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Evaluation of Radiation Thermal Resistances
in Industrial Motors

Aldo Boglietti, Member, IEEE, Andrea Cavagnino, Member, IEEE,
Marco Parvis, Senior Member, IEEE, and Alberto Vallan

Abstract—This paper deals with the role of the radiation ther-
mal resistances in industrial motors and describes a test set useful
for the resistance evaluation. The test set is based on a vacuum
chamber and on a numerical acquisition system, and the resis-
tances are obtained by monitoring motor temperatures during a
heating test. An analytical model that describes how the radiation
resistance depends on the motor temperature is also provided.
Experimental results obtained on a totally enclosed fan-cooled
150-W induction motor are shown and discussed.

Index Terms—Induction motors, thermal analysis and models,
thermal radiation phenomena.

I. INTRODUCTION

OWADAYS, there is a growing interest in the electri-

cal machine thermal analysis because a correct thermal
design allows significant improvements to be obtained in the
overall motor performance. As a consequence, accurate and
reliable motor thermal models are nowadays an important tool
for electrical motor design.

In this field, one of the more discussed problems is the role
that radiation heat transfers have in electrical motors because
literature lacks of experimental results concerning the mea-
surement of motor radiation resistances. Radiation phenomena
occur both inside and outside the motor, but are difficult to
be analytically quantified because motor frames and windings
are complex geometrical structures whose emissivities are often
known with large uncertainties.

Moreover, radiation heat transfers almost always occur in
parallel with natural and forced convection heat transfers; thus,
it is also complex to separate the two contributions.

For these reasons, thermal models are frequently based on the
assumption that the highest temperatures involved in the motor
frame are not high enough for getting radiation significant.
Although this is true when the motor is cooled with a fan (e.g.,
in totally enclosed fan-cooled (TEFC) motors), it could not be
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Fig. 1. Simplified motor thermal model.

correct when the fan is not used or at very low motor speeds
(e.g., in TEFC motors used in variable-speed drives).

The aim of this paper is to analyze and experimentally
quantify the thermal exchanges by radiation that occurs in
industrial motors in order to quantify the radiation contribution
in the overall thermal exchange.

Radiation phenomena occur both inside and outside the
motor. First, the heat exchange that involves the motor housing
is taken into account, and a test set useful for the evaluation
of the housing radiation resistance is proposed and described.
Afterward, the paper is focused on the radiation phenomena
inside the motor, and a procedure for the estimation of the
radiation-related resistances is described.

II. RADIATION THERMAL EXCHANGE BETWEEN
HOUSING AND AMBIENT

From a theoretical point of view, the analysis of the thermal
behavior of a motor requires the knowledge of the thermal
resistances related to the heat exchanges that occur inside and
outside the motor [1], [2]. In particular, the total heat amount
Pr that the motor transfers to the surrounding environment
is the result of three physical processes, namely: 1) forced
and natural convection; 2) conduction; and 3) radiation. Fig. 1
shows the simplified thermal model that can be used to take the
effect of each process into account by means of four lumped,
but nonconstant, resistances.

In the model of Fig. 1, the air, the motor support, and the
room wall temperatures are equal to the air temperature 7.

Resistances Ry and R.._, are related to natural and forced
convection phenomena, whereas resistances R, and R, are re-
sponsible for the heat transfer due to radiation and conduction.

0093-9994/$20.00 © 2006 IEEE
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Resistances Ry and R.._, can be obtained by means of
simple temperature measurements [10]. Inasmuch as R, is
depending on the mounting conditions, it is here not taken into
account for simplicity reasons.

