2014a). 
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 Implementation  

To begin with, a workflow of the CFD method which was followed is presented, and then the 3D fluid film 

thickness and the 2D heat transfer models’ settings are presented. All simulations were performed in STAR-

CCM+. The boundary conditions and their corresponding values for each case are presented in Appendix 

B, as are the initial conditions for the transient simulations. The following workflow method, demonstrated 

in Figure 17, was implemented.  

 
Figure 17 General workflow in STAR-CCM+ (CD-adapco, 2014a) 

The centripetal force would according to the experiment push the incoming cooling liquid to the inside of 

the rotor walls. The oil film would move along the walls and out through outlets at the sides due to a pressure 

difference. Reynolds number was less than 20 for all cases, thus a laminar CFD model was required for the 

film. The hydrodynamic entry length is much longer in laminar flow than it is in turbulent flow, but at very 

low Reynolds numbers, it is very small. This means that the flow could be estimated as fully developed. 

4.1 Three Dimensional Models of the Fluid Film Thickness 

The three dimensional models were all rotating transient multiphase cases, where both the air in the rotor 

and the oil were simulated. Three different cases were tested, the first case was a VOF model, and case 2 

and 3 were a combination of the Lagrangian multiphase model and the fluid film model with different 

geometries and boundary conditions. The models were based on the sketch in Figure 18 where the radius 

was 0.045m. All walls except for the inlet, outlet and heat source interface were adiabatic. 

 

Figure 18 Cross section of the rotor and the cooling liquid flowing from one side to the other. 

4.1.1 Courant number 

The solver method has been discussed in the CFD theory part. The selected schemes and solvers are 

presented in paragraph 4.2.1, as is the time step. The recommended time step size for the convective 

Courant number, ∆𝑡, based on convection speed 𝑈 only is defined in Equation 41 (CD-adapco, 2014a) 

where ∆𝑥 is the grid size. 

∆𝑡𝐶𝑜𝑢𝑟𝑎𝑛𝑡 =
∆𝑥

𝑈
    (41) 

The average of the convective Courant number should be 1.0, this implies that the simulated fluid transports 

one cell per time step. For rotational cases the aim was to reach 1° of rotation per time step or less, which 

resulted in the maximum criterion for the time step [s]:  

𝑡𝑚𝑎𝑥 =
1

6𝜔
   (42) 
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Where 𝜔 [rpm] is the rotational speed (CD-adapco, 2014a). 

4.1.2 Solver settings 

The selected common solver settings for all the three dimensional models will be summed up in this 

paragraph. The applied convection scheme was a second-order upwind scheme and was second-order 

accurate. This convection scheme was chosen because the accuracy of the second-order upwind scheme is 

at least as good as the first-order upwind scheme, and usually considerably better. The disadvantage of the 

second-order upwind scheme is a reduced numerical dissipation in some cases, which can cause poorer 

convergence, however this is considered as a tolerable compromise. More information about the 

differencing scheme can be found in (CD-adapco, 2014a).  

The Segregated solver was elected because it is, as previously mentioned, quicker and uses less memory than 

the coupled solver. It is suitable for constant-density flows and mildly compressible flows which fits the 

case of this study. The implicit unsteady solver was the only available time solver in STAR-CCM+ when 

using the segregated solver, and was therefore applied. A first-order temporal discretization scheme was 

applied. The time step 2.7778 ∙ 10−5s was the maximum allowed time step presented in Equation 42, when 

rotating at 6000 rpm in order to conform to the CD-adapco (2014a) recommendation. This time step was 

implemented in all the cases since the rotational speed was the same. The number of inner iterations per 

time step was set to 5. 

4.1.3 Case 1 (3D) 

The first case was a VOF model with periodic boundaries, rotating at 6000 rpm. The model represented a 

12° slice of the rotor. The boundary conditions can be seen in Figure 19 and are presented in Appendix B, 

along with the initial conditions. The mesh was set to a polyhedral mesh with a base size of 0.001 m.  

 

Figure 19 The VOF mesh and specified boundary conditions 

4.1.4 Case 2 (3D) 

The second case was a Lagrangian multiphase model in combination with a fluid film model. Only a 

truncation model of 45° was simulated, and periodic boundaries were set at the sides as in Figure 20, where 

the rest of the boundary conditions are pointed out, except for the Heat source shell boundary condition 

which is seen in Figure 21. The outlet wall and inlet wall are not shown in Figure 21, these were adiabatic 
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walls with a no-slip boundary condition. All boundary conditions are also presented in Appendix B. A 

surface injector was set at the inlet, with 1/8th of the total mass flow.  

 

Figure 20 Applied boundary conditions for Case 2 (3D) 

 

Figure 21 Shell region boundary with a flow split outlet 

The mesh model was composed of a polyhedral mesh and a prism layer mesh, which can be seen in Figure 

22. The base size of the mesh was 0.01 m and the number of prism layers was set to three. However the 

size of the mesh varied, since it was automatically generated and dependent on the geometry. 

 

Figure 22 Visualization of the mesh for case 2 

4.1.5 Case 3 (3D) 

The third case was also a Lagrangian multiphase model in combination with a fluid film model, in this case 

a rotor of 360° was simulated in order to avoid the periodic boundaries. A large part of the geometry was 

removed, since it was mostly air, in order to make the model lighter. A simulation with the whole geometry 

was previously made in order to approximate the size of the new inlet boundaries closer to the wall, which 

were used in this model. There were 4 inlets which were connected to 4 separate surface injectors as seen 
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in Figure 23, with the exact same specifications. The total volumetric flow rate from all the injectors together 

amounted to 10 dl/min.  

 

Figure 23 Mesh and boundaries for case 3 

As in Case 2 the mesh model comprised of a polyhedral mesh, prism layer mesh and a surface remesh. The 

base size was set to 0.05 m. However the size of the mesh was smaller closer to the inlets and the outlets. 

4.2 Two-Dimensional Models of Heat Transfer 

When simulating heavy CFD models, for example 3D dimensional models or models including solid regions 

the complexity, and hence the solution time, increases. Therefore, it is considered inefficient to use such 

models for designing prototypes, which needs studies on various parameters and repeats the simulations 

many times. Hence, two dimensional models were used to simulate the heat transfer in this study. These 

models included convection at the interfaces of the fluid and solid region as well as conduction in the solid. 

Natural convection and radiation were neglected, and all geometry walls which were not the inlet, outlet or 

heat source wall were adiabatic.  

