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Analysis of Conductive and Convective Transfers
in a Double Salience Switched Reluctance Machine
by Analytical Coupling-2D Finite Elements

Badache Souad'

Abstract: The work presented in this paper concerns the study of the thermal
behavior due to copper losses and iron losses of a switched reluctance machine
with double salience (SRM6/4) by analytical coupling — 2D finite elements.
Calculation by analytical methods of the conduction coefficients in the radial and
axial direction as well as the convection coefficients in the air gap of this
machine are presented. The values of these found coefficients are used to solve
the transient thermal problem for this device using the ADEMEF2D software.
The obtained results show a very large increase in temperature at the winding.
Heat conduction in both radial and axial directions has a very large effect on the
temperature value in all regions of the SRM6/4.
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1 Introduction

Any thermal study of electrical machines aims to evaluate the distribution
of temperature to improve materials, geometry, or cooling system in order to
predict certain operating that can reduce their life. Like any actuator the
switched reluctance machine, during its operation, heats up and the essential
origin of its heating is due to Joule losses, iron losses, mechanical losses and
other physical phenomena impossible to evaluate. To quantify these
phenomena, three modes of heat transfer are used: conduction, convection and
radiation. For a complete thermal analysis, it is imperative to calculate the
different heat exchange coefficients (conduction, convection and radiation) in
the different parts of the machine. It is in this concept that several studies have
been carried out using the equivalent thermal circuit method [1 — 4]. Although
old, this method is still used in thermal calculations of electrical machines. Two
and three dimensional finite elements method is also used [5 — 7]. It is a
booming digital method due to the planned couplings. Only, in all these studies,
certain data are not taken into account. For heat sources, iron losses are
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generally neglected. Furthermore, the heat transfer coefficients by conduction in
both axial and radial directions as well as by convection for a notched air gap
(case of SRM6/4) have not been sufficiently addressed.

In this work, we will use the 2D finite elements method (MEF2D) to
analyze the different heat transfers in SRM6/4. Our main contribution is to
provide elements of response to some unsolved problems in this area,
particularly for the calculation of the heat transfer coefficients where coupling
between analytical and numerical calculations by MEF will be carried out.
Since thermal radiation is a mode of transfer with little influence in electrical
machines [8], the analysis will only concern the phenomena of conduction and
convection. We will first present the equations necessary to model heat transfers
in electrical machines, then we will discuss their use for thermal modeling of
SRM6/4 by the MEF2D and we will present our simulation results.

2 Heat Transfers in Electrical Machines

2.1 Conductive transfers

Conduction is defined as the mode of heat transmission caused by the
difference in temperature between two regions of a solid, liquid or gaseous
medium, or between two media in physical contact [9]. In the case of electrical
machines, the conductivity of materials is generally well known, except the case
of that of magnetic sheets. Indeed, a stack of sheets constitutes the stator and the
rotor. The thermal conductivity in the orthoradial direction is known and
corresponds to that of the steel constituting the sheets. The situation is different
for the axial direction. The sheets are thin and impregnated with varnish, which
creates a thermal resistance difficult to evaluate. The axial thermal conductivity
of the sheet package will then be lower than that in the radial direction [10].
This is the opposite of the case of windings, in which the axial thermal
conductivity is similar to that of pure copper (A =400 W/m/K ) while the radial

thermal conductivity is significantly lower (AL <1W/m/K ). As a result, because

of this difference in thermal conductivities between the two directions, the
+maximum temperature is often found at the coil heads [11]. The expression of
the axial equivalent thermal conductivity is given as below [8, 12]:
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where A, and S, are respectively the thermal conductivity and the surface in the
radial direction of copper, enamel, varnish and air in the notch.

The thermal conductivity of the copper is at least 400 times higher than of
the enamel, vanish and air; the axial thermal conductivity therefore depends
almost only on that of the copper and the filling ratio. Several researchers have
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tried to find generic analytical expressions for the equivalent radial heat
conductivity.

Among them, the authors in reference [13] found a correlation between the
equivalent radial thermal conductivity (Auua), the notch surface (S,o), the
active length (L,) and the filling coefficient (K,) as below:

Ay = 0.2425[(1-K,)S,,., L1777 (2)

For low power electrical machines, the proposed method allows us to
obtain satisfactory results. For high-power electrical machines, the presence of
fluid circulation in the core of the conductors prohibits this globalization in the
representation of the winding [14].

The shaft and the housing are often massive, the radial and axial thermal
conductivity are identical.

axiale notch

2.2 Convective transfers

Convection is the mode of transmission that involves the displacement of a
liquid or gaseous fluid. This mode of transfer is found in the exchange between
a wall and a fluid. In the case of forced convection, the movement of the fluid is
due to the action of a pump or a fan. In natural convection (free), the movement
of the fluid is created by a difference of densities, themselves due to differences
of existing temperatures in the fluid [15].

