
Evaluation of temperature fields in two dynamic phantoms
heated by the ferromagnetic implant hyperthermia

Item Type text; Thesis-Reproduction (electronic)

Authors Lim, Junghwan, 1961-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:54:59

Link to Item http://hdl.handle.net/10150/276908

http://hdl.handle.net/10150/276908


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1335830 

Evaluation of temperature fields in two dynamic phantoms 
heated by the ferromagnetic implant hyperthermia 

Lim, Junghwan, M.S. 

The University of Arizona, 1988 

Copyright ©1988 by Lim, Junghwan. All rights reserved. 

U M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





EVALUATION OF TEMPERATURE FIELDS IN TWO DYNAMIC PHANTOMS 

HEATED BY THE FERROMAGNETIC IMPLANT HYPERTHERMIA 

by 

Junghwan Lim 

Copyright© Junghwan Lim 1988 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the degree of 

MASTER OF SCIENCE 
WITH A MAJOR IN AEROSPACE ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  8  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgement of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the copyright 
holder. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Al. Ortega Date 
Assistant professor of Aerospace 
and Mechanical Engineering 



ACKNOWLEDGMENTS 

The author wishes to thank Dr. Thomas C. Cetas and Dr. Alfonso 

Ortega for their advice and assistance during this project. Assistance 

from R. Sinno, J.S. Chen and Dennis Anhalt during the phantom 

experiments are gratefully acknowledged, and also thanks should be 

given to S.A. Haider for providing the ferromagnetic implant data. 

Finally, the author wishes to express his gratitude to M.A. Kundrat for 

her help in drawing the illustrations 

iii 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vi 

LIST OF ILLUSTRATIONS vi i 

ABSTRACT x 

1. INTRODUCTION 1 

2. THEORETICAL APPROACH 5 
§1 Introduction 5 
§2 Analytical solution of temperature distribution in the A.P. 

phantom 6 
• Single heat source problem 9 
• Multiple heat source problem 12 
• Method to decide heat flux from an implant 13 
• Analytical temperature fields in the A.P. phantom 19 
§3 Analytical solution of temperature distribution in the R.P. 

phantom 27 
• Single heat source problem 27 
• Convergence of an infinite series in the analytical 

solution . 37 
• Multiple heat source problem 38 
§4 Qualitative comparison of temperature distributions from 

both the convective energy equation and the BHTE 47 
• Temperature distribution resulting from the BHTE 48 
• Temperature fields from both the convective heat transfer 

and the BHTE on the x,y plane in the A.P.phantom 49 
• Temperature fields from both the convective an the BHTE 

model in the R.P.phantom 52 
• Conclusion 56 
§5 Adequacy and limit of the use of porous material for 

simulating vascular structures in living tissue 59 

3. DESIGN AND CONSTRUCTION 61 
§1 Theoretical background of the phantom design 61 
§2 Configurations of the two phantoms 62 
• Axially perfused phantom 62 
• Radially perfused phantom 65 

4. EXPERIMENTAL PROCEDURE AND RESULTS 67 
§1 Experimental procedures 67 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

• Introduction 67 
• Detailed description of experimental methods 70 
§2 Analyses of the experimental results 76 
• Temperature dependence on different Curie point implants... 76 
• Temperature dependence on the flow rates 79 
• Temperature dependence on the applied powers 82 
• Comparison between experimental and analytical results 87 

5. DISCUSSION AND CONCLUSION 91 
§1 Summary of results 91 
§2 Conclusion 92 

APPENDIX A: NUMERICAL VALUES OF PROPERTIES OF THE POROUS MEDIUM... 95 

APPENDIX B: UNCERTAINTY ANALYSIS 101 

APPENDIX C: POWER ABSORBED AGAINST IMPLANT TEMPERATURE IN 
FERRO-IMPLANT 112 

LIST OF REFERENCES 113 



LIST OF TABLES 

Table Page 

1. Temperature dependence on Curie points in the A.P.phantom... 77 

2. Temperature dependence on Curie points in the R.P.phantom... 78 

3. Temperature dependence on applied powers in the A.P.phantom. 83 

4. Temperature dependence on applied powers in the R.P.phantom. 84 

5. Comparison between ferromagnetic and hot water hyperthermia 
system 86 

Al. Generalized equations for effective thermal conductivity 
for various geometric arrangements 97 