The two dimensional model approximated the fluid film thickness as constant, based on calculations of the 

initial film thickness. The gravitational force was neglected since it was insignificant compared to the 

centripetal force. The model was based on the assumption that the coolant flow is distributed evenly and 

the heat transfer performance at one cross section is assumed to be identical to the others. Due to the 

effectiveness and lightness when simulating, the two dimensional model was used to investigate different 

scenarios, since this would be impossible with the three dimensional model considering the time perspective 

and resources available. The cases which were investigated are presented in Table 7. 
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Table 7 Geometries for the 2D cases 

Case  2D 

model 

Length Visualization of the model Concept illustration 

1 Only the 

fluid film, 

neglecting 

the solid 

0.1 m  

 

 

2 Both the 

fluid film 

and the 

solid  

0.1 m  

 

 

3 Both the 

fluid film 

and the 

solid  

0.2 m  

 

 
 

4.2.1 Geometry, Boundary Conditions and Mesh Models 

Case 1 only considered the fluid film region, with a heat source boundary condition at the wall as in Figure 

24. The Free surface boundary was an adiabatic slip wall, while the Heat source boundary was a no-slip wall.  

 

Figure 24 Geometry with specified boundaries for case 1  

The rest of the cases, all included a solid region with a rotor wall thickness of 7.5mm and a rotor length L 

which is specified in Table 8 for each case. The fluid region, which represents the film thickness, varied in 

height depending on the volumetric flow. The initial film thickness represented the modelled film thickness 

and was assumed to be constant, the values for the fluid film thicknesses and inlet velocities are presented 

in section 5.1. The values for each boundary are stated for each specific case in Appendix B. Case 1, 2 and 

3 all had the same inlet temperature of the fluid, 70°C and were based on a fluid film thickness when the 

gravitational component corresponded to the rotational acceleration at 6000rpm. The flow varied in the 

range 2dl/min-10dl/min. Case 4 was compared the 2D model with an experiment, the values for the 2D 

model were adjusted to match the inputs for the experiment. 

 

Figure 25 Boundary conditions for 2D models including the rotor wall 
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The mesh used for the two-dimensional simulations were a polyhedral mesh and a prism layer mesh (with 

2 prism layers). The base size of the mesh was 0.5 mm for both the fluid and solid regions. The mesh is 

visualized in Figure 26. 

 

Figure 26 Mesh visualization of the 2D models including a solid region 

4.2.2 Solver settings 

The solver settings for the two dimensional models are shown in Table 9.  

Table 8 Solver settings for 2D simulations 

Convection scheme Second-order upwind 

Flow solver Segregated  

Time solver Steady 
 

 

4.2.3 Case 1 (2D) 

The first case was a model representing the fluid film on top of the rotor wall with a constant temperature 

heat source of 100°C at the wall. Three simulations were made, with three different volumetric flow rates: 

2dl/min, 6dl/min and 10dl/min. The geometry and position of the boundary conditions can be seen in 

Figure 24.   

4.2.3.1 Mass Flow Inlet versus Velocity Inlet 

In order to assure that the velocity inlet assumption for Case 1 and Case 2 was correct, a comparison of a 

model with a mass flow inlet and a velocity inlet was performed. The oil was split in two directions, and half 

the mass flow would hence flow over the 0.1m long cylinder since the rotor was symmetric. This case 

regarded the volumetric flow rate 2dl/min and a heat flux of 2122W/m2. A three dimensional model was 

used in order to be able to regulate the mass flow at the inlet as well as the inlet surface area. 

4.2.1 Case 2 (2D) 

Case 2 was based on the geometry in Table 7 and the boundary conditions in Figure 25. Stainless steel, 

whose properties are presented in Appendix A, was the rotor material. Case 2 was split in to two cases. The 

first case considered a constant temperature heat source at the bottom solid wall. The liquid film thickness 

was varied, in order to find out how the cooling will change. For the second case a constant heat flux of 

2122W/m2 was applied.  

4.2.1.1 Influence of Rotor Material Properties 

A brief study of the rotor material and its effect on the cooling was performed in order to determine the 

importance of the metal. Four different materials were compared for which the properties are presented in 

Appendix A: stainless steel, two types of aluminum and copper. All properties except for one, aluminum 

(EN AW-6060) which was used for the preliminary experiment, are pre-set by STAR-CCM+ and can be 
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selected in the physics continuum. The oil volumetric flow rate was kept constant at 10dl/min with a 

constant film thickness of 0.33mm. The heat flux was 2122W/m2. 

4.2.2 Case 3 (2D) 

The third case was based on the geometry in Figure 25 and Table 7 for the situation when the rotor length 

was 0.2m. The volumetric flow rate was 10dl/min and the heat flux 2122W/m2. Once again the material of 

the rotor was stainless steel. The heat transfer rate for the maximum film thicknesses from the analytical 

solutions and the film thicknesses provided by the 3D-models were compared. The fluid film thicknesses 

from the 3D solutions are presented in Figure 45, these were assumed to be constant and simulated in 2D. 

4.2.3 Preliminary Experiment 

The fourth case compared the experimental data with the 2D solution based on the same geometry as Case 

3, but with a volumetric flow rate of 7.3dl/min, a rotational speed of 2000rpm and a power output of 604W 

in order to match the preliminary experiment. The fluid inlet temperature was 59°C. This time an aluminum 

alloy, namely EN AW-6060, was used as the rotor material. The lower rotation resulted in a thicker film of 

0.92mm, as shown in Appendix B along all the other values and boundary conditions. The solid temperature 

was measured 0.5mm from the wall surface interface. 

4.3 Assumptions 

 The air in the rotor is laminar and does not affect the fluid film. 

 For the 2D model the fluid film thickness is constant. 

 The heat flux/temperature distribution is homogeneous. 

 The rotor geometry, and the flow of the oil on the inner surface of the rotor, is perfectly axis-

symmetrical.  

 The inner surface of the rotor is parallel to the rotation axis.  

 The outlet holes in the rotor are large enough to not disturb or impede the flow.  

 An analogy between open channel flow driven by gravity and the flow on the inner surface of the 

rotor, which is driven by the centrifugal force, is assumed. 

 The oil flow will behave as a sub-critical flow that reaches critical conditions near the outlet. 

 Smooth wall surface (no roughness). 

 No evaporation, condensation or boiling of the fluid occurs. 

 Natural convection and radiation does not affect the cooling 
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 Results and Discussion 

5.1 Analytical Solution 

The results from the film thickness calculations, based on the equations presented in section 2.3, are 

presented in Table 9 and Table 10. The thickness at the inlet, where the spray was initially spread on the 

wall, is referred to as the maximum film thickness in the tables, since 𝑦(𝑥 = 0) = 𝑦𝑚𝑎𝑥. Figure 27 and 

Figure 28 shows that the results of the open-channel flow calculations provided a thinner fluid film than for 

the ones for the lubrication theory, both figures applies for the rotational speed 6000rpm and the rotor 

length 0.2m. Figure 27 shows how the film thickness changed with the volumetric flow rate. In Figure 28 

the film profile for the volumetric flow rate 10dl/min can be seen. 

