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CHUMPON PATUMMAKASORN : STUDY AND DESIGN OF REGIONAL
MAGNETIC INDUCTION HEATING. THESIS ADVISOR : ASST. PROF.
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REGIONAL MAGNETIC/INDUCTION HEATING

In this paper, the researches propose to study and design of regional magnetic
induction heating. Design new applicator and a heating technique with the magnetic
induction. The focused is to determine the wide area which the heat is uniformly
distributed. The result from this research was believed to be effectively applied to the
cancer treatment. Research is used to heat by noninvasive method. The applicator
system was fabricated by using magnetron source operating at frequency of 2.45
GHz. It is convenient to use the high power. Create a design for spiral coils and pole
coils. The distributed of lossy medium was analyzing using finite difference time
domain (FDTD). The results from investigation can be applied and another advantage

is its costs effectiveness.
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Co = specific heat

0 = angular frequency

A = wavelength

L = Funiieni

C = CRIGITIEER)

Js = anuriulszy Trdh
T, = period

t = time

t, = time delay

DC = direct current

IEEE = the Institute of Electrical and Electronics Engineers
PCB = printed circuit board

rms = root mean square
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Surviving Fraction Ratio
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P
& =0 E (2.16)
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aums v ladeaumsn (2.27)

A(e
p, = A& 2.27)
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N f (%, +Ax)— (%)
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Tavanuduvoudulde AP Iillugasnaarsduiiioali4d19nds (backward
o I 1 4
difference formula) tazAuFUveUdUTAY 4B Thiugaswad1eduiiioans Inai (central

difference formula) A9EUNITA o 11/

~ f(Xo)_ f(xo _AX)

f'(x 2.32
(%) Ax (2.32)
, f(x, +Ax)— T (x, — AX)
(%) = —= g 2.33
(%) o Ax (2.33)
sazamnInlszinaeyiuisuduaesues f(x) “ﬁim P dadi
. AX , AX
f (Xo +7)_ f (Xo _7)
f ”(XO) ~
AX
f"(XO) zi{ f (XO +AX) B f(XO) _ f(XO) B f(XO _AX)} (234)
AX AX AX
F7(0) ~ (%, +Ax)—2f(xg)+ f(x, — AX)
(Ax)

= £ A oA A A a 7Y %
DAUUINNADNTIVWITANITUNITINAA WHULUDI AD ﬂ']ﬁjlﬂi']zﬁﬂjﬂﬁilﬂ'ﬁauﬂﬁmﬂl@ﬁl‘ﬂlﬂ@ﬁ

U da'
(Taylor’s series) AN

f (X, +AX) = f(x,)+Axf'(X,) +%(Ax)2 f"(x,) +%(Ax)3 f7(X,) + ... (2.35)

f (X, —AX) = f(%,) — AXf'(x,) +%(Ax)2 f"(%,) —% (AX)® £ (%) + ... (2.36)

A NMT (2.35) 1Az (2.36) iUz 19

f (X, +AX) + f (X, —AX) = 2 (%,) + (AX)* f"(X,) + O(AX)* (2.37)
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Abstract— This research focused on the adjustment of the
heating distribution by controlling the energy supplied to
the induction coil at the frequency of 2.45 GHz. The
objective is to determine the area which the heat is
uniformly distributed. The result from this research was
helieved to he effectively applied to the cancer treatment.
The main equipment in the experiment was the induction
coils which were sets of two coils and four ceils, and each
coil has its own power-supply unit. The result showed that
the activation of supply units ene at a time generated more
heating area than the one when all units were activated at
the same time. Moreover, the heating area depended cn
the number of ceils and the temperature, so the
understanding of these factors on the heat generation
would significantly benefit the cancer treatment in the

future.

[ INTRODUCTION

At present, the cancer treafments include surgery,
chemotherapy and radicactive treatment. The heat treatment is
recognized as an effective way to cure the cancer by applying
the heat directly to the cancer cells. The heat distributions
include the radic [requency induction, dielectric heating,
microwave heating and ultrasonic wave heating [1). The
heating temperature increased for 1.5 to 2.5 Celsius degrees
per minute until it reached the value of 41 to 42 Celsius
degrees, and it was kept constant for one hour. The operating
frequency was varied between 73, 430, 2450 and 9000 MHz
while there was an attempt to use the antenna to distribute the
wave right on the cancer cells. This approach was proved to
be effective for the case that the cell was tiny or deep into the
skin. However, it would cause an enormous pain to the
patients. The example of the experiment was conducted ou the
pig livers where the antenna was operated at the frequency of
915 MHz and its input equalled 50 Watt [21. The result showed
that the increment of the heating area and temperature
depended on the volume of the magnetic elements. Opposed
o the above technique, the injection locking was deployed
when the cancer cell was large and not deep in the skin, so
there was no need for the operation and it did not cause the
pain. However, the arrangement for the right position of the
antenna was important to the effective treatment of the cancer
cells [31. For example, the ferrite coils with the supply unit (4
MHz and 600 W) would increase the heating area when coils
were equipped with the electrode (4]. In this research, the

heating-induction coil was operated at 2.45 GITz with the 700
W magnetron tube (model M24FA-410A). There were two
sets of coils used in this experiment: two coils and four coils,
and each coil had its own power supply. The experiment was
conducted on the element (composing NaCl 0.4%, NaN;
0.02%, Agar 49%) which imitated the cancer cell.

II. ANALYSIS

The magnetic field and eddy current distribution. In this
analysis, the following [undamental equation for vector
potential A, which takes the eddy current into consideration, is
used. Solving the above equation for A by the Galerkin
method, the magnetic field and eddy current distribution are
calculated [5). and it was applied to the design of the spiral-
induction coil with two coils and four coils (equation (2} and
(3) respectively).

A

Vx(WxA)=-0 5 o=V @
t

Where ¥ is magnetic reluctance, .70 is Forced Current

Density, ¢ is Conductivity and¢®  is Electric Potential.
Dl)
D,

o

Fig 1. The desipn of two coils and four ceils of spiral inducticn
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Where D) is inner diameter, N is Number of tums, W

is wire diameter, S is turn spacing, . is inductance and

Dy, is outer diameter.