A2. Properties of the porous medium in the experiments 99 

Bl. Uncertainty analysis of flow rates in the A.P.phantom 104 

B2. Uncertainty analysis of flow rates in the R.P.phantom 105 

B3. Uncertainty analysis of base temperatures in the A.P.phantom 107 

B4. Uncertainty analysis of base temperatures in the R.P.phantom 108 

B5. Uncertainty analysis of implant temperatures in the 
A.P.phantom 109 

B6. Uncertainty analysis of implant temperatures in the 
R.P.phantom Ill 

vi 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Uniform flow field and thermal boundary layer 
development around a heated implant 8 

2. Power absorbed by and power dissipated from an implant and 
operating points at various flow rates 15 

3. Implant temperature dependence on blood perfusion 16 

4. Nondimensionalized temperature distributions at various 
perfusion rates in the A.P.phantom 20 

5. Nondimensionalized temperature distributions at various 
axial positions in the A.P.phantom 21 

6. Nondimensionalized temperature distributions from a line 
source approximation and a finite radius configuration 23 

7. Three dimensional views of temperature distributions 
on a x-y plane in the A.P.phantom 24 

8. Contour plots of isotherms in Figure 7 25 

9. Inter-implant spacing required to achieve 95% therapeutic 
heating of the volume encompassed by a 4x4 implant array... 26 

10. Schematic diagram of a single heat source problem in the 
R. P. phantom 28 

11. Temperature versus radius at various angles in the 
R. P.phantom 40 

12. Temperature versus radius at various Peclet numbers in the 
R.P.phantom 41 

13. Contour plot of isotherms in the R.P.phantom; 
in case of a single heat source 42 

14. Contour plot of isotherms in the R.P.phantom; 
in case of multiple heat sources 43 

14c. Contour plot of isotherms in the R.P.phantom; 
average of a converging and a diverging flow 44 

vii 



viii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

15. Three dimensional views of temperature distributions 
in the R.P.phantom; multiple heat sources 45 

15c. Three dimensional view of temperature distribution 
in the R.P.phantom; average of a converging and a 
diverging flow 46 

16. Sketches of two canonical perfusion patterns 50 

17. Temperature fields from both the convective heat transfer 
and the BHTE at various axial positions in the A.P.phantom. 51 

18. Temperature fields from both the convective heat transfer 
and the BHTE in the R.P.phantom 53 

18c. Temperature fields from both the convective heat tramsfer 
and the BHTE in the R.P.phantom; average of a converging 
and a diverging flow 54 

19. Schematic representation of blood vessels on a 2-D plane 
in living tissue 58 

20. A 4x4 square array of implants and three 7-sensor probes, 
B, C, and D in the A.P.phantom 64 

21. A hexagonal array of 30 implants and four single-sensor 
probes, #1, 2, 3, and 4 in the R.P.phantom 66 

22. A brief sketch of the overall experiment set up 69 

23. A single-sensor temperature probe in an implant ribbon 71 

24. Typical temperature variations during one event(A.P.phantom) 75 

25. Temperature variations against blood perfusion; 
analytical and experimental results in the A.P.phantom 80 

26. Temperature variations against blood perfusion; 
numerical model of BHTE, analytical and experimental 
results in the A.P.phantom 81 



ix 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

27. Axial temperature variations in A.P.phantom; 
experimental data and analytical results 88 

28. Temperature variations along the line segments on 
a x-y plane in the A.P.phantom 89 

29. Radial temperature variations at various angles in the 
R.P.phantom; diverging flow 90 

Al. Effective temperature conductivity versus porosity for the 
models presented in Table Al 100 