 

Figure 27 Film thickness at 6000rpm, 72°C and a rotor length of 0.2m 

 

Figure 28 Comparison of the film thickness profiles at 10dl/min, 6000 rpm, 72°C and a rotor length of 0.2 m  

Table 9 presents the thickness for the case when the oil was divided in the middle of the rotor and split into 

two flows with opposite directions. The inlet was positioned at x = 0 and the outlets at x = ±
L

2
. The 

calculations were based on open-channel theory. The results in Table 9, corresponding to the situation in 

Figure 29, were in other words based on half of the rotor length, i.e. 0.1m and 50% of the volumetric flow 

rate was considered. The oil property values and the thicknesses were valid for the temperature 92°C and 

the rotational speed 6000rpm. 

Table 10, which displays the results for the second case when the fluid film had one common direction was 

based on the lubrication theory equations and had a total rotor length of 0.2m, for this case the inlet was 

positioned at x = 0 and the outlet at x = L. The calculations were based on a temperature of 72°C, the 

rotational speed 6000rpm and the total volumetric flow rate as in Figure 30. The boundary condition 𝑦(𝑥 =

𝐿) = 𝑦𝑐 resulted in a thicker fluid film the longer the rotor length was, since it was built up from the outlet 
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and along the length of the rotor. The film would therefore be thicker for Case 3 and Case 4 compared to 

the previous cases, which had a shorter fluid film span due to the split in the middle of the rotor.  

 

Figure 29  Split of the fluid film in Case 1 and Case 2 

Table 9 Initial film thickness for L=0.1m and T=92°C at 6000 rpm. 

 

 

 

 

 

 

 

 

 

Figure 30 Illustration of the fluid film for Case 3 and Case 4 

Table 10 The Lubrication initial film thickness for L=0.2 m, T=72°C and 6000rpm 

 

 

 

 

 

 

 

 

5.2 Three Dimensional Models  

5.2.1 Case 1 (3D) 

It was difficult to get the VOF model to converge, regardless of this it was allowed to run in order to get a 

model that could be examined. One of the few simulations that did not diverge during this study, is 

Total Volumetric 

Flow Rate 

[dl/min] 

Maximum film 

thickness at x=0 

[mm] 

Average 

velocity 

[m/s] 

2 0.22 0.027 

4 0.26 0.046 

6 0.29 0.061 

8 0.31 0.076 

10 0.33 0.090 

Total Volumetric 

Flow Rate 

[dl/min] 

Maximum film 

thickness [mm] 

Average 

velocity 

[m/s] 

2 0.38 0.031 

4 0.46 0.052 

6 0.51 0.070 

8 0.54 0.088 

10 0.57 0.10 
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presented below. This model was not run more than 27000 iterations since it was obvious that it was not an 

appropriate model for simulating this case. Not only was it unfitting, it was also very heavy and time 

consuming, which was one of the reasons why it was decided that another multiphase model should be 

focused on. The solution time in Figure 31, represents the physical time after 27000 iterations, however 

when simulating it took at least a couple of weeks to come to this moment of time, with the capacity of 1 

CPU. 

Even though the VOF method would probably be a good method to simulate the fluid film, since it is a 

free surface, the simulations using this physical model did not converge. Figure 33 clearly shows that the 

residuals rose after less than 30 iterations. The residuals in this case were not good at all, the momentum 

residuals didn’t respond very well to the rotation, the continuity and oil phase residuals didn’t behave ideally 

either. This is probably also due to the mesh size, which was much larger than the oil droplets within the 

control volumes. A suitable grid when using the VOF model, as the one in Figure 13b, would require a 

refinement of the mesh with at least three cells across each droplet in order to converge. Whereas the grid 

used in this study was more similar to the unsuitable grid in Figure 13a, this caused a diffusive character of 

the liquid when it was sprayed in to the rotor.  

The particles were separated and the volume fraction of the phase was approximately 20%, as in Figure 31, 

the convective courant number was also too high closer to the rotor wall and the outlet, as shown in Figure 

32. But due to the fact that the model was already too heavy and therefore slow, a refinement of the grid 

would be impossible with the available computational capacity and the time limit of the thesis. The number 

of iterations, 5 iterations per time step, might have not been sufficient for the VOF simulation which 

generally requires more iterations.  

   

Figure 31 The volume fraction of the VOF model after a solution time of 5.398 s 

 

Figure 32 The Convective Courant Number  
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Figure 33 Residuals for VOF model 

5.2.2 Case 2 (3D) 

The simulation for the second 3D case did not converge, it was stopped at a solution time of approximately 

1.4s, as shown in Figure 37. The volume fraction of the Lagrangian phase, phase 1 which represented the 

oil that was sprayed in, can be seen in Figure 34. The volume fraction was below the tolerated maximum 

volume fraction and the periodic boundary conditions for this phase worked without any visible 

complications, these two factors are therefore not the reason for the divergence.  

The fluid film thickness in Figure 35 did not seem to respond very well to the periodic boundaries at the 

edges, and might have been the reason for the simulation difficulties.  

The fluid film thickness in Figure 36 did not behave physically correct since the solution had diverged at 

that point. The closer the film came to the outlet, the more the film momentum residuals increased. The 

cause for this was not localized, but different explanations are possible. The first probable cause for the 

divergence is that the periodic boundary mesh which must be 100% symmetric in order to work, might not 

have been. This could however not be verified since the mesh was automatically generated by STAR-CCM+ 

while pre-processing. Another reason might be that the volume mesh closer to the outlet was not fine 

enough to provide a converged solution. It might also be possible that the time step must have been even 

lower, in order for the periodic boundaries to work properly with the fluid film multiphase model.  

The heat source which was set to a constant temperature of 373.15K rose to a temperature higher than 

400K, as seen in Figure 38. This was followed by the overshoot of the minimum fluid thickness shown in 

Figure 39. However the maximum film thickness, presented in Figure 10, did not overshoot, even though 

it had not yet reached a stable solution at the time of the divergence.  
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Figure 34 Volume fraction of the Lagrangian oil phase 

 

Figure 35 Fluid film thickness for the physical time 1.1s 
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Figure 36 Fluid film thickness for the physical time 1.4s 

 

Figure 37 Residuals for the first Lagrangian- and fluid film multiphase model 
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Figure 38 Plot of temperature of maximum fluid film  

 

Figure 39 Plot of thickness of minimum fluid film 
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Figure 40 Plot of thickness of maximum fluid film  

5.2.3 Case 3 (3D) 

The third 3D case did not include periodic boundaries, this separated the model from the second case and 

resulted in a more stable solution. Case 3 was also based on a larger mesh size than Case 2, which according 

to prior experience should destabilize the simulation, despite this Case 3 was more stable than Case 2. This 

indicates that the periodic boundary condition in Case 2 was the main reason for the overshoot.  

