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Introduction

As is well known, the high-frequency induction technique finds its greatest application in the metal-processing industries. The primary uses are classified into the major categories of heating prior to metalworking, heat treatment, welding and metal melting. This technique offers a number of advantages over the conventional furnace process such as energy savings, rapid heating, and resultant high production rate [START_REF] Zinn | Elements of Induction Heating: Design, Control, and Applications[END_REF]. In addition to these industrial fields, another application of this technique has been sought and developed as a novel thermotherapy of solid cancer in the medical fields [START_REF] Watanabe | [END_REF]3]. Thus, we have attempted to evaluate the applicability of the novel ablation therapy for oral cancer utilizing a highfrequency induction technique [4]. As reported in a previous paper [5], we have fabricated a prototype ferromagnetic ablation needle, which is totally covered with a Ti layer, as demonstrated in Fig. 1 (a) and(b). According to experiments performed by changing the inclination angles (θ= 0 o , θ= 45 o and θ= 90 o ) relative to the magnetic flux direction, the newly designed ablation needle had a complete non-oriented heating property relative to the magnetic flux direction, suggesting that precise control of the ablation temperature is possible in clinical use without a lead-wire connected to a fiber-optic thermometer. The purpose of the present study was to simulate the heat generation property of a prototype ablation needle by a finite element method. In addition, the heat transfer simulation was also carried out to visualize the temperature distribution in the tissue-mimicking phantom subjected to the insertion of the Ti-coated ablation needle. 

Magnetic field and heat transfer simulation analyses

The heating property of the Ti-coated ablation needle was investigated using the electromagnetic field analysis software, JMAG Studio, ver. 10.0 (The JRI Solution, Ltd.) [6]. Fig. 1(c) shows the appearance of the specimen used in the present simulation study. The two-dimensional schematic view of the simulation model is shown on the left-side of Fig. 2. The simulation model was completed by considering the physical parameters of the outer Ti component, inserted carbon steel rod and tissue-mimicking phantom, as well as the frequency, current condition, magnetic field strength, turn number of the coil and the initial temperature. These simulation conditions are summarized on the right-side of Fig. 2. The simulation was carried out for the three different inclination angles of θ= 0 o , 45 o and 90 o relative to the magnetic flux direction. The magnetic permeability value of the ferromagnetic carbon steel rod used in the simulation was 2000, while this value was 1 for the non-magnetic outer Ti component.

Heat generation property of the Ti-coated ablation needle

Fig. 3 shows the simulation images of the magnetic flux density for the prototype Ti-coated ablation needle subjected to the insertion of the ferromagnetic carbon steel rod under the θ= 0 o condition relative to the magnetic flux direction. In the color display bar presented on the right portion of the figure, the color transition (red→ green→ blue) reflects the continuous decreases in the value of the magnetic flux density, referring to the numerical value on the its left-side. As indicated by the red and dark-blue colors in Fig. 3(a), the magnetic flux density is the highest at the surface and in the vicinity of the inserted carbon steel rod. However, we note in Fig. 3(b) that no significant magnetic flux density is observed in the outer Ti component with the non-magnetic property.

In the high-frequency induction field [START_REF] Bozorth | Ferromagnetism[END_REF][START_REF] Saito | [END_REF], the magnetic total loss (P total ) is composed of the hysteresis loss (P h ), eddy c current loss (P e ) and residual loss (P r ) in the magnetic materials as given by Eq. [START_REF] Zinn | Elements of Induction Heating: Design, Control, and Applications[END_REF].

P total = P h + P e + P r [W/m 3 ] (1) 
Moreover, the P h and P e values, denoted by Eqs. ( 2) and (3), respectively, significantly affect the heating property of the ferromagnetic metals and alloys. Since the magnetic flux concentrates only on the surface and in the vicinity of the inserted carbon steel rod, the effect of P h plays an important role in its heat generation property.

P h = k h • f • B m 1.6 [W/m 3 ] (2) 
where k h : a constant value, f: frequency (Hz), B m : maximum magnetic flux density 