The radiation resistance R, depends both on the geometrical
and thermal characteristics of the motor and on the characteris-
tics of the room where the motor is working. This resistance
is often neglected because, when the motor is running at its
nominal speed, the forced convection is the main responsible of
the motor cooling, so that the radiation resistance R, is much
higher than the forced convection resistance R.._,. However,
in some situations, in particular when TEFC motors are used
in variable speed drives, the radiation resistance can play a
not negligible role at low speed, and an estimation of this
resistance has to be done. Obviously, this consideration is also
true in motors without ventilation such as machines designed
for axis drives. Making reference to the model of Fig. 1, the
measurement of the radiation resistance can be easily obtained
from the measurements of the power Pr and of the motor
and wall temperatures T and 7,, when the resistances R,
Rec—a, and R, are much greater than the radiation resistance
R,.. This condition can be obtained by suspending the motor
under test inside a vacuum chamber, so that both the convection
and the conduction heat-transfer processes are negligible. If the
motor is heated trough its stator winding with a power Pr, the
radiating resistance R, can be evaluated as

_Ts_Tw

R,
Pr

e))

where T, is the chamber wall temperature and 7T’ is the motor
housing temperature measured after the thermal transient and
considered uniform on the respective surfaces.

It is evident that the thermal resistance R, is strictly depen-
dent on the test conditions (the temperatures 7T and T, and the
chamber geometrical and thermal characteristics). Therefore,
the measured resistance cannot be employed as a constant into
the model of Fig. 1 when the motor works outside the chamber
with different temperatures. In this case, the radiation resistance
can be approximately estimated as described in the following.

The total radiation heat transferred from the motor to the
surrounding ambient is the difference between the emitted and
the absorbed heat [6]. When the motor is working in rooms
where the surface walls have a much more extended area with
respect to the housing surface, it is possible to approximate the
room as a blackbody. The total radiant heat can, therefore, be
written as

Pr = Ace (T} — T)) )
where

o Stefan-Boltzmann constant, 5.67 x 108 (W/m? /K*);
T, absolute temperature of the wall (K);
T, temperature of the motor housing;
€ apparent [7] emissivity coefficient of the motor surface;
A motor surface area (m?);
Pr active power absorbed by the motor during steady

thermal conditions.

Fig. 2. Motor during the test inside the vacuum chamber.
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Fig. 3. Chamber-wall- and motor-related temperatures measured during the
thermal test in vacuum conditions.

Equation (2) can be employed to evaluate the radiation ther-
mal resistance when the walls and/or the motor temperatures
are slightly different from the test ones. When the motor tem-
perature and the wall temperatures are 7" and 7, the radiation
resistance can be obtained from (1) and (2) as

: -1, Td - T,
Ry = Re gt i

3)

III. EXPERIMENTAL RESULTS

An induction motor was tested with the proposed test set, and
the thermal resistances Ry and R, were measured. The motor
under test is a 380/220-V TEFC induction motor employed to
drive a cooling fan of a spindle dc motor; rated power and rotor
speed are 150 W and 2800 r/min, respectively. The motor was
hanged in a vacuum chamber, which is normally employed for
lyophilization processes, over two thin plastic wires to make
the conduction thermal exchange negligible. A programmable
power supply and a power control system were employed to
supply the motor with a dc constant power Pr =7+0.1 W
during the test.

Temperatures of motor and chamber walls were measured
and acquired by means of seven thermocouples connected to an
automatic data acquisition system. Fig. 2 shows the arranged
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Fig. 4. Chamber-wall- and motor-related temperatures measured during the
test performed in air.

test set. The measured temperatures are shown in Fig. 3 along
with the winding temperature 7, that was indirectly measured
from the winding resistance.

The motor was firstly preheated in the air to speed up the
test duration, and after about 2 h from the beginning of the
test, the vacuum pump was turned on so that the pressure inside
the chamber went down below 1 Pa. At the end of the thermal
transient (about 8 h), the housing and wall temperatures were
Ty = 41.5£0.5°Cand Ty, = 24.1 £ 0.5 °C, respectively.

The measured radiation resistance is, therefore,

I mTw 954 po kW, 4)
Pr

The natural convection resistance was also measured in the
same chamber with the motor in the same position but in the
presence of air. Fig. 4 shows the temperatures of the motor
housing and air recorded when the motor heating power was
Pr=74+0.1 W. At the end of the thermal transient, after
about 5 h, the housing and wall temperatures were T, =
27.8£0.5 °C and Ty, = 16.2 £ 0.5 °C, respectively. In this
condition, the equivalent thermal resistance is computed by