However even if the geometry and the rotational movement for Case 3 were 4-folded axisymmetric, the 

fluid film thickness was not. The fluid film thickness had a striped contour, as in Figure 41, which was not 

a physically correct behavior. This did not agree with the analytical film thickness profile in Figure 28, which 

was thickest at the inlet and then gradually decreased as it reached the outlet. Instead the fluid height was 

wavy closer to the outlet. 

The effect of gravity was neglected since it was much smaller than the centripetal acceleration, and was 

hence not the reason for the error causing the uneven film distribution. A constant film thickness was 

initialized at the time 0s. This should not, according to CD-adapco’s support (2014), have caused any 

problems. However due to the coarser grid closer to the outlet, this might have caused the uneven film 

thickness, the stripes and the unphysical behavior at one side which is clearly visible in Figure 42. The 

volume fraction in Figure 43 was below the tolerated maximum volume fraction, and should therefore not 

have been the cause for these problems. The residuals were rather stable considering the large grid size, 

nonetheless a smaller mesh would have been necessary for a more accurate solution. The residuals slighly 

increased as shown in Figure 44.  
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Figure 41 Fluid film thickness scene 

 

Figure 42 Visualization of uneven fluid film thickness distribution 

 

Figure 43 Volume fraction of the Lagrangian particles’ phase 
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Figure 44 Residuals for the second Lagrangian- and fluid film multiphase model 

5.2.1 Comparison of Case 2 (3D), Case 3 (3D) and Analytical Solutions 

Comparisons of the analytical film thicknesses and the 3D Lagrangian models’ solutions are presented in 

Figure 45 and Figure 46. It is important to recall that the solution for Case 2 was not entirely converged, 

however the value of the fluid film thickness is compared to the other results in order to give an indication 

if it was reasonable or not. The solution of Case 3 provided the thickest film thickness, with an order of 

magnitude of 10−3m, while Case 2 presented a film thickness with the same order of magnitude as the 

analytical film thicknesses, i.e. an order of magnitude of 10−4m. The maximum film thickness of the 

analytical solutions, one based on Lubrication theory and the other on Open-Channel theory, are plotted in 

Figure 45 and Figure 46.  

Figure 45 compares the analytical maximum film thicknesses to the maximum thicknesses provided by the 

3D CFD-models. Whereas a comparison of the surface averaged film thickness of the 3D models are 

compared to the maximum analytical film thicknesses in Figure 46. The solution for the surface average film 

thicknesses from the 3D models were of the same order of magnitude as the maximum theoretical film 

thickness. Therefore, it was reasonable to approximate the average film thickness for the 2D heat transfer 

models with the analytical maximum film thickness. 
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Figure 45 Comparison of maximum film thicknesses 

 

Figure 46 Comparison of analytical maximum film thicknesses and surface average film thicknesses 

5.3 Two Dimensional Models 

The 2D models were based on the analytical solutions of the fluid film thickness. In Case 3 the fluid film 

thickness was also based on the thickness provided by the two 3D models, which were assumed to be 

constant. 
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5.3.1 Mesh Dependency 

The mesh was according to Figure 47 fine enough when the base size was 0.0005m, it could even have been 

doubled without causing any substantial errors. The figure shows the temperature of the solid at the interface 

resulting from three different grids with three different base sizes.  

 

Figure 47 Solid temperature at the interface for different base sizes  

5.3.1 Mass Flow Inlet versus Velocity Inlet 

The model used for simulating the mass flow inlet model, which was compared to the velocity inlet model, 

was three dimensional as in Figure 48. Figure 49 shows that the assumption made when calculating the 

average velocity was correct and that it corresponded to the associated mass flow rate, since both models 

provided the same solution.  The residuals for the 10dl/min case are shown in Figure 50, in order to visualize 

how the residuals generally behaved for the 2D models, since they were all similar. 

 

Figure 48 Geometry for the model used when simulating the mass flow inlet model  
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Figure 49 Comparison of velocity inlet and mass flow inlet for the solid interface temperature 

 

Figure 50 Residuals for 2D models 

5.3.2 Case 1 (2D) 

Figure 51 presents the temperature distribution along the x-axis attained from the CFD simulations when a 

constant temperature heat source is applied at the boundary of the bottom wall, where x=0m is the centered 

inlet and x=0.1m is the position of the outlet. The fluid film thickness was varied from 0.22mm to 0.33mm 

with the corresponding flow rates.  It can be observed that the thinner films transferred energy more 

efficiently compared to the thicker films. However, Figure 52 shows that the higher flow rates, and hence 

the thicker films, provided a higher cooling power. This is due to the fact that the thinner films became hot 

faster, as seen in Figure 51, and for that reason could not cool the rotor closer to the outlet. However even 

the maximum flow rate, 10 dl/min, which was investigated, did not provide sufficient cooling at the outlet. 
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Figure 51 Temperature of fluid along the x-axis 

 

Figure 52 Cooling power of the film as a function of volumetric flow rate 

The average heat transfer coefficients for the different flow rates were calculated as in Equation 7. The 

results are presented in Figure 53, for which the plot does not seem to present an obvious relation between 

the heat transfer coefficient and the volumetric flow rates. The average heat transfer coefficient depends on 

the ratio of the cooling power and the log-mean temperature difference, which both increased with the 

increasing flow rate. The increase of the log-mean temperature difference is plotted in Figure 54.  
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Figure 53 Average heat transfer coefficient as a function of the film thickness 

 

Figure 54 Logarithmic mean temperature difference of the fluid as a function of the flow rate 

The results from the log-mean temperature, Equation 9, should behave linearly. Nevertheless the first value 

which corresponds to the flow rate 2 dl/min, is higher that it ought to be, since the equation is ill-

conditioned. This means that the output value of the function is sensitive and changes considerably for a 

small change in the input argument. Due to this sensitivity, large errors can occur when two different orders 

of magnitude are used to calculate the log-mean temperature difference. This is the case for the flow rate 

2dl/min where the outlet mean temperature and the surface temperature differs with an order of magnitude 

of 10−4°C, while the inlet temperature and the surface temperature differs with an order of magnitude of 

10°C. Therefore, utilizing Equation 7 which depends on Equation 9, to estimate the average heat transfer 

coefficient, is not an accurate way to do so for cases where the volumetric flow rate is low. The first value 

in Figure 53, for the film thickness 0.22mm, should according to the discussion above have been higher 

than the other values in the plot. This would mean that the heat transfer coefficient should have decreased 

exponentially with the flow rate. 
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5.3.3 Case 1 (2D) compared to Case 2 (2D) with Temperature Boundary 

Condition 

Figure 55 shows the temperature distribution of the fluid for the film thickness 0.22 mm and the volumetric 

flow rate 2dl/min. A zoomed in picture of the temperature profile of the fluid film is also presented in 

Figure 55. The handmade calculations and the simplified CFD model of the fluid strip, Case 1 (2D), were 

well-matched. The conjugate heat transfer model which included both the film and the solid rotor, i.e. Case 

2 (2D), is visualized in Figure 56. 

