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The good performance of an electromagnet requires high magnetic induction and a low temperature. A new complex-objective function

reflected magnetic induction and maximum temperature difference is set up, and the electromagnet is optimized using the new complex-
objective function. The optimization results show that the performance of the electromagnet is improved as the number of high thermal

conductivity cooling discs inserted increases. When the performance of the electromagnet achieves its best level, the solenoid become
longer and thinner as the number of high thermal conductivity cooling discs increases. Simultaneously, the magnetic induction becomes
higher and the maximum temperature difference becomes lower. The optimized performance of the electromagnet also improves as the
volume of solenoid increases; simultaneously, the magnetic induction first increases and then decreases, and the maximum temperatul
difference decreases all along.
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El buen funcionamiento de un electr@mrequiere de una alta induénimagrtica y una baja temperatura. Los resultados de la optindzaci
demuestran que el funcionamiento del elect@imejora al incrementar elimero de discos de enfriamiento de alta conductiviéadiica
insertados. Cuando el funcionamiento del electésiralcanza su mejor nivel, el solenoide llega a sas fargo y nas fino mientras que el
nimero de discos de enfriamiento de alta conductividaghica aumenta. Simé@lheamente, la indudm magtica llega a ser as alta y

la diferencia de la temperaturaaxima disminuye. El funcionamiento optimizado del electi@intambén mejora mientras que el volumen
de solenoide aumenta; simafttamente, la inducm magrtica primero aumenta y degmidisminuye, y la diferencia de la temperatura
maxima disminuye.

Descriptores:Teoiia constructal; electroiém; optimizaddn complejo-objetiva.

PACS: 057.70.-a; 01.40G

1. Introduction high heat transfer material to the electromagnets, using con-
structal theory. The electromagnets were optimized based on
Constructal theory [1-12] was generated by the study of theéhe minimization of the maximum temperature difference in
configuration of flow systems. The constructal law was statethe electromagnet for safety considerations. Céteal [34]
as follows: For a flow system to persist in time (to survive),considered that the electrical resistance increases with the in-
it must evolve in such a way that it provides easier and easierrease in temperature and leads to higher power dissipation,
access to the current that flows through it. More and morand that the mechanical strength of the solenoid decreases
scholars have used constructal theory to optimize the perfowith the increase in the structure’s temperature, and made a
mance of heat transfer systems [13-32]. further multidisciplinary optimization of electromagnets on
Electromagnets, which generate magnetic fields by eledhe basis of minimization of entransy dissipation rate [35].
tricity, have a wide variety of applications in domestic affairs For the heat generation in the electromagnet to increase as
and industry. In recent years, a most important tendency ithe magnetic induction increases, the constructal optimiza-
electromagnet development is miniaturization, which meangon based on maximum temperature difference minimiza-
light-weight, low power dissipation and a high magnetiction or entransy dissipation rate minimization cannot ignore
field. Miniaturization also brings a challenge to the elec-the temperature increase caused by the magnetic induction
tromagnet design, that is, how to prevent overheating in @crease. The optimization results in Refs. 34 and 35 are
compact design. It is the key point to improving the trans-under the condition that the magnetic induction should be
forming efficiency between the electrical field and magneticfixed. This paper proposes a new complex-objective function
field while keeping the electromagnet in a steady workingof magnetic induction and maximum temperature difference
state. Gosselin and Bejan [33] proposed a method of optito describe the performance of electromagnets, and the con-
mizing the geometry of an electromagnet by maximizing itsfiguration of electromagnets is re-optimized.
magnetic performance and thermal performance by adding
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FIGURE 1. The main features of solenoid geometry [33].
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whereN is the number of discs. Most of the volume must be
filled by the winding, as required by the drive toward com-
pactness, thereforg <« 1. This means that the presence of
the discs does not significantly affect the magnetic field. The
thermal conductivity of the material is related to its structure,
density, hydrous rate, temperature, etc. But the compactness
of the solenoid filled by the winding is not propitious to heat
conduction; and the thermal conductivities of the wire in-
sulating materials commonly are: polystyrene 0.08, rubber
0.202-0.29, PVC 0.17, PU 0.28c. The thermal conduc-
tivity of high thermal conductivity materials commonly are
silver 429, copper 401, gold 401, aluminum 237, etc. The
thermal conductivity of high thermal conductivity materials

is defined ag;,,, and the thermal conductivity of the solenoid

is defined agy, so thatky/k, < 1. Itis assumed that all the
boundaries are adiabatic except the exposed external surfaces
of the discs, which serve as heat sinks; the heat transfer direc-
tion in theky material is thex-direction, and the heat transfer
direction in thek, material is the--direction.

The maximum temperature difference of the solenoid
is [33]
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FIGURE 2. Solenoid cooled by transversal discs with high thermal
conductivity [33].

The solenoid is constructal optimized based on the mini-
mization of the maximum temperature difference in Ref. 33.
As shown in Fig. 3, the maximum temperature difference
increases as the magnetic induction increases. The optimiza-
tion results of Ref. 33 were obtained for a fixed magnetic
induction.

2. Maximum temperature difference variation
caused by electromagnet configuration

A cylindrical coil is taken as an example in this paper. Fig-
ure 1 shows the front and side views of the solenoid. A wire
is wound in many layers around a cylindrical space of ra-
dius R;,,. The outer radius of the coil i®,,;, and the ax-

ial length is2L. The solenoid is considered as a continuous
medium in which the electric current densijtys a constant.
The electrical current density inside the wire generates a one-
dimensional magnetic field on the axis of symmetry of the
coil. The heat generation rate per unit volugiéis constant

in the working state.

