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Abstract 
 
In order to optimize the design of an enclosed induction machine of railway traction, a multi-
physical model is developed taking into account electromagnetic, mechanical and thermal 
flow phenomena. The electromagnetic model is based on analytical formulations and allows 
calculating the losses. The thermal flow modeling is based on an equivalent thermal circuit 
which has the feature to consider the flow structure inside the machine. In this way, a 
numerical study has been carried out to evaluate this internal flow structure depending on the 
rotational speed. The results of the multi-physical model are confronted with experimental 
results.  
 
Nomenclature 
 
ε Emissivity or Dissipation rate of turbulent 

kinetic energy, m2.s-3 

φ Heat Flux density, W.m-2 

σ Stephan-Boltzmann constant, 
σ = 5.67. 10-8 W.m-2.K-4 

Λ Permeance per unit area, H.m-2 

Bg Radial air-gap flux density, T 
Cp Specific heat capacity, J.kg-1.K-1 
ftmm Total magnetomotive force, A 
h Convective heat transfer coefficient, W.m-2.K-1 

k Turbulent kinetic energy, J.kg-1 

qm Mass flow rate, kg.s-1 
S Area, m2 

T Temperature, K 
 
Subscripts 
en Entrance 
ex Exit 
ref Reference 
w Wall 

 
 
1 - Introduction 
 
For the past few years, the major development of transports has been followed by growing 
concern for the respect of environment. Although railway transports have high energy 
efficiency, they also cause environmental hazards. It is then necessary to include the 
sustainable development from the moment of conception. It results in the consideration of 
numerous physical phenomena. Indeed, it is nonsense to consider each phenomenon 
separately: the electromagnetic optimum often differs from the thermal optimum, and vice 
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versa. Consequently, this study aims at emphasizing a conception methodology in the respect 
to the current will of economic and ecological optimization. Then, a multi-physical model has 
been developed in order to represent electromagnetic and thermal-flow phenomena in an 
enclosed induction motor of railway traction. This paper focuses on the thermal flow part of 
this multi-physical model. 
 
Numerous multi-physical models of electrical machines have been developed for the past few 
years. Most of them are based either on Finite-Element modeling [1] [2] or on analytical 
modeling [3] [4]. Although the model used for the optimization needs to meet a good 
compromise between calculation time, accuracy and malleability. As far as the electrical 
machines are concerned, the commonly used thermal approach is the equivalent thermal 
circuit. Models in literature are quite simple and consider simplified geometry. For instance, 
Puranen and al. [4] represent in their thermal model the induction motor as a cylinder. Then, 
the resulting temperatures correspond to mean values and no local information are available. 
The equivalent circuit in this study is finer than models in literature. Moreover, it takes into 
account the flow structure inside the machine. 
 
The motor studied in this paper is a railway traction induction motor with a squirrel cage. This 
kind of motor is mainly used in subways and electric tramways. The power of this motor is 
210 kW and the maximum rotational speed is 4500 rpm. In this enclosed motor, the air is 
imprisoned into the machine: it is never renewed. In order to allow air to circulate within the 
motor, a fan is attached to the shaft in one cavity and several ducts are bored into the rotor and 
the stator yoke. Then, some fresh air, propelled by an external fan, can circulate into these 
ducts (Figure 1). The flow structure in this kind of motor is particularly complex due to the 
confinement and the rotation. To be able to take into account this flow, a numerical study of 
fluid flow is carried out and is presented in the following paragraph. This numerical study 
also permits to determine some missing convective heat transfer coefficients. 
Then, the multi-physical model is described. In the fourth part, it is validated in comparison 
with experimental tests. Finally, a sensitivity study is presented. 
 
2 - Numerical study of fluid flow 
 
The numerical study has been firstly carried out with the CFD code Fluent© v.6.2 [5]. Three 
different rotational speeds (1500, 2200 and 4000 rpm) have been imposed in the simulations. 
 
2.1. Numerical model 
 
In theory, the Navier-Stokes equations perfectly describe the laminar and turbulent flows. But, 
in order to avoid solving the whole turbulence scales and then to reduce the computing time, 
the equations can be statistically averaged by introducing mean and fluctuating quantities. 
Then, the Reynolds Averaged Navier-Stokes (RANS) equations are obtained. They are similar 
to the original equations but some unknown additional terms of turbulence appear. These 
terms, called the Reynolds stresses or turbulent stresses, represent the fluctuating components 
of the turbulent flow and need to be modelled by additional equations: it is the “closure 
problem”. Various turbulence models are available with different complexity levels and 
specific features. The turbulence model which is used in this study is a model with two 
closing equations: the standard k ε model [5]. It presents two additional transport equations: 
one is concerning k the turbulent kinetic energy and the other one is relating to ε the 
dissipation rate of this energy. 
 