The graphs representing the temperature distribution results for Case 1 (2D), Case 2 (2D) and the analytical 

solution are plotted in Figure 57. The figure shows that the fluid temperature for Case 2 (2D) was lower 

than for both Case 1 (2D) and the analytical calculation, until approximately 7cm from the rotor inlet where 

the fluid film reached the same temperature as the previous models. 

 

Figure 55 Temperature for Case 1 at 2dl/min with a 100°C temperature heat source  

 

Figure 56  Temperature for Case 2 at 2dl/min with a 100°C temperature heat source  

 

Figure 57 Temperature distribution in the liquid region for a film thickness of 0.22 mm at 2dl/min  

In theory the wall is supposed to preserve a wall temperature of 100°C as in Figure 58a, however if plotting 

the wall temperature for Case 2 (2D), as in Figure 58b, it is obvious that the solid wall temperature had a 
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lower temperature than 100°C at the interface where the solid and fluid regions met. This can obviously be 

seen in Figure 56, as well as in Figure 57, and was clearly due to a cooling influence of the wall that the 

simulation model took into account. The temperature of the fluid must therefore have decreased when 

simulating a steady state case, especially if the heat transfer coefficient was high. This effect was neglected 

when only simulating the fluid, for which the model presumed a constant temperature along the whole wall. 

Hence the difference between the conjugate heat transfer graph for Case 2 (2D) and the other two graphs 

which were closely matched to each other.  

 

Figure 58 Temperature distribution for the a) Theoretical case b) Conjugate heat transfer case at 2dl/min 

This was even more obvious for the 10dl/min case shown in Figure 59, since the fluid film was not heated 

as quickly. Not even Case 1(2D) was close to the analytical results when the volumetric flow rate was high 

and the film thicker. 

 

Figure 59 Temperature distribution in the liquid region for a film thickness of 0.33 mm at 10dl/min 

The temperature of the solid interface, for the 10dl/min conjugate heat case, never actually reached 100°C 

since the cooling of the liquid was so efficient. This is clearly seen in Figure 60 and Figure 61. Figure 61 

shows the temperature in the fluid film and the solid, it can noticeably be seen that it is cooler closer to the 

inlet than it is at the outlet. The surface temperature is hence not only less than 100°C, it is not even constant. 

Case 1 (2D) is therefore inappropriate to simulate the cooling of a rotor with a wall thickness of 7.5mm, 

since the temperature gradient in the rotor itself is neglected. A model included the rotor is necessary to get 

a fair image of the rotor cooling, which provides an idea of the cooling of the magnets. Therefore, the 

subsequent models will all include the solid region representing the rotor. 
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Figure 60 Comparison of fluid and solid temperature for case 2, when the flow rate is 10dl/min and                                                              
a constant temperature heat source of 100°C  

 

Figure 61 Temperature for Case 2 with a 100°C temperature heat source at 10dl/min  

5.3.4 Case 2 (2D) with constant Heat Flux Boundary Condition 

In practice, the heat source is not a constant temperature, but a constant heat flux. Therefore a heat flux 

boundary condition with a CFD model including the rotor was applied to all the remaining 2D cases. The 

temperatures along the rotor wall at the solid interface are plotted in Figure 62 for different volumetric flow 

rates. As previously mentioned, the temperature increases faster for the thinner layer of fluid, due to lower 

thermal mass of the film. It is observed that the temperatures in the system including both the fluid and the 

solid became lower when cooled with higher flow rates of oil. The temperature at the outlet approached a 

value of approximately 77°C, but did not cool much more than that even if the flow rate was increased 

further.  

The local heat transfer coefficients and the average heat transfer coefficients were calculated with Newton’s 

Law of cooling in Equation 6. Figure 63 shows that the local heat transfer coefficient was higher for the 

lower flow rate, which in turn had a thinner film thickness and a faintly lower velocity, and lower for the 

thicker films which had a higher volumetric flow rate. Figure 63 shows that the heat transfer coefficient for 

the lower heat transfer rates were lower closer to the inlet, and higher at the outlet. This variation along the 

wall is not correct; it is due to the fact that the heat flux was assumed to be constant when using Newton’s 

Law of cooling to calculate the coefficients. This assumption is hence not accurate. The plot shows that the 

heat flux at the fluid interface is not constant, the heat transfer coefficient can therefore not be calculated 

based on the available temperatures. Figure 63 also shows that this was not the case for high flow rates, the 

maximum flow rate 10dl/min provided approximately the same heat transfer coefficient along the rotor 

wall. Since the local heat transfer coefficient varied along the axis, the average heat transfer coefficient based 

on the average fluid and surface temperatures, and how it changed with the flow rate is presented in Figure 

64. It can be seen here that the heat transfer coefficient decreases with higher flow rates, such as for the 

constant surface temperature case.  
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Figure 62 Solid temperature at the interface 

 

Figure 63 Local heat transfer coefficient along the length of the rotor 
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Figure 64 Heat transfer coefficient as a function of volumetric flow rate 

5.3.4.1 Influence of Solid Material Properties 

Figure 65 compared the temperature of the solids for four different solid materials at the bottom wall. It 

clearly shows that the stainless steel did not distribute the dissipated energy evenly, it was therefore 

considered less suitable than the other solid materials. The rest of the solids, with a higher thermal 

conductivity, provided a more even distribution of the heat in the rotor and were therefore able to reach a 

slightly lower maximum temperature. The aluminium alloy was almost as good as the pure aluminium, but 

cheaper. It is therefore the recommended material for a rotor in an Electric Motor. Still, the temperature 

difference between the aluminium alloy and stainless steel at the outlet, where the temperature difference is 

the largest, only differs with approximately 1.5°C. This difference might not be large enough to compensate 

for the cost if the stainless steel would be cheaper. In practice all four materials would be applicable and 

able to provide good enough results. Copper provided a slightly more homogeneous distribution of the 

heat, but is much more expensive.  

Figure 66 shows the temperature distributions of the oil and how the rotor wall was heated from the bottom, 

where the heat flux boundary condition was applied, to the top where the interface to the fluid was located. 

In this figure it is obvious that the conductive property of the stainless steel is not adequate, since the 

material does not let the heat pass through the rotor bottom wall to the surface interface which is coated 

with the fluid film, and does therefore not allow a cooling as efficient as the other materials. However as 

previously mentioned, the temperature difference is not large enough to make a significant difference in 

practice.  
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Figure 65 Comparison of the temperature at the bottom wall of the solid 

 

 

 

Figure 66 Heat distribution in the solid and fluid for different materials 

5.3.5 Case 3 (2D) 

A comparison of the temperature distribution and heat transfer coefficients for the different models are 

presented in Figure 67 and Figure 68. The 3D models’ maximum film thicknesses were simulated in 2D 

assuming a constant film thickness. The results were are compared to 2D conjugate heat transfer models, 
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such as the ones in Case 2 (2D) but with a length of 0.2m, which were based on analytical fluid film 

thicknesses. Newton’s law of cooling was once again used to calculate the average heat transfer coefficient. 