III. CONSTRUCTION OF INDUCTION COIL

The twe and four coils spiral mduction ceil are used that
have 2 mm in diameter and 1 micro Henry. Fig 2 shows 40
millimetres of outer diameter(Deo), 1 millimetres of turn
spacing(S), as shows fig .3(a) shows twe coils of induction
coil and fig .3(b) shows four coils of induction ceil that have
independent fesding energy for sach coil. The lossy medium
or human muscle phantem is rectangular shape and 9 cm of
diameter(F), 5 cm of height(H). Microwave magnetrons
(M24Fa-410A) is generator to produce 2.45 GHz, 700 W. The
power can transfer into a 9x 20 x3 Cm’ cavity which is
coupledby a A/4 probe to each coil through a 1 m RG 8/U
coaxial cable. These receive the electro-magnetic wave and
transmit to induction coil that have autematic time to control
feeding energy of each ceil series. Fig.4 shows the equipment
and instrument comprise with generater to produce 2.45 GHz,
700 W, induction ceil and lossy medium.

&

Fig 3. Induction coil and lossy medium (a) two coils of induction coil (b)
four coils of induction coil

Fig 4. The equipment and nstrument

IV. MEASUREMENT AND RESULT CONCLUSIONS

According te the result, the specimen had two layers, and
the upper layer was 2.5 cm in depth sc it was easily menitored
by using the thermal imager. The temperature of the specimen
at the beginning of the measurement was 27 Celsius degrees.
The timing circuit was set to control turn on the supply unit
for 10, 15 and 20 secend respectively. The distance between
the mduction ceil and the spacimen was 1 mm, and the
experiment was cenducted inte two stages: turning on each
power supply one by one and turning ecn all power supply
units at the same time. A two ceils of mduction coil
transferred energy from A te B and can also switch to
opposite directions shown in fig 3(a). A four ceils of
induction coil transferred energy from A to B, C and D in
fig 3(b).

In figure 5 and 6 showed the comparison results of
heating area from lossy medium. The experimental procedures
were performed by : feeding energy te both ceils turning on
all pewer supply and feeding energy to both coils tuming on
each power supply ene by ene . The results showed that when
energy was turning on all power supply, the two ceils of
induction ceil displayed the highest temperature at 45.6
Celsius degrees (figure 5a), and the four coils of induction
ceil presented the highest temperature at 46 Celsius degrees
(figure 6a). On the other hand, less temperature with larger
heat distributing arca was obtamed when both coils was

820
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tuming on each power supply one by one. The results from
the o oils of induction coil were shown in Figure 5 (b), (£)
and (), and the results from the four eoils induction coil were
showmn In Figure & (b), () and (d), respectively.
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Figs. 6 Size of dismitution ternperanre of lossy medimn for 4 indueton coil
selies [4) Bvary itducton eofl serizs are received snergy at the same tine
b3, (¢}, () Each induction cofl series is received snergy lossy medimn for
10 52, 15 5o and 20 see, repectively

VI COMCLUSIONS

When the power supply unit was turned on in order (one at
4 time) generated more heating area than the one when all

units were activated. Moreowver, the mber of units wag an.

important factor, sinee the heating arsa depended. on the
rmurber of supply units turned on Therefore, the heat

diztribution for caneer cell by wsing the individual supply with.

the timing cireuit was an effective approach to apply to the
“ganeel treatment with the low cost.
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Abstract: - In this paper, the simulations and experimental results of applicator system for regional induction
heating were conducted using noninvasive method. The objectrve is to determine the area which the heat 1s
uniformly distributed. The result from this paper was believed to be effectively when it was applied to the
cancer treatment. The applicator utilized was the mducting spiral coils which were sets of two coils and four
coils, and each coil has its own power-supply unit. It was fabricated by using magnetron sources operating at
frequency of 2.45 GHz. The energy supplied to the induction coil was timely controlled. The distribution of
the lossy medium was analyzed using the finite difference time domain method(FDTD). The results from the
simulation and experimental of heating area from lossy medium were compared. Both simulation and
experimental results showed good no conflict. The activation of supply units one at a time generated more
heating wide area than the one when all umts were activated at the same tume. The results showed that the
applicator with four coils generates more heating wide area than the one with two coils. Another interesting
point 1s that the activation each power supply unit was turned on one by one generates more heating wide area
than the activation all power supply units were tumed on. In this study, both two coils and four coils were
capable of producing a temperature rise of 7 Celsius degrees for 10 min. Moreover, the results from this
mvestigation can be applied to various designs of heating wide area applicator and another advantage 1s its
cost effectiveness.

Key-Words: - Applicator, Hyperthermia, Induction heating, lossy medium, finite difference time domain, agar
phantom

1 Introduction

The treatment of cancer ,such as Surgical excision,
chemotherapy  and  radioactive treatment.
Hyperthernua 1s a type of cancer treatment m which
body tissue is exposed to high temperatures and
recognized as an effective way to cure the cancer by
applying the heat directly to the cancer cells. The
heat distributions imclide the radio frequency
induction, dielectric heating, microwave heating and
ultrasonic wave heating. The heating temperature
icreased for 1.5 to 2.5 Celsius degrees per minute
until it reached the value of 41 to 42 Celsius
degrees, and 1t was kept constant for one hour. The
operating frequency was varied between 73, 430,
2450 and 9000 MHz[1],[2]. There are two methods
of induction heating. One method uses implants
which produce local heating, e.g. the experiment
and design of ferromagnetic implants This approach
was proved to be effective for the case that the cell
was tny or deep inside the skin. Another example 1s
that the implantation of micro-magnetic elements by
following soft Heating approach[3]. The result of

this approach indicated that the temperature and
heating wide area depend on the volume of
magnetic  elements[4]. Two methods uses
noninvasive external applicators for regional
heating. when the cancer cell was large and not deep
m the skin, so there was no need for the operation
and 1t did not cause the pain. However, the
arrangement for the right position of the applicator
was important to the effective treatment of the
cancer cells. Another example is that the
development of ferrite core applicator system for
deep-induction hyperthermia, by used ferrite coils
with the supply unit (4 MHz and 600 W) would
mecrease the heating area when coils were equipped
with the electrode[5] The development of inductive
regional heating system for breast hyperthermua, the
result showed a temperature rise of more than 8
Celsius degrees at a depth of 8 cm[6]. From the
study, the development applicator system for
regional induction heating wused noninvasive
method. The operating frequency should not exceed
300 MHz and the big sized applicator was
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necessary. It 1s difficult to the arrangement for the
appropriate position of the applicator.