The high thermal conductivity cooling discs of thickness
2D are inserted into the solenoid to enhance heat transfer,
and the discs are transversal and separate the solenoi into
sub-coils, as illustrated in Fig.2. The fraction of the volume
occupied by the discs is known and fixed by

DN
= L

(1) FiGURE 3. Effect of G on ATmin versusN with fixed k.
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kd=10 3. Complex-objective function of maximum
temperature difference and magnetic in-

V=10 duction

For the case of a constant electrical current dengitthe
magnetic induction is given by [33]
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As Egs. (2) and (4) show, the maximum temperature dif-
ference and magnetic induction are both related to the elec-
8 9 10 tromagnet configuration. A complex-objective function to
R, describe the maximum temperature difference and magnetic
induction is defined as

FIGURE 4. Effect of N on G/AT versusRqyt With fixed k¢
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The performance of the electromagnet requires a low
maximum temperature difference and high magnetic induc-
tion. DefiningG /AT as the optimization objective can sat-
isfy the requirement. The highe¥ /AT is, the better the
performance of the electromagnet;/AT is a complex-
objective function that can describe the performance of the
electromagnet. It is the most important improvement of this
paper over Ref. 33.

A dimensionless volume is defined as [33]
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FIGURE 5. Optimal geometriesi,p¢, Rout,p:) Corresponding to Substituting Eq. (4) into Eq. (3) yields the complex-

(C*'/AT)max VersusN . objective function combining the magnetic induction with
| maximum temperature difference:
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4. Optimization of the electromagnet

4.1. Maximization of G/AT at a different N formance of the electromagnet achieves its best, the solenoid

becomes longer and thinner Asincreases.
G/AT VersusR,,; at a differentV is shown in Fig. 4. There

exists anR,.: opt thatG /AT achieves its maximum and the
performance of electromagnet achieves its best. The blgg% A

N is, the blgger(G/AT is, and the better the perfor-

When the performance of the electromagnet achieves its
st, the corresponding versusN and AT versusN char-
acteristics are shown in Fig. 6 and Fig. 7, respectivelyNAs

max .
mance of the elgctromagnet is. increases, the magnetic inductiohincreases and the max-
Rout,opt aNdL,,y,; atthe maximunG/AT versusN char-  imum temperature differencAT decreases. The magnetic
acteristics are shown in Fig. 32,.:,0p+ decreases a§ in- induction ability and heat transfer ability are both improved

creases, and.,,; increases a#v increases. When the per- asN increases.
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FIGURE 6. G corresponding t((G/AT) versusN.
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FIGURE 8. Effect of V on G/AT versusRo.: with fixed k¢
andN.

4.2. Maximization of G/AT at different V

G/AT versusRoyt at a differentV is shown in Fig. 8.

and the performance of the electromagnet achieves its best.
The biggerV is, the bigger(é/AT is, and the better

the performance of the electromagﬁnélf(is. Fig. 9 shows that
(G / AT) increases and then approaches a constant value

max

asV increases. The correspondify,: op: and L,,; versus

V are shown in Fig. 10.
60

kp=10
0l N=3
-1 -
g 40
—_—
N
\q\ 30
18) 7]
e
20
10
0 T T T T ¥ 1
200 400 600 800 1000

v

FIGURE 9. (é/Af) versusV with fixed k¢ and N.
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FIGURE 10. Optimal geometrieslop:, Rout.op:) COresponding
to (G‘/AT) versusV .

max

0.18 1

0.16

'O 0.14 4

0.12 1

0.10

L T L T T T ¥ T ¥ 1
1 200 400 7 600 800 1000

There exists a0 that G/AT achieves its maximum FIGURE 11. G corresponding tt(@/AT) versusV/.

max

Rev. Mex. . 56 (3) (2010) 245-250



CONSTRUCTAL COMPLEX-OBJECTIVE OPTIMIZATION OF ELECTROMAGNET BASED ON MAGNETIC INDUCTION...

0.014 4

kg=10

N=3
0.012
0.010 -

<1 0008
0.006 -]

0.004

0.002

1
200 400 600 800 1000

I;

FIGURE 12. AT corresponding tc(G/AT) versusV [33].
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netic induction, a complex-objective functio (AT com-
bining magnetic induction with maximum temperature dif-
ference is set up using the maximum temperature difference
expression and magnetic induction expression deduced in
Ref. 33. The new complex-objective function overcomes the
disadvantage in Ref. 33 that the magnetic induction should
be fixed as a constant when optimizing the electromagnet
configuration. The optimization results show that the per-
formance of the electromagnet is improved as the number of
high thermal conductivity cooling discs insertatincreases.
WhenG /AT achieves its maximum, the solenoid becomes
longer and thinner ad increases. A%V increases, the mag-
netic inductionG increases and the maximum temperature

differenceAT decreases((? / AT) also increases &g
max ~
increases, and simultaneously, the magnetic induciidinst

When the performance of the electromagnet achieves ificreases and then decreases, and the maximum temperature

best, the corresponding versusV and AT versusV char-

differenceAT decreases.

acteristics are shown in Fig. 11 and Fig. 12, respectively.

As V increases, the magnetic inductihfirst increases and

then decreases. The maximum temperature differéxite
decreases dg increases.

5. Conclusion
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