Tsa - Twa
——— =174+ 02K/W (5)
Pr

Req =
where R is the parallel between the natural convection re-
sistance Ry and the radiating resistance R/ at the tempera-
tures (Tsa, Twa). The natural convection resistance R, of the
motor can be therefore obtained if the radiation resistance at
the temperatures (7Ty,, Twa) is known. The corrected radiation
resistance R/ can be obtained from R, with (3) as shown in (6)

Toa — Toa T2, — T

r_ wv
RT_RTTsv*va Tfa*TV%a =28+02K/W (6)

and it is thus possible to obtain the natural convection resistance
by (7)

Ry — el

= —"=41+1.3K/W. 7
R )

The obtained results show that, at the test temperatures
(Tya = 27.8 °C and Ty, = 16.2 °C), the radiation resistance is
lower than the natural convection resistance.

Involved surfaces

Fig. 5. Detail of the involved surfaces in radiation exchange between copper
and stator slot.

Therefore, in these kinds of motors, the radiation resistance
can be neglected when the forced ventilation is active, but it has
to be taken into account when the motor is working at very low
speed, such as in variable speed drives, or when the motor fan
is missing.

It is important to underline that the test for the measurement
of the natural convection resistance that is normally performed
in air [3], [4] provides the equivalent resistance that is the
parallel of the actual natural convection and of the radiation
resistances. Consequently, the radiation effects are included in
the measured natural convection resistance, but in this way, the
different behaviors that the resistances have with respect to the
temperature cannot be taken into account.

IV. RADIATION THERMAL EXCHANGES
INSIDE THE MOTOR

During deep vacuum conditions, as in the previously de-
scribed test, it is possible to highlight and thus measure the
radiation heat transfers that involve parts inside the motor. In
particular, the most important ones are:

* between the active side of the windings inside the stator
slots and the inner surface of the slots;

* between the end-winding space and the inner surface of
the housing.

The radiation thermal resistance R.,_;r between the stator
copper and the iron lamination (see Fig. 5) as well as the
radiation resistance Ry —oc between the end inding and the ex-
ternal case (see Fig. 6) can be measured starting from the
simplified thermal model reported in Fig. 7.

The model is derived by simplifying the full motor thermal
model [5] according to the following criteria, which are true in
deep vacuum conditions.

e All the natural and forced convection heat transfers are
negligible. As a consequence, the related thermal resis-
tances can be substituted by open circuits.

¢ All the conductive thermal resistances can be substituted
with short circuits because their values are more than ten
times lower than the other thermal resistances.
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Fig. 7. Simplified thermal model of the motor in vacuum conditions.

» Radiation between the end windings and the motor end
caps can be substituted by an open circuit because the
involved surfaces have a very low view factor.

¢ Thermal resistances due to the interface gap between stator
lamination and external frame are very low and can be
neglected. This interface gap is due to the imperfections
in touching stator lamination and external cage surfaces.
Even if it is considered as an equivalent air layer [3], [4],
the surfaces are in contact, and the conduction-related
effects between the stator lamination and the external cage
surface are much more effective than the radiation ones.

* Conduction between the winding and the stator is negli-
gible because, in this motor, the impregnation process has
not been applied to the stator.

» Radiation between the stator and rotor surfaces can be
neglected because its related thermal resistance is higher
than Ry _ir and Rew_cc.

The resulting motor model in steady-state conditions is
shown in Fig. 7, where the generator Pr represents the elec-
trical power dissipated by the stator during the test and R, is
the radiation resistance between the external cage and the outer
space measured as described in the previous section.

The temperature of the winding T, and the housing tem-
perature Ty, as well as the motor power Pr can be measured
during the test. In this way, it is easy to obtain the parallel be-
tween Rey_ir and Rew_oc. Inasmuch as no other information is
available to measure the two resistances separately, their values
can be obtained assuming that they are inversely proportional
to their respective exchange surfaces.

In this way, the radiation thermal resistance between stator
copper and stator slots is Rcy_ir = 5.25 K/W, whereas the

radiation thermal resistance between end winding and external
frame is Rew_ec = 19 K/IW.