In this paper, the study focuses on the heat
distribution for a specific area at the frequency of
2.45 GHz and nominvasive approach was utilized.
The external applicator with 700 supply units was
powered by the magnetron tubes. The applicators
are small sized. Moreover, a set of two coils and
four coils applicator with independent power
sources was used. The distribution of heating wide
area was studied by timely controlling the turning
on and off of the power supply units. The technmique
deployed to study the distribution of heat was the
finite difference time domain method (FDTD).

2 Construction of applicator system
In this paper, The applicator was fabricated by using
magnetron sources operating at frequency of 2.45
GHz and a maximum output power of 700 w. Each
of four microwave magnetrons are mounted into a
9%20x3 cm’ cavity which is coupled by a A/4
probe to each applicators through a RG 8/U coaxial
cable as shown in Fig. 1. The applicator was
fabricated copper wire with diameter of (w) 2.25
mm. Outer diameter(Do) 70 mm. Distance between
windings(s) 1 mm. Number of turns(N) 9 as shown
m fig. 2. The calculus of applicator as shown in
equation(1) and(2),inductance (L) 1 uH. [7].

¢ i

| ]

| | POWER SUPPLY : TIME

1 220V :

! T CONTROL

| i

| ]

1 1

| ]

| i

! | MAGNETRON :

I |

I |

WAVE GIDE
| APPLICATOR )) LOSSY
MEDIUM

Fig 1 Construction of applicator system.

-~
Y

W S

Fig. 2. The design of two coils and four coils of
applicator
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Where D, 1s inner diameter, N 1s Number of

turns, W is wire diameter, § 1s turn spacing, L is
mductance and D, is outer diameter

3 Temperature Distribution

In this section, the simulation of heat induction was
conducted by analyzing eddy current distribution of
the applicator and the following fundamental
equation for vector potential A, which takes the
eddy current into consideration, 1s used. Solving the
above equation for A , the magnetic field and eddy
current distribution are calculated as follows [3].

VxE=—jould (3)
VxH=j,+ jowsE + ok )
Vx(Wxd)=j,— 7 (5)
\ a4
Vx(Wxd)=j,—c——-0V¢ (6)
’ ot
Where v 1s magnetic reluctance, J, i1s forced
current density (A /m? )3 o 15 conductivity
(Q T }, ¢ 1selectric potential, zr1s permeability,

£1s permuittivity (F}.i?_l), @1s radian frequency
(rad !s) ji1s current density (A .-"mz],Eis the
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electric field (V' /m)
(A4/ m.)_

The temperature distribution i lossy media can
be calculated from bioheat transfer equation by

assuming the lossy media 15 human tissue. It can be
expressed as [9],[10],[11].[12].

H 1s the magnetic field

oT 2 : &M P
S cpiien, ey Pk - (N
ot C, é  pC,
p=dd (®
o
: cd
j=—0T—0V¢ ©)
ot
Where T 1s Temperature ("C ) t 1s heating

time(.s‘), R, 1s distribution temperature [m2.3_1 ),

&, is [kg - ), M, 1s liqud of mass ratio (kg), CP

i

is specific heat at constant pressure ( jkig°C ) Je)
15 the local physical density of the tissue
(kg mo }, P is heat source distribution (W fm’ )

4 Measurement and Result

The lossy medium temperature distribution was
analyzed by using the finite difference time domain
method (FDTD). Lossy medium with diameter of
(G) 9 cm, lught(H) 7 cm, Distance between lossy
medium to applicator(sl) was 1,2.34.5.6,7.89 and
10 mm respectively, as shown m Fig. 3(a) The
mitial temperature of lossy media was 37 Celsius
degrees which is the human temperature. The
temperature at the surface of lossy medmim was kept
constant at 27 Celsius degrees. The Fabrication of
lossy medium immitates skin layer, fat layer and
agar phantom, as shown in Fig. 3(b). The simulation
and experimental results of heating area distribution
i the lossy mediun were shown i Fig. 4

skin
o =0.7(s/m)
H=Le=41

fat
o =0.047(s/m
H=1

phantom
o =0.62(s/m)
H=1=130

(O]

Fig. 3 The lossy medium (a) Distance between
lossy medium to applicator(s1) (b)The lossy
medium consist

.y
=1

o
Fa

w
-

w
Fa

Temperature{oC)
|
|

4

Distance{mm}

|—0—experfmm —=— simulation |

Fig. 4 Relationship between temperature and
distance between medium and lossy medium (s1)

The simulation and experiment was conducted in
two stages: turming on all power supply units(20
mins) and turning on each power supply one by
one(each for 20 sec) . A set of coils was composed of
two coils which transfer energy from Al to B1 and
can also switch to opposite directions as shown in fig
5(a). For four coils applicator, the energy was
transferred from C2 to D2 and E2 to D2 in fig .5(b).

(@)
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®

Fig. 5 The arrangement for position of the
applicator (a) two coils (b) four coils
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Fig. 6 The temperature distribution in the lossy

medmm (two coils applicator) after all power
supply units were turned on for 20 mins.

Te°c)

40

39

Fig. 7 The temperature distribution in the lossy
medium (fwo coils applcator) after each power
supply umt was twrned on one by one (each for 20
sec) for 20 muns.

Fig. 8 The temperature distribution in the lossy
medium (four coils applcator) after all power
supply units were turned on for 20 mins.

Fig. 9 The temperature distribution in the lossy
medium (four coils appleator) after each power
supply unit was turned on one by one (each for 20
sec) for 20 mins.