The convective heat transfer in electrical machines is produced between the
solid surfaces of the machine and the fluid medium, in or around the machine:
between the outer surface of the rotor and the air gap, between the inner surface
of the stator and the gap, between the outer surface of the stator and the
environment and between the coil heads and the surrounding fluid. The global
phenomenon of convection can be expressed by the following relation:

¢=hS(T-T,), 3)
where % is heat transfer coefficient [Wm™K™'], S is area of the cross section
through the heat flux [m?], 7, is surrounding temperature (fluid) [K] and T is
body surface temperature [K].

The relation giving the coefficient of exchange by convection is expressed
by:
h=M\N,/L, 4)
where N, is the number of Nusselt [without dimensions], A is the thermal
conductivity of the fluid [Wm'K'] and L is characteristic length of the
exchange surface [m].
The value of the Nusselt number depends on the type of convection

(natural, forced). In a general way, the relations giving the value of Nusselt
depend on the nature of the convection. In the case of a natural convection N,
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depends on the number of Prandtl P, and the number of Grashof G,. The general
forms of these coefficients are as follows:

N, =a(GP), (%)
C
R=ﬁ#, (©6)
ATp*L
G, =PEEP ™

where C, is the heat capacity of the fluid [Jkg'K'], p is the dynamic viscosity
of the fluid [kgs'm™], B is the coefficient of cubic dilation of the fluid [K'], g is
the gravitational force [ms™®], AT is the temperature difference between the
surface and the fluid [K] and L is the characteristic length of the exchange
surface [m].

On the other hand, and in the case of a forced convection, N, depends on
the Reynolds number R,. The general forms of these coefficients are as follows:

N, =a(R)' (R, ®)
R =2 ©)
1

where p is the density of the fluid [kgm™], v is the fluid velocity [ms™], a, b and
c are the experimentally determined constants.

In the case of a forced convection, the Reynolds number makes it possible
to determine if the flow is laminar or turbulent. For a simple annular geometry,
it is often preferred to use the Taylor number instead of the Reynolds number. It
is therefore this modeling that is most often used for the study of the heat
transfers in the air gap of electrical machines [16].

2.2.1 Convective transfers in the air gap

The air gap is the seat of a rotation flow, there are several correlations that
allow to define the number of Nusselt according to the configuration of the gap.
The formulation of this number can be different according to the authors and
often involves the square of the speed of rotation. In general, the Taylor number
is expressed as follows [16]:

2 3

T - ® 2rme

V'F,
e

In= In(r, /1)’ (In

, (10)
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where e is the width of the gap [m], 7, is the average log radius [m], v is the
kinematic viscosity [m’s™'], @ is the angular velocity of the rotor [rads™], . and
r; are respectively the inner radius of the stator and outer radius of the rotor.

F, is a geometric factor that allows to take into account the shape ratio of

the annular space. Its value is very close to unity for a narrow air gap, and is
defined by the expression:

o r+r
F = L, 12
€ (1697Pj[ 2r, J (12)
where
-1
P=0.0571[1—0.652£J+0.00056(1—0.652£j . (13)
s r

The Nusselt number used to calculate the convection coefficient depends
on the Taylor number. The nature of the flow is laminar and the rotational speed
does not influence the value of the exchange coefficient up to a critical value of
the Taylor number. Beyond this value, the flow switches from laminar to
turbulent flow and the value of Nusselt depends on the speed of rotation.

2.2.1.1 Smooth air gap

In the case of a smooth air gap, the critical value of the Taylor number is
close to 1700 and the correlations, making it possible to calculate the Nusselt
number in this case, are [16]:

T; <17005 Nu =h26/7\.=2,
1700 < T, <12000, N, =0.1287"%7 | (14
12000< 7, <4-10°, N, =0.4097"**"

2.2.1.2 Non-uniform air gap

Some authors [17] have proposed correlations for obtaining the Nusselt
number. In the presence of a non-uniform air gap, the critical value of the
Taylor number becomes larger than in the case of a smooth air gap. The
transition to vortex flow is then delayed. The critical value of the Taylor number
is in this case about 6000:

T, <6000, N, =h2e/h=2,

6000<7, <1.4-10°, N, =0.364T)", (15)
1.4-10°<T, <2-10", N, =0.058T"*.
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3 Presentation of the Study Machine

We chose to do the thermal study in the case of a switched reluctance
machine with six poles at the stator and four poles at the rotor. This actuator
must operate according to a specification determined for use in an electric
vehicle [18]. The speed being 2500 rpm, the torque to be provided is 103 Nm
and the power is 27 kW. The voltage of the power source is 120 V. The phase-
calculated Joule losses are 540W. The estimated iron losses are around 862W.
In Fig.1 we show the 2D geometry of the study SRM 6/4 and in Table 1 we
give in mm, its main dimensions.

4 Results

In electrical machines, heat conduction takes place in the radial direction
and the axial direction. The study is two-dimensional. We made a radial section
of the study machine (Fig. 1). We assume that the heat transfers are done
radially. The machine is of low power, there is no circulation of fluid at the
heart of the conductors, so we applied (2) to calculate the equivalent radial
thermal conductivity of the stator notches. The value found is 0.3304W/m°C. This
low value is due to the use of insulation in the conductors. For the magnetic
circuit, the value of the radial thermal conductivity is that of the used iron which
is in our case the Fe-Si.