 

 
3 

An unsteady implicit formulation is applied. The discretization models are the standard model 
for pressure and first order upwind for the other equations. The shape of the grid close to 
walls imposes to use the standard wall functions: then, the viscosity-affected region is not 
resolved, instead, semi-empirical formulas are used to link the viscosity-affected region 
between the wall and the fully turbulent region. 
 
The sliding mesh technique had been applied in this study for the modelling of the air gap 
flow. This modelling consists in creating two distinct zones: one is linked to the rotor and the 
other one is attached to the stator. Both zones can slip on each other according to a grid 
interface. Consequently, an unsteady computation is carried out: after each time step, the rotor 
has slipped along the stator. This method enables to take into account unsteadiness resulting 
from rotation.  
 
The transient feature of this method results in a very expensive computing time. 
Approximately five and a half days in term of CPU time are necessary to carry out 1000 time 
steps by parallel processing using 8 processors (HP alphaserver GS1280 / 16 processors alpha 
EV7 – 1.15 Ghz / 32 Go memory).  
 
For symmetry reasons, the geometry can be limited to the quarter of the motor. As the interest 
lies in the flow structure, only air zones have been modeled. In order to ease the mesh 
construction and to improve the computing times, the whole curved profiles have been 
replaced by straight forms (Figure 2). Only the fan and the air-gap, irregular by the presence 
of the slots openings, have been kept as they are in the real motor. The whole geometry 
gathers approximately 2 300 000 elements. 
 
2.2. Flow fluid results 
 
The flow structure into the enclosed motor is established for the three rotational speeds (1500, 
2200 and 4000 rpm). Air comes into the cavity with fan by the ducts in rotor, which means at 
the bottom of the fan. This one propels the air on the end windings. Then, air circulates above 
them and goes to the air-gap by the straight part of the end windings. Then, the main air flow 
comes into the end region without fan by the air-gap. Joining by rotating air, it crosses coils in 
spaces close to the stator. Then, it circulates above the end windings before joining the ducts 
in rotor. In both cavities, important swirls can be observed in the center of cavities and above 
the coils. These swirls above the end windings go to set several problems from a thermal 
point of view (figure 3 a/b).  
 
This flow structure is similar for the three rotational speeds which have been tested. However, 
sizes of swirls vary slightly with speed. In the same way, the mass flow rates circulating into 
the motor, and consequently the air velocity, vary with rotational speed. The Table 1 presents 
main mass flow rates which can be observed in the machine.  
 
The velocity distribution in the air-gap is not uniform. Indeed, high velocity appears in rotor 
slot openings (more than 34 m/s for a rotational speed of 2200 rpm) and very slow velocity 
appears in stator slot openings (less than 6 m/s for a rotational speed of 2200 rpm). In the 
same way, the mass flow is unequally distributed in the air-gap. The main part of mass flow 
rate (between 66% and 71 %) circulates in the stator slot openings. A small part of the mass 
flow rate circulates in the rotor slot (between 6 and 8%). It has to be noticed that the air tends 
to exit the rotor slot openings due to the centrifugal effect. 
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Some thermal simulations have been carried out in the end regions to compute the convective 
heat transfer coefficients. Indeed, the literature is quite poor regarding these geometries. 
Thermal simulations need finer grid, especially close to walls to well estimate convective heat 
transfers. The boundary conditions on flow inlet and outlet are defined thanks to previous 
results [6]. Some temperatures, inspired by usual observed temperature in previous 
experiments, have been imposed to walls (Tw). The simulations estimate the convective heat 
transfers. Then, from the resulting heat flux density φ, it is possible to estimate the convective 
heat transfer coefficients h (Equation 1).  

( )refw TTh −⋅=ϕ  (1) 

The reference temperature Tref is defined as an averaged temperature by zones. These zones 
correspond to the air elements defined in the thermal-flow model [6]. For instance, the Figure 
3.c presents the heat flux density which is obtained on the end windings in the cavity with fan 
for the rotational speed of 2200 rpm. The distribution appears quite homogenous except in 
zones close to fan and close to the straight parts of the end windings. In these areas, the flux 
density can be multiplied by 5 in comparison with the mean flux density. It can also be 
noticed that the heat flux density is negative on the lower part of the end windings (close to 
rotor copper). This means that this area is not cooled but instead it is warmed by the air.  
 