Figure 6 and 7 showed the simulation results of
heating area in the lossy medium when two coils
applicator was used. The energy was fed to both
coils by turming on all power supply units with the
maximum temperature of 41 Celsius degrees. When
turning on power supply umt one by one, the
maximum temperature was set at 40 Celsius
degrees. The result showed that the activation each
power supply unit was turned on one by one
generates more heating  wide area than the
activation all power supply units were turned on.
Figure 8§ and 9 showed the comparison results of
heating area m the lossy medium in case of four
coils applicator. The feeding enerpy was applied to
both coils when fumning on all power supply units
and the target of maximuwm temperature was 41
Celsmus degrees. However, when the energy was
fed to both coils after turning on each power supply
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one by one, the maximum temperature was set at
38 Celsius degrees. The interesting result 1s that the
the activation each power supply unit was turned on
one by one generates more heating wide area than
the activation all power supply units were turned on.
The applicator was fabricated by using magnetron
sources operated at the frequency of 2.45 GHz as
shown m Fig. 10. According to the result, the
specimen had ftwo layers, and the upper layer was
25 em i depth and diameter was 9 em. The
distance between applicator and the specimen was 1
mm. so it was easily monitored by using the thermal
mnager. The temperature of the specimen at the
beginning of the measurement was 27 Celsius
degrees.

Fig. 10 (a)Construction of applicator systems (b)
Fabricator of applicator systems. (c) Inside the
applicator.
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Fig. 11 The temperature distribution in the lossy
medum (two coils applicator) after all power supply
units were turned on for 20 muns.
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Fig. 12 The temperature distribution in the lossy
medmum (two coils applicator) after each power
supply unit was turned on (each for 20 sec ) for 20
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Fig. 13 The temperature distribution in the lossy
medium (four coils applicator) after all power
supply units were turned on for 20 mumns.
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Fig. 14 The temperature distribution in the lossy
medmum (four coils applicator) after each power
supply unit was turned on by one (each for 20 sec )
for 20 muns.
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Figure 11 and 12 showed the experimental result of
heating area in lossy medmm (for two coils
applicator). The energy was fed to both coils when
turning on all power supply at 48.8 Celsius degrees.
Alternatively, the feeding energy was transmitted to
both coils by turning on each power supply one by
one when the temperature was set at 37.1 Celsius
degrees. In conclusion, the activation of supply
units one at a tune generated more heating wide
area than the one when all umts were activated at
the same time. Figure 13 and 14 showed that
heating area in the lossy medium in case of four
colls applicator. The energy was fed to both coils by
turning on all power supply with maximum
temperature at 40 Celsius degrees. Another
approach is to feed energy to both coils by turning
on each power supply one by one power supply
with maximum temperature at 35.6 Celsius degrees.
Similar to the previous results, the activation each
power supply unit was turned on one by one
generates more heating wide area than the activation
all power supply units were turned on.

4 Conclusion

The applicator system for regional induction heating
was fabricated using noninvasive method. For a
large tumor of size more than 6 cm in diameter, it
was easily fabricated by using magnetron sources
operated at the frequency of 2.45 GHz and small
sized applicator was preferred. The timing circuit
was controlled to turn on the supply unit for
generating heating wide area . The simulation and
experimental results of heating wide area
distribution in the lossy medium was investigated.
Both simulated and experumental results show good
agreement. The result showed that the activation of
supply units one at a time generated more heating
wide area than the one when all units were activated
at the same time. The result reveals that four coils
applicator generated more heating wide area than
the one with two coils. The activation each power
supply unit was tumed on one by one generates
more heating wide area than the activation all power
supply units were turned on. Moreover, both two
coils and four coils applicator were capable of
producing a temperature rise of 7 Celsius degrees
for 10 nuns. The results from this mvestigation can
be applied in the design process of applicator and it
1s costly effective.
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Abstract— In this paper, the researches propose to study the
effect of position of the pole coils to inductive regional heating.
The focused is to determine the wide area which the heat is
uniformly distributed. The result from this research was believed
to be effectively applied to the cancer treatment. The design was
pole coils which wear set of two pole coils, four pole coils, six
pole coils and eight pole coils respectively. It was source
operating at frequency of 2.45 GHz. The distance between lossy
medium to pole coils was 3 mm., 5 mm. and 10 mm. respectively.
The distributed of lossy medinm was analyzing using finite
difference time domain (FDTD). As the results of heating area
simulation, many pole coils generated low heat, wide heating
area and uniform distribution. However, less pole coil generated
high heat and not uniform distribution. The pole coils was near
lossy medinum generated maximum heading, nevertheless it was
not uniformly. Moreover, the pole coils was far lossy medinm
generate minimums heating, it was uniformly. The results from
investigation can be applied and another advantage is its costs
effectiveness.

I. INTRODUCTION

The treatment of cancer, such as Surgical excision,
chemotherapy and radioactive treatment. Hyperthermia is a
type of cancer treatment in which body tissue 1s exposed to
high temperatures and recognized as an effective way to cure
the cancer by applying the heat directly to the cancer cells.
The heat distributions include the radio frequency induction,
dielectric heating, microwave heating and ultrasonic wave
heating. The heating temperature increased for 1.5 to 2.5
Celsius degrees per minute until it reached the value of 41 to
42 Celsius degrees, and it was kept constant for one hour. The
operating frequency was varied between 73, 430, 2450 and
9000 MHz[1]. The method uses noninvasive external
applicators for regional heating. When the cancer cell was
large and not deep in the skin, e g leg or arm cutaneous, so
there was no need for the operation and it did not cause the
pain. However, the arrangement for the right position of the
applicator and wide area, which was the heat and uniformly
distributed, was important to the effective treatment of the
cancer cells. A large area of tumor which was more than 6 cm
in diameter was difficult to generate wide heating area and
uniformly distributed. Consequently, these did not succeed in
cancer treatment. hyperthermia is required, particularly for a
recurrent tumor. Microwave frequency technique 1s possible
for not deep treatment. The temperature in cancer cell can be
mcreased by induction. To induce heat i the cancer cell

978-1-4244-5623-9/10/$26.00 ©2010 IEEE
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strong magnetic field has to penetrate the cancer cell tg
generate eddy current in the cell which can be visualized as
electric loss. The eddy current will increase the cel
temperature. The temperature of normal cells due to eddy
current 1s constant since the cancer cell 1s more conductive
than normal cell, e.g the selective heating of cutaneous
human tumors at 27.12 MHz . It is a modified diathermy uni
which employs a “pancake™ coils to induce the patients wiLl']
up to 30 W of electromagnetic [2]. Another example 1s tha
the development of ferrite core applicator system for deep-
mduction hyperthermia, by used fermte coils with the supply
unit (4 MHz and 600 W) would increase the heating are
when coils were equipped with the electrode[3]. The
development of inductive regional heating system for breasi
hyperthermia, the result showed a temperature rise of more
than 8 Celsius degrees at a depth of 8 cm[4].