The maximum difference of the thicknesses resulted in a temperature difference of 1.5°C at both the inlet 

and the outlet. However, the results for the heat transfer coefficient in Figure 68 shows a difference of 

approximately 650W/m2/K, between the 2D model with a fluid film thickness based on open-channel 

theory and the three dimensional model in Case 3 (3D). A 3D two-phase model of the fluid film can 

therefore not be replaced with a one-phase 2D model, if the heat transfer coefficient is essential in the 

research. The temperature difference between the fluid and the solid is shown in Figure 69, it can be seen 

that the temperature difference increases with a thicker fluid film, which explains why the heat transfer 

coefficient decreases for thicker films. The heat flux was assumed to be constant in the calculations.  

However if the need is only to approximate the temperature in the system and to investigate the performance 

by doing parameter sweeps, a simplified one-phase model would be sufficient. It is too early to say if the 

2D models are good enough for investigating the cooling.  In order to confirm their validity full 3D models, 

including the rotor and the heat transfer, as well as additional experiments must be conducted. Assuming a 

homogenous distribution of the fluid film, a 2D model should in theory be adequate to simulate the cooling 

in the solid part of the model, however the fluid film itself must be further investigated. The method using 

a 3D model as a base for the 2D heat transfer model should be a reasonable approach, as long as the fluid 

film thickness and its profile and velocity are correctly assumed.   

 

Figure 67 Solid interface temperature for different models (10dl/min) 
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Figure 68 Average heat transfer coefficient for different models (10dl/min) 

 

Figure 69 Solid and fluid temperature difference  

5.3.5.1 Comparison of Case 2 (2D) and Case 3 (2D) 

In the beginning of the project the design of the motor was in agreement with Case 2 (2D), where the inlet 

is positioned at the center and the outlets at two opposite sides. However, the design was later changed to 

the setup presented in Case 3 (2D), in order to match the experimental rig. The two cases are compared in 

Figure 70. The thickness was based on the film thickness provided by the open-channel theory, where the 

thickness for the 0.1m long rotor is thinner than for the 0.2m rotor. The plot shows the case for the 

volumetric flow rate 10dl/min, a rotational speed of 6000rpm and a constant heat flux at the bottom surface 

wall of 2122W/m2. Case 2 (2D) provided a slightly greater cooling of the rotor compared to Case 3 (2D), 

even if the volumetric flow rate was identical. The temperature difference of the maximum temperature for 

the two cases was slightly less than 0.5°C. This is due to the fact that Case 2 (2D) had a thinner film than 

Case 3 (2D), since the oil was split up in the middle, which caused a quicker heating of the fluid film. Since 
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the difference of the temperature is negligible, both cases are endorsed for future experiments. However 

Case 3 (2D) is easier to construct and is therefore recommended.  

 

Figure 70 Comparison of solid temperature 0.5mm from the interface for two different experimental setups 

5.3.1 Preliminary Experiment 

In this paragraph preliminary experimental results are compared to a 2D-model. The experiments were 

conducted by two master students at Volvo Group Trucks Technology in Gothenburg. The plot in Figure 

71 is valid for the flow rate 7.3dl/min, a total power of 604W and the rotational speed 2000rpm. The 

experiment was initially transient, but since the temperature gradient was linear between two points, it was 

considered steady state during that moment in time. This means that the fluid film distribution in this case 

was probably different from a 100% steady state case, since it would previously have been either higher or 

lower. The experiment was not ideal for a comparison with the 2D CFD model since problems such as 

leakage occurred, however a comparison was made just to see if the 2D model might be applicable in the 

future. Moreover the real film thickness should have been thinner closer to the outlet and thicker at the 

inlet, this film thickness variation was yet again not included in the 2D model. The thinner film closer to the 

outlet for the experiment, might have been the cause for the greater cooling in this area. The 2D model did 

not provide a good approximation of the temperature in the rotor 0.5mm from the wall, where the 

measurement points were placed for the experiment. Future experiments, as well as additional 3D two-

phase models for different rotational speeds and volumetric flow rates, are needed in order to decide if the 

2D one-phase models can replace full 3D two-phase models or not. 

 

Figure 71 Preliminary experiment compared to 2D model  
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 Conclusion 

This study investigated different CFD models, including both fluid dynamics and heat transfer in order to 

simulate the cooling of a rotor in an electric motor, by using an oil spray which coats the rotor inside walls. 

The purpose of the oil flow was to extract heat from the inner surface of the rotor in order to cool the 

magnets mounted on the rotor’s outer wall. In the beginning of the project it was suggested that 3D heat 

transfer models could be compared to the 2D models in order to confirm their validity, however these 

complex 3D models required a high resolution mesh and a long computation time, which was not feasible 

in the time-limit of this thesis. The fluid film thickness was therefore simulated with three 3D two-phase 

models, and compared to analytical solutions of the fluid film thickness. The reason the fluid film thickness 

was important to this study, was because it is critical to the heat transfer rate. Furthermore the fluid film 

thickness was not measured during the experiment and was therefore not known.  

The three 3D multiphase models in STAR-CCM+, which were investigated are VOF, Lagrangian 

multiphase and Fluid Film multiphase. The aim was to find an appropriate model to simulate the spray of a 

cooling oil which is pushed in to the inside of the rotor wall, in the Electric Motor, with the help of the 

centripetal force. The oil which is spread along the wall cools the rotor, which in turn prevents the magnets 

from overheating. The three-dimensional multiphase models were used to acquire the fluid film thickness, 

which is needed when simulating the heat transfer in the rotor. The advantage of the VOF model was that 

it is appropriate for simulating free surface flows. However the disadvantage was that the required mesh 

size should have been smaller than the oil particles from the spray, otherwise, such as in this case, the model 

provided a diffusive result which was not physical. This limitation was greater than the advantage, 

particularly in this case when the simulation of a spray was also needed. The solution did not converge due 

to the insufficient mesh size, even though the mesh base size for the VOF model was of an order of 

magnitude 10−1m smaller than for the other two 3D models. Two models combining the Lagrangian 

multiphase with the Fluid Film multiphase were also investigated. The Lagrangian multiphase simulated the 

spray and the Fluid Film model represented the fluid film propagation on the inside of the rotor wall.  The 

advantage of the Lagrangian multiphase was the lightness of the model, and the fact that it followed the 

particles of the spray and did not need a small mesh, this resulted in a quick solution. The Fluid Film model 

on the other hand was more time consuming, especially when adding rotation. It also needed a rather fine 