3 - Multi-physical model 
 
The multi-physical model is divided into two main models connected to each other: an 
electromagnetic model and a thermal-flow model. The models and their coupling are 
described in details in the following paragraphs. 
 
3.1. Electromagnetic model 
 
The electromagnetic model computes the air-gap radial flux density, and the losses inside the 
machine, which are the thermal sources. Stator and rotor currents computation is based on an 
extension of the classical single phase equivalent circuit, including all space and time 
harmonics and the skin effect modelling [7]. Total magnetomotive force ftmm is computed 
using winding functions [8] with linear rise in slots and constant value in teeth. Permeance per 
unit area Λ is then computed and radial air-gap flux density Bg is obtained as the product of Λ 
and ftmm [9]. Air-gap radial flux-density shape has been validated in comparison with the 
Finite Elements software Flux2D©.  
 
Iron losses are modeled with analytical formulas established from numerical results (with the 
Finite Elements software Flux2D©). These losses are present in the whole stator (teeth and 
yoke) and at the surface of the rotor. It has to be noticed that the rotor surface stray losses are 
significant. It could represent until 35 % of the total iron losses [10]. This observation also 
appears in [11] and [12]. More details about the numerical study and the resulting analytical 
formulas can be found in [10] and [6]. 
 
3.2. Thermal-flow model 
 
The thermal-flow model computes the evolution in time of temperatures in the motor. This 
model is based on an equivalent thermal circuit which has the distinctive feature to consider 
the flow structure inside the machine. 
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The machine is devised into eleven sections axially and each section can have different radial 
division resulting to a total of 126 volumes for the whole machine (fig. 4). The definition of 
the volumes is based both on materials data and on our numerical flow study. A mass flow 
cartography is then included in the model. It is a bi-dimensional cartography which takes into 
account the main air flow crossing the motor and rotating structures in both cavities, described 
in paragraph 2.2 (fig. 3). 
 
The power balance on volumes results in a system of coupled numerical equations. This 
system can be expressed with matrix (Equation 2) where T and P are respectively the 
temperatures and losses/heat evacuations vectors, C is the heat capacities matrix and G is the 
thermal conductances matrix. Three kinds of transfers are considered: conduction, convection 
and fluid transfers.  

PTG
dt

dT
C +⋅=⋅  (2) 

Some heat transfer coefficients can be expressed from literature, especially in the air-gap [13]. 
But the literature is quite poor regarding regions as end regions. That is why thermal 
numerical simulations have been carried out to determine the missing data. 
 
The coupled problem is solved in successive steps and the coupling is performed by up-dating 
and transferring some new values for the depending parameters before solving again. 
 
4 - Results and analysis 
 
4.1. Experimental investigation 
 
Series of experiments have been carried out on a real machine with several kinds of operation 
conditions:  
- The machine has been towed away by an other motor for several rotational speeds. Then, 

only the mechanical losses appear. 
- No-load test has been carried out for a rotational speed of 3010 rpm. In this kind of 

experiments, few losses appear in addition of mechanical losses: iron losses and losses 
caused by the Joule effect in stator coppers. 

- Load operation conditions for rotational speeds: 1500, 2200, 3010 and 3500 rpm have been 
tested. Significant losses appear in the whole motor: mechanical, iron and Joule losses.  

Experimental losses are presented in table 2. 
 
Some electrical measurements are available (rotational speed, slip, voltage, stator current, 
power factor, input power). The torque, the output power and the efficiency are deduced from 
torquemeter measurements. Moreover, several thermal and flow sensors have been fitted into 
the machine.  
- Sixty thermocouples are situated in the whole motor: in air and materials, in the stationary 

and rotating parts.  
- Three heat flux sensors have been placed on the external walls: on both end shields and on 

the external side of stator yoke.  
- An infrared camera has been placed so as to evaluate the surface temperatures of the stator 

yoke and of one of the end shield (the one located towards the internal fan).  
- A hot wire sensor can be inserted into the machine through openings in end shields, and 

permits to estimate the air velocity above the end windings. 
 
4.2. Model validation 
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The motor performances in variable-speed have been also checked [7]. It is observed that the 
stator current, the torque, the output power, the power factor and the efficiency are well 
estimated by the electromagnetic model, within 5 % of error from the experimental results. 
The mechanical losses and the losses caused by Joule effect are also well estimated (within 
4% of error) but a significant error can be observed in the estimation of iron losses. This error 
of about 50% and could results from an error in the characteristic of the flux density of the 
material.  