In this paper, the study focused is to determine the wide
area which the heat is uniformly distributed and noninvasive
method. The study to the effect of mductive regional heating
system from position of pole coils. The design was pole coils
which wear set of two pole coils, four pole coils, six pole
coils and eight pole coils respectively. It was source operating
at frequency of 245 GHz. The distance between lossy
medium to pole coils was 3 mm, 5 mm and 10 mm
respectively. The distributed of lossy medium was analyzing
using finite difference time domain (FDTD).

II. ANALYSIS

The temperature distribution in lossy media can be
calculated from bioheat transfer equation by assuming the
lossy media 1s human tissue. It can be expressed as [5].[6].[7].

c¢T 9 ! oM P
G—=RIV‘r+ & L;,Gﬂ Ly — I5))
&t c, " ot ,
P= pS4R @
J2
SAR =— (3)
op
p-L @)
a
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Where T 1s Tempemmre(BC] t is heating time{S): R, is
distribution temperature [mz.s_l), M, 1s liquid of mass
ratio (kg) , C - is  specific heat at constant pressure
(J.kg_l Yo ) £ 1s the local physical density of the tissue
(frg.m = ) Pis power density (W ! mj], SAR is specific
absorption rate (Wf’ kg)

Transformation of temperature 1s occurred from the first

equation. It consists of three factors which are heat conversion,

heat conduction, convection and external power source. The
analyzing magnetic field distribution of the pole coils and the
following fundamental equation for vector potential A, which
takes the eddy current mnto consideration, 1s used. Solving the
above equation for A . the magnetic field and eddy current
distribution are calculated as follows [4].[8][9]

VxE=—jouH (3)
VxH=Jj+ jweE + oE (6)
V.B=0 M
V.D=p, 8
oA
Vx(viA):Jo—oTr—av¢ (9)
b5
Vx(Wxd)=J,-J (10)
cd
J=—-0c—-0V 11
ar ¢ (11)

Where V is magnetic reluctance (A1 /WD), J, is forced
current density(A £ mz)= o isconductivity [Q_lm_l)= &
is electric potential (V) M is permeability (H / m], £ 15
permittivity (Fm_l), @ is radian frequency (rad /s), Jis
current density [A i m? }__E is the electric field (me], H
1s the magnetic field (Afm) . B is magnetic flux
density [%mz )_. D i1s electric flux density (C / mj)

III. CONSTRUCTION OF POLE COILS

In the simulation, the pole coils are fed by a 2.45 GHz source.
The design of pole coils were the set of two pole coils, four
pole coils, six pole coils and eight pole coils, respectively.
The arrangement for position of the pole coils are shown in
figure 2(a).(b).(c).(d). All pole coils were obtained same
energy level In addition, each pole coils had the average
energy, constantly.

High power oscillator
2.45 GHz

Pole Cail

Magnen: Fueld

Fig.1 Schematic of the pole coils system
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The results from simulation of heating area can be visualized
as electnic loss densities. Furthermore, 1t was analyzing using
finite difference time domain (FDTD), as shown in Fig. 4, 5, 6,

and 7. U/m*3

1.8B=8

6.Be?
2a?
27e?
15e7
33e7
14e6
GleG

Be4

DI g

Fig. 2 The arangement for position of the pole coils (a) two pole coils (b)
four pole coils (¢) six pole coils (d) eight pole coils H/n"™3

(O] (©

Fig. 4 Electric loss density image of the heating lossy medium for two pole
coils (2) 3 mm (b} 5 mm. {¢) 10 mm_

IV. MEASUREMENT AND RESULT
The lossy medium with diameter of (G) 9 cm, height (H) 7 cm,
Distance between lossy medium to pole coils(sl) was 3
mm. 5mm and 10 mm. The simulation of lossy medmm
imitates skin layer, fat layer and agar phantom. as shown in

Fig. 3(a).(b).

eI e I R
-
™~
)
n

Him™3

8_028e?
4. 137
3.15e7
Z-16=7
1.42c7
B8.77e6
4.7Zeb
1.73e6

29

(a)
skin H/m*3
o= O.T(sfm) 7.4526
+.53eb
H=le=41 3.1BeE
Z.18e6
1.43e6
B83373
i 475888
"
3.58 @
fat
o =0.047(s/m) (®) ©
H= 1 Fig. 5 Electric loss density image of the heating lossy medium for four pole

coils (a) 3 mm (b) 5 mm. (¢) 10 mm

phantom
o =0.62(s/m)
H=1=130
(b)
R‘)g'rgh ei[]':: sl;igd I::;II;.‘I.; Sgti]istmce between lossy medium to applicator(s ) ®
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Him*3
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1.25eE
BS 4952
563355
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Fig. 6 Electric loss density image of the heating lossy medum for six pole
coils () 3 mm. (b) 3 mm. (c) 10 mm

H/m™3

2. 247

1.537

1.688e7

7.37eb

48626

2.89e6

i.BicE
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218

(a)
Wim™~3
B.225
3.77e8
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1.19eb
731643
335855
141894
705
®) (©

Fig.7 Electric loss density image of the heating lossy medium for eight pole
coils {a) 3 mm (b) Imm. (c) 10 mm.