mesh compared to the Lagrangian model in order to be accurate. The first combination of these two models, 

included periodic boundaries since a lighter model was preferred. However the periodic boundaries seemed 

to cause convergence problems, a second Lagrangian multiphase model combined with a Fluid Film model 

without periodic boundaries was therefore created. This model, referred to as Case 3 (3D) in the study, was 

more stable. Nonetheless the mesh was too coarse to give a fine accurate solution. The fluid film thickness 

from both the combination models, Case 2 (3D) and Case 3 (3D), were compared to analytical solutions 

from the fluid film thickness based on lubrication theory and open-channel theory. This evaluation showed 

that the surface average fluid film thickness provided by the 2D two-phase models, were in the same order 

of magnitude as the maximum film thickness of the analytical solutions. Hence this was the film height 

which was used for the 2D heat transfer models. However this assumption is not confirmed as correct yet, 

to do so further investigations and experiments must be performed. The main difference between the 3D 

fluid film thickness and the 2D analytical film thickness was that the analytical solutions neglect the 

rotational velocity component. This component obviously effects the film distribution and should therefore 

not be ignored if possible in future calculations of the fluid film.  

The first 2D model, Case 1 (2D), only investigated the liquid film and its temperature distribution along the 

rotor wall, while the second one, Case 2 (2D) and Case 3 (2D), included the solid wall of the rotor. Both 

cases had a constant pre-defined film thickness, which was varied in order to explore the heat transfer 

depending on the oil flow and its corresponding thickness. The 2D heat transfer models showed that it is 

necessary to include the rotor wall when simulating the temperature of the fluid film thickness, a model 

including only the film will not give a realistic result of the film temperature. Case 2 (2D) showed that a 

volumetric flow rate of 10dl/min provided the best cooling power of the flow rates that were investigated, 
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since the cooling power amplified with higher volumetric flow rates. However, a flow rate higher than 

10dl/min would have provided an even greater cooling. The lower flow rates resulted in a higher 

temperature of the rotor, even if a thicker layer implies a lower heat transfer in the oil. The higher the flow 

rate, the greater the cooling power. The temperature in the system decreased with the flow rate. The heat 

transfer coefficient also reduced with an increased volumetric flow rate. This applied for both the constant 

temperature case, and the constant heat flux case. 

Parameter sweeps investigating different solid materials with dissimilar properties, showed that rotor 

material is not essential. The temperature difference was only 1.5°C, which is not a significant difference, 

however aluminum alloy was recommended due to its high conductivity and reasonable price. A comparison 

of Case 3 (2D) and Case 2 (2D) showed that the temperature for Case 2 (2D) was only 0.5°C lower than for 

Case 3 (2). Therefore the concept which is practical and easiest to construct is recommended, according to 

Volvo’s experience Case 3(2D) was simpler to build. 

The 3D model in Case 3 (3D) resulted in a film thickness twice as thick as the film thickness provided by 

the open-channel theory analytical solution. When using these film thicknesses as a base for the 2D heat 

transfer model, this resulted in a maximum temperature difference of 1.5°C in the solid wall of the rotor. 

This might not seem as a great a difference, but the average heat transfer coefficient was approximately 70% 

higher for the 2D model based on the open-channel theory thickness, compared to the thicker thickness 

from Case 3 (3D), since the temperature difference increased with a thicker film thickness. This error is not 

negligible. The analytical solutions for the film thickness are therefore not considered close enough to the 

film thickness from the 3D multiphase models for this type of heat transfer investigation. In order to find 

out if the analytical calculations or the CFD film thicknesses correspond to the real film thickness, more 

experiments are necessary.  

The experiment conducted by Volvo Group Trucks, which was supposed to match the multiphase CFD 

simulations, ended up in a completely different case due to some obstacles. Therefore the 3D simulations 

could not be compared to it. The 2D model which was compared to the experiment was therefore based 

on an analytical film thickness. The results in Figure 69 showed that the solid wall temperatures provided 

by the 2D model were not correlated to the preliminary experimental data except for the first 2.5 cm of the 

rotor, which is not sufficient. Due to the complications during the experiment, such as leakage and 

evaporation, it is too early to dismiss the 2D model based on the analytical solution of the fluid film 

thickness. It is therefore not possible to conclude if a one-phase model can be replaced by a two-phase 

model yet. Nonetheless the method of using a 3D model as a base for a 2D heat transfer model is reasonable, 

provided that the fluid film thickness is correct.   

6.1 Proposal for Future work 

Additional 3D two-phase models with finer mesh must be simulated, and more experiments need to be 

conducted, in order to decide if the 2D one-phase models are a good enough to estimate the heat transfer 

rate when investigating in the cooling of a rotor. Other ways of approximating the film thickness should be 

investigated; future calculations including the rotational component are preferred. A heat transfer 2D model 

with a correct fluid film profile, which does not assume that the film thickness is constant, is recommended. 

Another approach would be to study how well the fluid film multiphase model alone matches the 

experiment. 

Since the magnets are assumed to only dissipate heat in to the rotor, and not out to the surrounding 

components, it would also be preferable to include the stator and possibly air cooling as well in a simplified 

future CFD model. Oils with lower viscosity and other properties, which are not compatible for lubrication 

purposes, should also be investigated since it could provide a greater cooling. In this study the electro-

magnetism is neglected, only the resulting heat losses are considered as a constant heat flux along the rotor 

outer wall, and also as a constant surface temperature heat source, however further investigations of the 

magnetic field and the position of the poles should be carried out. 
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APPENDIX A 

Properties of the Oil, Air and the Solid 

In the three dimensional simulations, the fluid film model required constant oil properties, the ones chosen 

can be seen in Table 13 and represent the properties at 70℃. The Lagrangian phase was hence also modelled 

with constant oil properties, even though it can handle varying fluid properties, in order to match the fluid 

film model.  

Table 11 Properties of the oil for 3D models (Hagstedt, 2014) 

Dynamic viscosity [Pa ∙ s] 0.011834 

Density  [kg/m3] 820.0817 

Specific heat capacity [J/kg ∙ K] 2077.058 

Thermal conductivity [W/m ∙ K] 0.131864 

 

The air temperature is set to the same temperature as for the oil, neglecting the energy transfer between the 

oil and the air. The VOF-model was modelled with the varying oil properties presented in Table 14, which 

are used for the two dimensional simulations. The air is always modelled with the ideal gas model. 