 
The Figure 5 presents the evolution of temperatures in the magnetic circuits for both 
experimental data and model results in load operation conditions at the rotational speed of 
2200 rpm. A temperature gradient exists in the stator magnetic circuit due to the fact that the 
stator ducts are not equitably distributed in the stator. The temperature gradient on the 
external walls can easily reach 60°C in steady state. 
The rotor electrical sheets are much warmer than the stator ones (Figure 5). This trend is 
respected by the model but the estimated difference of temperatures between both parts is 
smaller. Indeed, the rotor temperature is under-estimated and the stator temperature is 
overestimated of about respectively 30°C and 70°C in steady state. This reduces the 
difference until 55°C instead of the experimental difference of 158°C in steady state. 
 
As far as the coppers are concerned, the resulting steady-state temperatures of the model are 
compared with the experimental results in the Table 3. The temperatures of the rotor coppers 
are quite well estimated by the model. It has to be noticed that the copper towards internal fan 
is warmer than copper towards external fan. This trend can be observed in the whole machine 
and is respected in the model.  
 
Three kinds of heat fluxes are evaluated: forced convection in stator ducts, natural convection 
(with the measurements of the heat flux sensors), radiation and conduction into the shaft 
(Equation 3) on the external walls. The conduction through the shaft cannot be estimated 
experimentally. The balance of these three fluxes corresponds to the total losses within 15%. 

( )enexpmductsstator TTCqP −⋅⋅=_               ( )44
∞−⋅⋅⋅= TTSP wradiation σε  (3) 

 
The distribution of the experimental heat fluxes are presented in the Table 4 in terms of 
percentage. The largest part of the heat evacuation, about 90%, is assigned to the convection 
into the stator ducts. It has to be noted that the radiation evacuates few heat.  
 
The air velocity measurements aim at validating the numerical simulations. The available 
measurements to compare the numerical and experimental results are velocity measurements 
above the end windings in both cavities (Figure 6). The order of magnitude and the evolution 
seem to be well estimated by the numerical simulations and the highest velocities are located 
in the cavity with the internal fan. 
 
4.3. Sensitivity analysis 
 
The sensitivity study is focuses on modifications in heat transfers. The results from 
modifications are compared with the model results in the same conditions thanks to the 
temperatures differences for the steady state (Equation 4). 

referencecationsmodifi TTT −=∆  (4) 
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4.3.1. Convective heat transfer coefficients 
 
The Figure 7 presents temperatures distributions resulting from a modification of the 
coefficient by -80% and -100% on the rotor copper in the cavity with fan. This latter 
modification could be the result of a complete insulation of the copper in this cavity.  
Both modifications imply similar results but the trends are more outstanding where the 
insulation is complete. The air temperature close to rotor copper highly decreases (about -
10°C and -20°C for the modifications of -80% and -100% respectively). This involves a 
reduction of the temperature of the internal air in the whole machine. Then, the evacuation of 
heat can be increased and the temperatures into the machine decrease for a small increase of 
the rotor copper temperature (about +1°C and +1.2°C for the modifications of -80% and -
100% respectively). Even if the temperatures vary with the heat transfer coefficients 
modifications, the observed discrepancies are not significant and do not have an impact on the 
heat fluxes distributions.  
 
4.3.2. External conditions 
 
So far, the external walls of the magnetic sheets and the end shield towards the internal fan 
have been exposed to natural convection with a convective heat transfer coefficient of 5 Wm-

2K-1. This one is increased until 10 and 15 Wm-2K-1. This modification has a significant 
impact on temperature distribution in steady state (Figure 8). Temperatures of stator and rotor 
sheets decrease of about 15 and 30°C.  
Despite the fact that the temperature decrease is more important in the cavity with fan, this 
cavity remains warmer than the other cavity. Nevertheless, the temperature differences 
between both cavities decrease. For instance, the temperature discrepancy between both 
cavities for the end windings decreases from 11.3 °C to 6°C for convective heat transfer 
coefficients of 5 and 15 Wm-2K-1 respectively. In the same way, the temperature discrepancy 
between both cavities for the rotor copper decreases from 18.9 °C to 16.3°C. 
 