Fig 4 shows the heating location when two pole coils had the
distance between lossy medium and pole coils(sl) was 3
mm_ 5mm and 10 mm. As a result the maximum electric loss
densities were 1.08¢® w/m™, 486" w/m™ and 132¢

wim™ respectively. Fig 5 shows the heating location when
four pole coils had the distance between lossy medium and
pole coils(s1) was 3 mm Smm and 10 mm.. As a result, the
maximum electric loss densities were 8.08e’ wr’mM,

1.78¢" w/ mng: 7.45¢° wi/m”™ respectively. Fig 6 shows
the heating location when four pole coils had the distance
between lossy medium and pole coils(s1) was 3 mm  Smm
and 10 mm. As a result the maximum electric loss densities
were 3.19¢7 w/m™, 1637 wim™, 293¢5 wim™
respectively. Fig 7 shows the heating location when four pole
coils had distance between lossy medium and pole coils(s1)
was 3 mm 5mm and 10 mm. As a result the maximum

electric loss densities were 2.24¢” w/m™ . 6.2e° w/ m’d,

2.56¢° w/m™ respectively. The results from to simulation
of heating area were many pole coils generated heating wide

“area and uniformly distributed. The pole coils was near lossy

medium generated maximum heading. nevertheless it was not
uniformly. Moreover, the pole coils was far lossy medium
generate mimimums heating, 1t was uniformly.

VL CONCLUSIONS

The development of inductive regional heating system. In
this paper, The effect of position of the pole coils to the
inductive regional heating. The focused 1s to determine the wide
area which the heat is uniformly distributed. A large area of
tumor which was more than 6 cm in diameter. It was difficult
to generate wide heating area and uniformly distributed. The design
was add pole coils which wear set of two pole coils, four pole coils,
six pole coils and eight pole coils respectively. This technical was
generated heating wide area and uniformly distributed. It was
source operating at frequency of 2.45 GHz. The distance between
lossy medium to pole coils was 3 mm, 5 mm. and 10 mm.
respectively. As the results of heating area simulation, many pole
coils generated low heat, wide heating area and uniform distribution.
However, less pole coil generated high heat and not umiform
distribution. The pole coils was near lossy medium generated
maximum heading, nevertheless it was not uniformly.
Moreover, the pole coils was far lossy medium generate
minimums heating, it was uniformly. the results from this
investigation can be applied to various designs of heating
wide area applicator and another advantage 1s its cost
effectiveness.
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CHUMPON PATUMMAKASORN and CHANCHAI THONGSOPA
Department of Telecommunication Engineering
Suranaree University of Technology
111 Sranaree Road, Maung, Nakhonratchasima 30000
THAILAND
toy161@hotmail.com, chan@sut.ac.th

Abstract: - In this paper, the design of applicator system for regional induction heating at 2.45 GHz and using
noninvasive method. The distribution of the lossy medium was analyzed using the finite difference time
domain method(FDTD). The objective is to determine the area which the heat is uniformly distributed. The
result from this paper was believed to be effectively when it was applied to the cancer treatment. The
applicator utilized was the inducting spiral coils which were sets of two coils and four coils, and each coil has
its own power-supply unit. It was fabricated by using magnetron sources operating at frequency of 2.45 GHz.
The energy supplied to the induction coil was timely controlled. The results from the simulation and
experimental of heating area from lossy medium were compared. Both simulation and experimental results
showed good no conflict. The activation of supply units one at a time generated more heating wide area than
the one when all units were activated at the same time. The results showed that the applicator with four coils
generates more heating wide area than the one with two coils. Another interesting point is that the activation
each power supply unit was turned on one by one generates more heating wide area than the activation all
power supply units were turned on. In this study, both two coils and four coils were capable of producing a
temperature rise of 7 Celsius degrees for 10 min. Moreover, the results from this investigation can be applied
to various designs of heating wide area applicator and another advantage is its cost effectiveness.

Key-Words: - Applicator, Hyperthermia, Induction heating, lossy medium, finite difference time domain, agar
phantom

1 Introduction elements by following soft Heating approach, the

The treatment of cancer, such as Surgical excision, result of this approach_ indicated that the
chemotherapy and radioactive treatment. temperature and h_eatmg wide area depend on the
Hyperthermia is a type of cancer treatment in which volulme of magnetic elements[7]. The “"}-101? body
body tissue is exposed to high temperatures and heating .melthod Such as the experl.ment?l
recognized as an effective way to cure the cancer by chargcte_nzanon of hchc_:al ICOIIS as _hyp?rthcrm_m
applying the heat directly to the cancer cells. The apphcatlorlls show that this kind of device, in certain
heat distributions include the radio frequency conﬁguranons, ShO‘JIC! be able to heat the deep
induction, dielectric heating, microwave heating and portions of a hum'fm h-m_b- (8] Al_lothe:r exampl.e 15
ultrasonic wave heating. The heating temperature that the VLF induction heating for cynical

increased for 1.5 to 2.5 Celsius degrees per minute hyperthermia[9]. Two methods uses noninvasive
until it reached the value of 41 to 42 Celsius external applicators for regional heating. When the
degrees, and it was kept constant for one hour. The cancer cell was large and not de?p mn the_ Sk.m-" 50
operating frequency was varied between 73, 430, there was no need for the operation and it did not
2450 and 9000 MHZ[1,2]. cause the pain. However, the arrangement for the

right position of the applicator was important to the
effective treatment of the cancer cells, e.g. the
selective heating of cutaneous human tumors at

There are two methods of induction heating [3-
5]. One method uses implants which produce local
heating for regional heating. When the cancer cell

was small and deep in the skin, e.g. the experiment 27.12 MHz . It is a“mocliiﬁeﬁl diathermy unit which
and design of ferromagnetic implants, this approach employs a “pancake” coil to mduc.e the patients with
was proved to be effective for the case that the cell up to 30 W of electromagnetic [10]. fAﬂOtheT
was tiny or deep inside the skin[6]. Another example is that the development of ferrite core
example is that the implantation of micro-magnetic applicator system for deep-induction hyperthermia,
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by used ferrite coils with the supply unit (4 MHz
and 600 W) would increase the heating area when
coils were equipped with the electrode[11]. The
development of inductive regional heating system
for breast hyperthermia, the result showed a
temperature rise of more than 8 Celsius degrees at a
depth of 8 em[12]. From the study, the development
applicator system for regional induction heating
used noninvasive method. The operating frequency
should not exceed 300 MHz and the big sized
applicator was necessary. It is difficult to the
arrangement for the appropriate position of the
applicator.