Table 12 Variable oil properties used in 2D models and VOF (Hagstedt, 2014) 

Oil properties Equations 

Dynamic viscosity [Pa ∙ s] ν =   e(−1.612780981−0.051250279∙T+ 0.000155818∙T2) 

Density  [kg/m3] ρ = 864.328071 − 0.624086175 ∙ T − 0.000114349 ∙ T2 

Specific heat capacity [J/kg ∙ K] cp = 1820.306276 + 3.668076738 ∙ T − 2.73673 ∙ 10−6 ∙  T2 

Thermal conductivity [W/m ∙ K] k = 0.137105815 − 7.75251 ∙ 10−5  ∙ T + 3.78396 ∙ 10−8  ∙ T2 

 

Case 1 and 2 have the material properties for a rotor of stainless steel (UNSS30200), while for case 3 and 4 

the rotor has the properties of an Aluminum alloy presented in Table 15. The specific heat for the alloy (EN 

AW-6060) used by the experiment is not provided and will therefore be set to the same value as for pure 

aluminum, i.e. 903 J/kg/K (CD-adapco, 2014). The thermal conductivity is in fact 200-220W/m/K (Nedal 

Aluminium, 2014), therefore the value 210W/m/K was used in the simulations. 

Table 13 Solid material properties (CD-adapco, 2014a; Nedal Aluminium, 2014) 

Solid Material Thermal conductivity  

[W/m-K] 

Specific heat  

[J/kg-K] 
 

Density  

[kg/m3] 

Stainless steel 

UNSS30200 

15.1 480.0 8055.0 

Cupper  

(Pure) 

398.0  386.0  8940.0  

Aluminium  

(Pure) 

237.0 903.0 2702.0 

Aluminium  

(EN AW-6060) 

210 903.0 2700.0 
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APPENDIX B 

Boundary Conditions and Initial Conditions  

3D Case 1 

Table 14 The periodic boundary conditions for case 1 

Boundary Condition Name Boundary Condition Type Value 

Inlet Velocity inlet Velocity Temp. Volume 

Fraction 

1.6 m/s 343.15 K 0.999 oil 

0.001 air 

Outlet Pressure outlet Pressure Stat. Temp. Volume 

Fraction 

0.0 Pa 300.0 K 0.0 oil 

1.0 air 

Outlet Wall Wall - 

Top Wall - 

Interface [Fluid/Solid] Wall - 

PB 1 Periodic boundary - 

PB 2 Periodic boundary - 

 

Table 15 Initial conditions for case 2 

Velocity [0.0, 0.0, 0.0] m/s 

Pressure 0.0 Pa 

Static Temperature 293.15 K 

Volume Fraction 0.0 Oil, 1.0 Air 

3D Case 2 

Table 16 The periodic boundary conditions for case 2 

Boundary Condition Name Boundary Condition Type Specification 

Inlet Surface injector Mass flow per 

injector 

Temp. Particle 

diameter 

1.7085∙ 10−3 

kg/s  

343.15 K 1.0∙ 10−6 

m 

Outlet Pressure outlet Pressure Stat. Temp. 

0.0 Pa 343.15 K 

 Top Wall No-slip 

Heat source (Shell region) Fluid-film Interface Flow split outlet 
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Table 17 Initial conditions for case 2 

Velocity [0.0, 0.0, 0.0] m/s 

Pressure 0.0 Pa 

Static Temperature 293.15 K 

Fluid film thickness 0 m 

3D Case 3 

Table 18 The periodic boundary conditions for Case 3 

Boundary Condition Name Boundary Condition Type Specification 

Inlet Surface injector Mass flow per 

injector 

Temp. Particle 

diameter 

3.417∙ 10−3 

kg/s  

343.15 K 1.0∙ 10−3 

m 

Outlet Pressure outlet Pressure Stat. Temp. 

0.0 Pa 300.0 K 

Outlet Wall Wall No-slip 

Lance (previously called “Top”) Wall Slip 

Heat source (Shell region) Fluid-film Interface - 

   

Table 19 Initial conditions for Case 3 

Parameter Case 3a Case 3b 

Velocity [0.0, 0.0, 0.0] m/s [0.0, 0.0, 0.0] m/s 

Pressure 0.0 Pa 0.0 Pa 

Static Temperature 293.15 K 293.15 K 

Fluid film thickness 0.0002 m 0 m 

2D Case 1 

Table 20 Boundary Conditions for Case 1 

Region Boundary Name Boundary Condition Type Specification 

Fluid Fluid Inlet Velocity inlet Velocity Temperature 

See Table 10 343.15K 

Fluid Fluid Outlet Flow split outlet Split ratio: 1.0  

Fluid Free Surface Wall Slip  

Fluid Heat Source Wall  No-slip, Temperature: 373.15 K 
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2D Case 2  

Table 21 Boundary Conditions when constant surface temperature BC 

Region Boundary Name Boundary Condition Type Specification 

Fluid Fluid Inlet Velocity inlet Velocity Temperature 

See Table 10  343.15K 

Fluid Fluid Outlet Flow split outlet Split ratio: 1.0  

Fluid Slip Wall Slip 

Fluid No slip Wall No-slip 

- Interface In-place - 

Solid Adiabatic Wall Adiabatic 

Solid Heat Source Wall Temperature: 373.15 K 
 

Table 22 Boundary condition values when constant heat flux BC 

Region Boundary Name Boundary Condition Type Specification 

Fluid Fluid Inlet Velocity Inlet Velocity Temperature 

See Table 10  343.15K 

Fluid Fluid Outlet Flow  Split ratio 1.0 

Fluid Slip Wall Slip  

Fluid No slip Wall No-slip 

- Interface In-place - 

Solid Adiabatic Wall Adiabatic 

Solid Heat Source Wall Heat Flux: 2122 W/m2. 

 

2D Case 3  

Table 23 Boundary conditions for 2D Case 3 

Region Boundary Name Boundary Condition Type Specification 

Fluid Fluid Inlet Velocity Inlet Velocity Temperature 

Presented in the 

Implementation 

343.15K 

Fluid Fluid Outlet Flow split outlet Split ratio 1.0 

Fluid Slip Wall Slip  

Fluid No slip Wall No-slip 

- Interface In-place - 

Solid Adiabatic Wall Adiabatic 

Solid Heat Source Wall Heat Flux: 2122 W/m2. 
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2D Case 4 – Preliminary Experiment  

Table 24 Experimental conditions  

 

 

 

 

 

Table 25 Boundary conditions for Case 4 

Region Boundary Name Boundary Condition Type Specification 

Fluid Fluid Inlet Velocity Inlet Velocity Temperature 

0.047m/s 332.15K 

Fluid Fluid Outlet Flow split outlet Split ratio 1.0 

Fluid Slip Wall Slip  

Fluid No slip Wall No-slip 

- Interface In-place - 

Solid Adiabatic Wall Adiabatic 

Solid Heat Source Wall Heat Flux: 10681.07 W/m2. 

 

Fluid 

temperature 

[K] 

Rotational 

speed [rpm] 

Total Volumetric 

Flow Rate 

[dl/min] 

Initial film 

thickness 

[mm] 

Average 

velocity 

[m/s] 

345.15 2000 7.3 0.92 0.047 
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