5 - Conclusion 
 
A multi-physical model has been developed in order to realize the optimal conception of an 
enclosed induction motor of railway traction. This model is divided into two parts: the 
electromagnetic model evaluates the radial flux density in the air-gap, such as iron losses, the 
thermal-flow model is based on a thermal equivalent circuit. This one takes into account the 
flow structure inside the motor, which has been the purpose of a specific numerical study.  
The results of the multi-physical model have been compared with experimental results for 
variable speeds and loads. This reveals that the multi-physical model respects the 
experimental trends even if some temperatures have to be readjusted. Then, a sensitivity study 
has been carried out. It shows the significant part of the internal mass flow to homogenize 
temperatures inside the motor. 
The thermal-flow modeling can be improved. Indeed, even if the model predicts the good 
trends, some levels have to be modified. To do so, the representation of some parts of the 
machine can be refined in the thermal equivalent circuit, such as the stator coppers or the 
bearings. Moreover, some contact resistances can be taken into account. When these 
modifications are realized, the multi-physical model could be used with an optimization 
process. It could also be used in a different way: it could help identifying the losses inside the 
machine and their localizations thanks to an inverse method.  
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FIGURE 1 Machine description 

 
 
 
 
 
 

 
 
 
 
 

 
FIGURE 2 Geometry set-up – numerical study of fluid-flow 
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(c) Heat flux density on the end-windings in the cavity with fan – 2200 rpm 
 

FIGURE 3 Flow structure and heat transfer within the machine 
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FIGURE 4 Thermal flow model: Division of the machine into volumes 

 
 
 
 
 

 
FIGURE 5 Evolution of temperatures in electrical sheets 

(Stator1: measurement far from stator ducts, Stator 2: measurement close to stator ducts) 
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FIGURE 6 Comparison of air velocity between experiments and numerical study 

   
 
  
 
 
 

 
FIGURE 7 Temperature distributions resulting from the modification of the convective heat transfer coefficient 

on the rotor copper in the cavity with fan 
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FIGURE 8 Temperature distributions resulting from the modification of the convective heat transfer coefficient 

on the external walls 
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Rotational speed (rpm) 1500 2200 4000 
Variation range of air velocity (m/s) 0 - 25 0 - 36 0 - 65 

Mass flow rate crossing the air-gap (kg/s) 0.010 0.018 0.038 
Mass flow rate crossing the end windings (kg/s) 0.028 0.036 0.082 

Mass flow rate crossing the rotor bars (kg/s) 0.011 0.016 0.023 
Cavity 

with fan 
Mass flow rate circulating between coils (kg/s) 0.007 0.002 0.021 
Mass flow rate crossing the end windings (kg/s) 0.017 0.023 0.032 

Mass flow rate crossing the rotor bars (kg/s) 0.035 0.050 0.031 
Cavity 

without fan 
Mass flow rate circulating between coils (kg/s) 0.028 0.045 0.039 

 
TABLE 1 Mass flow rates in the enclosed machine – numerical results 

 
 

 
Losses caused by Joule 

effect (W) Operation 
conditions 

Rotational 
speed (rpm) 

Stator Rotor 

Mechanical 
losses (W) 

Total iron 
losses (W) 

Total losses 
(kW) 

1500 2929 1503 387 5059 9.88 

2200 3185 2742 1132 3294 10.35 

3010 3317 3082 2489 2588 11.48 
Load  

3500 2672 2486 3755 2353 11.27 

No-load  3010 169 0 2489 2588 5.25 
 

TABLE 2 Experimental losses 
 
 
 

  Cavity 
Experimental 
results (°C) 

Model results 
(°C) 

Difference 

expmod TTT −=∆  

with fan 275.6 266.6 -9°C 
Rotor bars Temperature 

without fan 251.3 259.9 +8.6°C 

with fan 251.0 237.1 -14°C Maximum 
temperature Tmax without fan 225.8 225.7 -0.1°C 

with fan 79.7 2.9 / 
Stator 

end windings Difference 

minmax TTT −=∆  without fan 66.1 3.3 / 
 

TABLE 3 Comparison of temperature results between experiments and model – Coils 
Load operation conditions at 2200 rpm 

 
 

 
Operation 
conditions 

Rotational 
speed (rpm) 

Stator Ducts 
(%) 

Convection 
(%) 

Radiation 
(%) 

Conduction 
into the shaft 

(%) 
2200 88.2 8.4 3.4 - 
3010 91.1 6.3 2.6 - Experiments 
3550 90.5 7.0 2.5 - 
2200 55.9 28.9 - 15.2 
3010 54.4 23.5 - 22.1 

Load 

3550 49.2 19.9 - 30.9 
Model 

No-load  3010 48.7 22.0 - 29.3 
 

TABLE 4  Heat fluxes distribution 
 