In this paper, the study focuses on the heat
distribution for a specific area at the frequency of
2.45 GHz and nomninvasive approach was utilized.
The external applicator with 700 supply units was
powered by the magnetron tubes. The applicators
are small sized. Moreover, a set of two coils and
four coils applicator with independent power
sources was used. The distribution of heating wide
area was studied by timely controlling the turning
on and off of the power supply units. The technique
deployed to study the distribution of heat was the
finite difference time domain method (FDTD) [13-
17].

2 Construction of applicator system
In this paper, The applicator was fabricated copper
wire with diameter of (w) 2.25mm. Outer diameter
(Do) 70 mm. Distance between windings(s) 1 mm.
Number of turns(N) 9 as shown in figure 1 and 2.
The caleulus of applicator as shown in equation(1)
and(2),inductance (L) 1 uH. [18-20].

Fig.1 Construction of applicator (spiral
induction coil)
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Fig. 2. The design of spiral induction coils.
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2
Where D, is

turns, W is wire diameter, S is turn spacing, L is

inner diameter, /N is Number of

inductance and D, is outer diameter

3 Temperature Distribution

In this section, the simulation of heat induction was
conducted by analyzing eddy current distribution of
the applicator and the following fundamental
equation for vector potential A, which takes the
eddy current into consideration, is used. Solving the
above equation for A , the magnetic field and eddy

current distribution are calculated as follows [21-
26].

VxE=—joud 3
VxH = j,+ joeE + oE 4)
VB=0 (5
V.D=p, (6)
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Vx(v’VxA)=fo_f (7

Vx{v’VxA)=jo—craa—f—GV;ﬁ ®)
Where V is magnetic reluctance (4.¢/ %), J, is
forced current density (.Af' m? )_. o is conductivity
(Q_lm_]), ¢ is electric potential(V), g is
permeability(H / m), £ 1is permittivity (Fm_l ), @
is radian frequency (i'a(ff .S'], Jis current density
(4/m?),Eis the electric field (V7/m). H is the
magnetic field (Aa" m), B is magnetic flux
density (.]?F"b.?ﬁlt2 J D i1s electric flux density (C / ms]

The temperature distribution in lossy media can
be calculated from bicheat transfer equation by
assuming the lossy media is human tissue. It can be
expressed as [27-37].

&M

O gy lop M, P ©)

o c, "a  pc,
p=4L (10)

o
a4

=2 oV 11
J o ¢ 1)
Where T is Temperature (GC ) t is heating

time(s), R, is distribution temperatm‘e(mz..s_l ),

g, 1s (kg_l), M, isliquid of mass ratio (kg] ,C

r

is specific heat at constant pressure ( Jjkig°C )_. yel
1s the local physical density of the tissue (kg,m 3 J,
P is heat source distribution (W /m’ )

The applicator systems was fabricated by using
magnetron sources operating at frequency of 2.45
GHz and a maximum output power of 700 w. Each
of four microwave magnetrons are mounted into a
0x20x3 em’ cavity which is coupled by a A/4
probe to each applicators through a RG 8/U coaxial
cable This applicator was radiate to lossy medium
(phantom),as shown in Fig. 3 [38].

ISSN: 1109-2742
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POWER SUPPLY |, TIME
220V h CONTROL

MAGNETRON
2.45GHz

— APPLICATOR 1

Fig.3. Construction of applicator systems.

4 Measurement and Result

The lossy medium temperature distribution was
analyzed by using the finite difference time domain
method (FDTD). It with diameter of (G) 9 cm,
hight(H) 7 c¢m, Distance between lossy medium to
applicator(sl) was 1,2,3.4,56,7.8,9 and 10 mm
respectively, as shown in Fig. 4(a) The initial
temperature of lossy media was 37 Celsius degrees
which is the human temperature. The temperature at
the surface of lossy medium was keep a constant 27
Celsius degrees. The Fabrication of lossy medium
imitates skin layer, fat layer and agar phantom, as
shown in Fig. 4(b). The results from the simulation
and experimental of heating area from lossy
medium were compared, as show fig. 5.
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skin Fig.6. The arrangement for position of the
o =0.7(s/m) applicator (two coils)

H=lLe=41
Table 1. The activation all power supply units were
turned on (two coils)

fat Applicator
0 =0.047(s/m) Al ON ON
H=1 Applicator
B1 ON ON

phantom

¢ =0.62 (s;’m) Table 2. The activation each power supply unit

H=1&=130 was turned on one by one (two coils)
(o) Applicator
Al ON OFF
Fig.4 The lossy medium (a) Distance between _
lossy medium to applicator(sl)  (b)The lossy Applicator
medium consist Bl OFF ON
a

Table 3. The activation all power supply units were

Ty .
‘g, £ ml:q\ turned on(four coils)
sy
2 \%““:‘Q\. Applicator | ON | ON | ON | ON
23 g A2
i . . T . . . Applicator ON ON ON ON
0 2 4 B 8 10 12 B2
Distance(mm)
Applicator ON ON ON ON
—e—experiment —s—simulation | C2
Fig.5  Relationship between temperature and Applicator ON ON ON ON
distance between medium and lossy medium (s1) D2
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Table 4. The activation each power supply unit
was turned on one by one (four coils)

Applicator ON OFF | OFF | QFF
A2

Applicator OFF ON OFF | OFF
B2

Applicator OFF | OFF ON | OFF
c2

Applicator OFF | OFF | OFF | ON
D2

The simulation and experiment was conducted
in two stages: turning on all power supply units(20
minutes), as shown in table 1,3. And turhing on
each power supply one by one(each for 20 sec).
That set of coils was composed of two coils which
transfer energy from Al to Bl and can also switch
to opposite directions, as shown in table 2. and For
four coils applicator, the energy was transferred
from A2 to B2 and C2 to D2, as shown in table 4.
The arrangement for position of the applicator are
two coils and four coils as shown as fig. 6 and 7.

Fig.7. The arrangement for position of the
applicator (four coils)
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Fig. 8 The temperature distribution in the lossy
medium (two coils applicator) after all power
supply units were turned on for 20 minutes.