P e = k e (t • f • B m ) 2 / ρ [W/m 3 ] (3) 
where k e : a constant value, t: thickness (m), f: frequency (Hz), B m : maximum magnetic flux density (T), ρ: electrical resistivity (Ωm) Fig. 4 shows the simulation images of the eddy current density at 350kHz for the prototype Ti-coated ablation needle subjected to the insertion of the ferromagnetic carbon steel rod under the θ= 0 o condition relative to the magnetic flux direction. As indicated by the red and dark-blue colors in Fig. 4(a), the eddy current density is the highest at the surface and in the vicinity of the ferromagnetic carbon steel rod, but drastically decreases with the depth due to the skin effect, showing a similar tendency with the results in Fig. 3(a). It is appropriate to consider that the high eddy current flowing at the outer surface of the carbon steel rod causes a high heat generation ability through the effect of P e given by Eq. ( 3). Additionally, the eddy current of approximately 2.5×10 6 A/m 2 flows on the non-magnetic outer Ti component, as indicated by the light-green color in Fig. 4(b). The region colored red is observed in the upper portion having a greater diameter, since the high eddy current of 5.0×10 6 A/m 2 flows on this portion, where a notch is made to fit the claw of Kocher's forceps. Fig. 5 shows the simulation images of the Joule loss density at 350kHz for the prototype Ti-coated ablation needle subjected to the insertion of the ferromagnetic carbon steel rod under the θ= 0 o condition relative to the magnetic flux direction. In comparison to Fig. 4, it seems likely that the behavior of the Joule loss density is similar to that of the eddy current density. The high value of 10.0×10 6 W/m 3 is obtained at the surface and in the vicinity of the inserted carbon steel rod, as presented in Fig. 5(a), suggesting that the surface eddy current results in the considerable heat generation through the effect of P e denoted in Eq. ( 3). Moreover, it is obvious from Fig. 5(b) that the red color region is seen in the upper part of the Ti component possessing a greater diameter to some extent, corresponding to the gripping part of the prototype Ti-coated ablation needle. Fig. 6 shows the simulation images of the current density at different inclination angles (θ= 0 o , θ=45 o and θ=90 o ) relative to the magnetic flux direction for the prototype Ti-coated ablation needle. It is important to note that a fairly enlarged area perpendicular to the magnetic flux direction is achieved for the Ti-coated ablation needle with the increasing inclination angles up to θ= 90 o . The complete encapsulation provides an uninterrupted closed circuit for the outer Ti component surrounding the enlarged area of the ferromagnetic carbon steel rod. As denoted by the red color in the figure, a high eddy current flows near the surface of the outer Ti component, suggesting that P e plays a major role in the heating property for the θ= 90 o specimen. These results allowed us to conclude that the magnetic field analysis is an effective method to visually clarify the origin of the heat generation behavior in the Ti-coated ablation needle for oral cancer treatment.

Heat transfer property of the prototype Ti-coated ablation needle Fig. 7 shows the heat transfer simulation images from the prototype Ti-coated ablation needle to the tissue-mimicking phantom taken for the longitudinal section. The numerical value, which corresponds to the color transition, is presented as a color display bar on the right-side of the figure. As seen in Fig. 7(a), the temperature distribution is colored darkblue at the initial temperature of 20 o C which corresponds to no increase in temperature (ΔT). It is obvious from Fig. 7(b) that the generated heat transfers in the lateral direction during the induction time of 300s. Referring to the color display bar on the right-side, the heat transfer region is not very wide as the light-green color, and the ΔT value is at most 4.0~6.0 o C. Taking note of the longitudinal section, no significant heat transfer is achieved to the underside of the specimen, which is situated in the longitudinal direction. Thus, it is considered that no ablation effect is expected to the underside of prototype Ti-coated ablation needle, even though it is inserted into the tumors during clinical use. Fig. 8 shows the simulation images of the heat transfer from the prototype Ti-coated ablation needle to the tissue-mimicking phantom at the induction times of 600s, 900s and 1200s. When compared to Fig. 7, it is obvious that the heat transfer region gradually spreads with the increasing induction time. In Fig. 8(a), the specimen is colored red at the induction time of 600s, suggesting that the ΔT value reaches approximately 10.0 o C, as demonstrated by the color display bar. Moreover, the region colored light-green significantly spreads in the tissue-mimicking phantom, as compared to the image obtained at the 

Conclusion

With the aim of studying the applicability for the novel ablation therapy of oral cancer, the heat generation and transfer behaviors of a prototype Ti-coated ablation needle subjected to the insertion of a carbon steel rod was simulated in a high-frequency induction field at 350kHz. According to the magnetic field analysis, both the magnetic flux density and eddy current density were the highest at the surface and in the vicinity of the inserted ferromagnetic carbon steel rod.

In the heat transfer simulation images, the temperature distribution was visualized in the longitudinal section of the tissue-mimicking phantom. The heat transfer concentrically occurred in the lateral direction of the tissue-mimicking phantom. However, no significant heat transfer was achieved in the underside of the specimen, which is situated in the longitudinal direction.
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 1 Fig.1: Appearance of the inserted ferromagnetic carbon steel rod (a), the newly designed prototype Ti-coated ablation needle (b) and the specimen (c) used in the present simulation study.
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 34 Fig. 3: Simulation images of magnetic flux density at 350kHz from the inserted carbon steel rod (a) and prototype Ti-coated ablation needle (b) under the θ= 0 o condition. Fig. 4: Simulation images of eddy current density at 350kHz from the inserted carbon steel rod (a) and prototype Ti-coated ablation needle (b) under the θ= 0 o condition.
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 2 Fig. 2: Simulation model of heat generation and transfer properties used in the present study.
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 56 Fig. 5: Simulation images of Joule loss density at 350kHz from the inserted carbon steel rod (a) and prototype Ti-coated ablation needle (b) under the θ= 0 o condition. Fig. 6: Simulation images of current density at 350kHz from the prototype Ti-coated ablation needle with different three inclination angles relative to the magnetic flux direction.

Fig. 7 :Fig. 8 :

 78 Fig. 7: Heat transfer simulation images showing the temperature distribution at 0s (a) and 300s (b) in the longitudinal section of the tissue-mimicking phantom.Fig. 8: Heat transfer simulation images showing the temperature distribution at 600s (a), 900s (b) and 1200s (c) in the longitudinal section of the tissue-mimicking phantom. the induction time of 300s given in Fig. 7(b). It is noted in Fig. 8(b) that the region colored red spreads from the specimen to the tissue-mimicking phantom, accompanying the enlargement of the right-green region at the induction time of 900s. After the induction time of 1200s, the generated heat significantly transfers over a wide region of the tissue-mimicking phantom, as seen in Fig. 8(c).
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