It is now possible to compute the heat-transfer coefficients h;
that, by definition [6], are

1

" R4

)]
where R; is the generic thermal resistance and A; is the
involved surface. The radiation heat-transfer coefficients for the
motor under test are, therefore,

heuir =8.5 W/m2/°C stator copper—iron
hew—cc = 6.9 W/m? /°C end winding—external cage

h, =5.7W/m?/°C external—cage ambient.

It is important to underline that the radiation heat-transfer
coefficient between housing and ambient has been obtained
using the total external frame surface because these data are
often available and simply measurable.

About the radiation heat-transfer coefficients, the following
considerations can be done.

The value of h¢,_;; has been obtained for the motor under
test, but it can be also employed as a good approximation
for other similar motors. Actually, this coefficient is strongly
dependent on two quantities. The first one is the stator slot fill
factor, whereas the second one is the impregnation goodness
factor. As a consequence, even if the stator slot fill coefficient
depends on the motor size, the range of variation is limited
(typically 0.4-05), and the stator copper—iron radiation heat-
transfer coefficients can be quite constant. Also, the impregna-
tion goodness factor has a very limited numeric spread; thus,
the same previous considerations can still be done.

The value of heyw_oc here measured can be also considered
of general application because it depends on the geometry (not
the size) of the motor end winding. For these reason, a value of
about 6 W/m? /°C can be usefully adopted for other motors that
have a frame structure similar the tested one.

Furthermore, the three coefficients, Acy—irs Pew—ec, and h,.,
are functions of the temperature, but suitable corrections can be
applied by using the correction equation reported (6).

V. FINAL CONSIDERATIONS

On the basis of the obtained results, the following considera-
tions can be drawn.

The procedure described in this paper for the housing
radiation-resistance measurement is based on the resistance
definition; thus, the resistance accuracy depends on the mea-
surement uncertainties. The procedure does not require a priori
information or geometrical approximations that are mandatory
for other methods.

The obtained results show, for the motor under test, that
radiation is comparable with the natural convection, in spite of
the low involved temperatures. The numerical results cannot be
automatically employed for other motors because the surface
emissivity can be quite different. Nevertheless, commercial
motors are rarely coated with low emissivity paints; thus, when
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the motor works without forced cooling, it is possible to reduce
the radiation resistance and, therefore, the motor temperature,
acting as follows.

* Improve the housing emissivity. The motor paint and its fin
dimensions can be chosen to improve the motor apparent
emissivity [7].

* Reduce the surroundings temperature. Hot devices, such
as other motors working in the neighborhood, can transfer
heat by convection, conduction, and radiation. The latter
can be reduced, for example, by means of a separator.

o Improve the surrounding absorptivity. When the motor
is located in a small working environment, e.g., in a
small box, a high wall absorptivity reduces the reflected
radiation heat that strikes the motor.

Significant radiation thermal exchanges are not only present
on the external frame but also at several surfaces inside the
motor. In particular, the main radiation paths are between the
copper wires inside the slot and the stator lamination and
between the end winding and the external frame.

The obtained heat-transfer coefficients are in good agreement
with the values reported in the literature [1], [8], [9], and they
can be adopted in thermal models including radiation effects.
From a practical point of view, heat-transfer coefficients in
the range of 6-8 W/m?/°C can be employed as a reasonable
approximation for motors with similar structures.

VI. CONCLUSION

The role the radiation resistance plays in motor thermal
models has been discussed, and a measurement system, based
on a vacuum chamber, has been developed for the thermal resis-
tance measurement. The measured radiation resistance depends
both on the motor and on the environment temperatures; thus,
a simple, although approximated, radiation model has been
also employed to correct the measured resistance when such
temperatures are different from the test ones.

Experimental tests have been performed with a small induc-
tion motor, and both the radiation resistance and the natural
convection resistance have been measured. The test results
show that the radiation resistance and the natural convection
resistance are of the same order of magnitude; therefore, the
radiation resistance cannot be neglected in the motor thermal
model when other heat dissipation phenomena, such as the
forced convection, are not present.

In addition, the radiation effects inside the motor have been
analyzed by using a simplified model suitable to represent the
radiation thermal exchange, and the related radiation thermal
resistances have been also determined.

Furthermore, some considerations useful to extend the nu-
merical results to other motors and to reduce the radiation
resistances have been provided.
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