T("C)
19

i)

Fig. 9 The temperature distribution in the lossy
medium (two coils applicator) after each power
supply unit was turned on one by one (each for 20
sec).
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Fig. 10 The temperature distribution in the lossy
medivm (four coils applicator) after all power
supply units were turned on for 20 minutes.
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Fig. 11 The temperature distribution in the lossy
medium (four coils applicator) after each power
supply unit was turned on one by one (each for 20
sec).

Figure 8 and 9 showed the simulation results of
heating area in the lossy medium when two coils
applicator was used. The energy was fed to both
coils by turning on all power supply units with the
maximum temperature of 41 Celsius degrees and
areas of temperature distribution are 19 cm’. When
turning on power supply unit one by one, the
maximum temperature was set at 40 Celsius degrees
and areas of temperature distribution are 50 cm’.
The result showed that the activation each power
supply unit was turned on one by one generates
more heating wide area than the activation all
power supply units were turned on.

Figure 10 and 11 showed the comparison
results of heating area in the lossy medium in case
of four coils applicator. The feeding energy was
applied to both coils when turning on all power
supply units and the target of maximum temperature
was 41 Celsius degrees and areas of temperature
distribution are 38 em®. However, when the energy
was fed to both coils after turning on each power
supply one by one, the maximum temperature was
set at 38 Celsius degrees and areas of temperature
distribution are 60 cm’. The interesting result is that
the activation each power supply unit was turned on
one by one generates more heating wide area than
the activation all power supply units were turned on.
The applicator was fabricated by using magnetron
sources operated at the frequency of 2.45 GHz as
shown in Fig. 10. According to the result, the
specimen had two layers, and the upper layer was
2.5 cm in depth and diameter was 9 cm. The
distance between applicator and the specimen was 1
mm. so it was easily monitored by using the thermal
imager. The temperature of the specimen at the
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beginning of the measurement was 27 Celsius
degrees.

(b)

(©

Fig. 12 (a) Construction of applicator systems (b)
Fabricator of applicator systems. (¢) Inside the
applicator.
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| 2045

70

Fig. 13 The temperature distribution in the lossy
medium (two coils applicator) after all power
supply units were turned on for 20 minutes.

371

348

325

Fig. 14 The temperature distribution in the lossy
medium (two coils applicator) after each power
supply unit was turned on one by one (each for 20
sec )

3l

¢

. L

| 260
Fig. 15 The temperature distribution in the lossy

medium (four coils applicator) after all power
supply units were turned on for 20 minutes.
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Fig. 16 The temperature distribution in the lossy
medium (four coils applicator) after each power
supply unit was turned on one by one (each for 20
sec )

Figure 13 and 14 showed the experimental result
of heating area in lossy medium (for two coils
applicator). The energy was fed to both coils when
turning on all power supply at 48.8 Celsius degrees.
and areas of temperature distribution are 25 cm’.
Alternatively, the feeding energy was transmitted to
both coils by turning on each power supply one by
one when the temperature was set at 37.1 Celsius
degrees and areas of temperature distribution are 60
cm’. In conclusion, the activation of supply units
one at a time generated more heating wide area than
the one when all units were activated at the same
time.

Figure 15 and 16 showed that heating area in
the lossy medium in case of four coils applicator.
The energy was fed to both coils by turning on all
power supply with maximum temperature at 40
Celsius degrees and areas of temperature
distribution are 45 em”. Another approach is to feed
energy to both coils by turning on each power
supply one by one power supply with maximum
temperature at 35.6 Celsius degrees and areas of
temperature distribution are 62 em’. Similar to the
previous results, the activation each power supply
unit was turned on one by one generates more
heating wide area than the activation all power
supply units were turned on.

Figure 17 show graph is compare times to
temperature from experimental and simulations. For
lossy medium of two coils applicator on 20 minutes
ago. The simulation and experiment results all
power supply units were turned on are simulationl
and experiment]l respectively. The simulation and
experiment results of each power supply unit was
turned on one by one(each for 20 sec) are
simulation2 and experiment2 respectively. That
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graph can be observed temperature rise of lossy
medium more 7 Celsius degrees on 10 minutes. All
power supply units were turned on has more
temperature than each power supply unit was turned
on one by one.

50
—~ 40 = "
(S'i _’)ﬁ.a_\-——-f’_‘;?
£ 3 e
5
2
E
et
=10
0 T T T T
0 5 10 15 20
Time{min}
|+simulati0n1 —=experiment1 simulation2 experiment2|

Fig.17. The results from the simulation and

experimental of heating area from lossy medium
were compared for 20 minutes. (two coil)
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Temperature(oC)
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Fig.18. The results from the simulation and

experimental of heating area from lossy medium
were compared for 20 minutes (four coil)

From figure 18 show graph is compare times to
temperature from experimental and simulations. For
lossy medium of four coils applicator on 20
minutes ago. The simulation and experiment results
all power supply units were tuned on are
simulation3 and experiment3 respectively. The
simulation and experiment results of each power
supply unit was turned on one by one(each for 20
sec ) are simulation4 and experiment4 respectively.
That graph can be observed temperature rise of
lossy medium more 7 Celsius degrees on 10
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minutes. All power supply units were turned on has
more temperature than each power supply unit was
turned on one by one.

4 Conclusion

The applicator system for regional induction heating
was fabricated using noninvasive method. For a
large tumor of size more than 6 em in diameter, it
was easily fabricated by using magnetron sources
operated at the frequency of 2.45 GHz and small
sized applicator was preferred. The timing circuit
was controlled to turn on the supply unit for
generating heating wide area. The simulation and
experimental results of heating wide area
distribution in the lossy medium was mvestigated.
Both simulated and experimental results show good
agreement. The result showed that the activation of
supply units one at a time generated more heating
wide area than the one when all units were activated
at the same time. The result reveals that four coils
applicator generated more heating wide area than
the one with two coils. The activation each power
supply unit was turned on one by one generates
more heating wide area than the activation all power
supply units were turned on. Moreover, both two
coils and four coils applicator were capable of
producing a temperature rise of 7 Celsius degrees
for 10 minutes. The results from this investigation
can be applied in the design process of applicator
and it is costly effective.
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