Fig. 1 - Geometry of the SRM6 / 4.

The SRM 6/4 has a non-uniform air gap. The maximum operating speed of
the machine is 2500 rpm. Without fan mounted on the rotor, we have no axial
fluid flowing in the air gap. We calculated the Taylor number with the
expression (10). We obtained a Taylor number maximum value of 4151, which
is lower than the Taylor critical number. Thus, we can consider that the
presence of the grooves in the stator and in the rotor has no influence on the
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convection in the air gap, hence N, =2 and the value of the convection

coefficient in the air gap calculated by (15) is 32.75W°Cm®. This coefficient can
only be applied to regions 6, 7, 8, 9, 10 and 11; for the other regions, (4) and (5)
are used to calculate the natural convection coefficient. The results are given in
Fig. 2 and Table 2.

Table 1
Dimensions of the SRM6/4.
R, 125 mm hy 38.5 mm
R, 65 mm Bs 30
R 21 mm B, 35.1
L, 150 mm h, 23 mm
E, 20.5 mm E., 21 mm
—1
3 ——
2
7 —
L — — 5

B e o —— — 6

Fig. 2 — Different regions of convective transfers.

Table 2
Convection coefficients h for each region.
Regions Coefficient 4
[W/°Cm?]
Region(1) 5.86
Region(2) 8.86
Region(3) 15.60
Region(4) 11.18
Region(5) 11.21
Region(6) 32.75
Region(7) 32.75
Region(8) 32.75
Region(9) 32.75
Region(10) 32.75
Region(11) 32.75
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We have studied the distribution of temperature and its evolution as a
function of time in the different parts of the machine using 2D ADEMEF2D
finite element software. The values of thermal conductivities, heat capacities
and densities of materials for each region are given in Table 3. The applied
boundary conditions are of the convection type resulting from the preceding
results with an ambient temperature of 25°C. We only excited a single coil.

Table 3
Properties of materials.

Cofll(]iiré?ia\lfli ty Heat capacity Density
(W/Cm] [keoC] [keg/m’]
Air 2.62¢” 1006 1.177
Fe-Si 84 460 7600
Copper 0.33-395 385 8918

In the first case we used a copper heat conductivity of 0.33 W/°Cm. The
results show a very large increase in temperature at the excited coil and its
vicinity reaches a temperature of around 190°C after one hour of operation.
Fig. 3 shows this temperature distribution. We found that there is a very large
temperature difference between the coil and the other regions. This difference is
around 90°C.

In the second case we used a copper thermal conductivity of 395W/°C,
without taking into consideration the direction (axial or radial). The results
show an increase in temperature at the excited coil and its vicinity reaches a
temperature of 90°C after one hour of operation.

Termpirature(C)

e e

1952 ¢ 18

1asss - 1593

13193 14593
s - 1318
10355 - 11795
5093 . 10393
754 w993
6194 7304

4794 6194

3394 : 47.94

1994 . 3354

Fig. 3 — Distribution of the temperature in
color gradients after 1h of walking, case (1).
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Fig. 4 shows this temperature distribution. We have noticed that the heat
has spread rapidly to other regions and the difference in temperature between
the coil and its vicinity is not important, about 20°C only. Fig. 5 shows the
evolution of temperature as a function of time. We took a point in some regions
(stator, rotor and coil) for both cases and plotted the temperature variation over
time for these regions. We noticed that the temperature increase is very rapid
during the first few minutes and then begins to be slow until it becomes
constant.

Températura(*C)

8377 . B7.11
2442 8577
2307 84 .42
81.73 : B3.07
8038 : B1.73
7903 2038
77.69 7903
7634 : 7769
7500 : 7634
73 .65 75.00
7230 73 .65

7096 : 7230

Fig. 4 — Distribution of the temperature in
color gradients after 1h of walking, case (2).
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Fig. 5 — Evolution of the temperature as a function of time.
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5 Conclusion

In this paper, we presented a modeling of thermal phenomena in a switched
reluctance machine. This modeling took into account the heat transfer by
conduction and by convection using the transient regime and based only on iron
losses and Joule losses as heat sources. To solve the different equations of this
modelization, we used the finite element method in two dimensions. We
considered an SRM6/4 machine in which the air gap is not uniform. This has
confronted us with several difficulties in particular for the conduction
coefficients whose calculation in the radial direction is different from the axial
one, as well as for the convective boundary conditions where several parameters
must be highlighted.The study showed that the geometry of the SRM6/4
presents particular difficulties and its heterogeneous structure composed of
several materials complicates the determination of the temperature distribution
which mainly depends on heat transfers in different directions. Indeed, only a
3D study can give an account of the real thermal behavior of this machine. The
effect of conduction in the axial direction and the existence of a thermal effect
due to radiation could be taken into account in future studies.
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