ABSTRACT 

Two experimental dynamic phantoms have been used for studying 

temperature distributions induced by interstitial ferromagnetic implant 

hyperthermia at various blood perfusions, Curie point implants, and 

input power levels. One of the phantoms is an axially perfused hollow 

cylinder filled with 3 mm diameter glass beads, and the other is a 

similar cylinder models that is radially perfused. Analytic models 

have been developed for evaluating temperature profiles within the two 

phantoms. Experimental results from the phantoms compare reasonably 

well with the analytical results. A qualitative comparison is made 

between thermal profiles derived from both a convection energy 

equation, for a homogeneous porous medium, and a bioheat transfer 

equation. The adequacy of using a porous material for simulating 

living tissue is discussed. Parametric studies showing the effects of 

various implant parameters such as Curie point and applied power are 

analyzed. 

x 



CHAPTER 1 

INTRODUCTION 

The ultimate goal of hyperthermia is to raise intratumoral 

temperature to a therapeutic range of about 42-45*C, while keeping 

normal tissue cool, so as to kill tumors or to make them vulnerable to 

other therapies such as radiation and drugs[l,2]. To achieve this goal 

various kinds of heating modalities have been developed. The modality 

used depends to some extent on the sizes and locations of tumors within 

living tissues[2]. There are problems in inducing therapeutic 

temperatures in tumors despite the availability of highly efficient 

methods of heating. A major parameter affecting temperature elevation 

in tumors is blood flow. Blood flow convects thermal energy away from 

the heated tumor volume and helps to maintain cool temperatures in the 

normal tissues[4,5]. 

Over the past few years, substantial work has been done to 

study the blood flow effect on temperature distribution[6]. It has 

proven to be extremely difficult to develop an adequate mathematical 

formulation representing heat transfer process in living tissue due to 

the inherent complexities of blood flow distribution in tissue. Pennes 

has suggested a bioheat transfer model having a scalar blood perfusion 

term, wbcb(T-Ta), as a heat sink, where wb is blood perfusion, c„ is 

blood specific heat, and Ta is the arterial 

1 
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temperature. This heat transfer model has been commonly used to 

estimate temperature distributions in tissues, primarily because of the 

simple mathematical representation of the perfusion term. While many 

studies indicate that the thermal process inside tissues can sometimes 

be represented well by the bioheat transfer equation, for reasons of 

both physical consistency in the equation and practical considerations 

in hyperthermia, this conventional bioheat transfer equation can not 

include all the present anatomical features in tissues[4]. For 

instance, it fails to account for the directionality of blood perfusion 

which usually appears at the term u*VT in a regular convective energy 

equation[7], Several investigations have been conducted to improve 

upon the drawbacks of the conventional bioheat transfer model[8,9,10]. 

In addition to analytical work using the bioheat transfer 

equation, a number of laboratory studies, such as animal tests and 

phantom experiments, have been performed. Canine and swine kidneys 

have been used at the University of Arizona for hyperthermia studies 

since they have a number of properties which make them excellent 

thermal models[ll,12,13]. in vivo kidney models demonstrate the 

dramatic effects of blood perfusion on thermal fields in living 

vascular systems. However, because of difficulties in animal 

preparations and in theoretically modelling animal kidney models, the 

use of dynamic phantoms which have simple geometries and perfusion 

patterns is advocated. Dynamic phantoms have advantages, such as 
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relative ease of mathematical simulation and experimental preparation, 

that animal studies do not possess. They also have directional 

perfusion unlike the bioheat transfer model which treats blood flow 

essentially as a distributed heat sink. Finally, physical models 

are more convenient to use in the engineering environment where 

equipment and computer software are developed. Animal care and support 

facilities are not commonly available in these situations. 

There are also drawbacks in the dynamic phantom models. Among 

them are the limited number of blood flow patterns available for 

experimentation because of difficulty in construction, and the 

difficulty in mimicking living tissue. 

The purpose of this thesis is to develop dynamic phantom models 

to study the effects of directional blood perfusions on thermal fields, 

so that we can estimate how properly the conventional bioheat transfer 

model could predict temperature distribution in the region of a highly 

directional blood flow, and, in addition, to characterize the 

ferromagnetic implant heating modality in a more practical way. 

Two dynamic phantoms were constructed for laboratory 

experiments. The first phantom (A.P. phantom) is an axially perfused 

hollow plastic cylinder 10 cm in diameter and 10 cm in length, filled 

with 3 mm diameter-glass beads through which distilled water is pumped. 

The second one (R.P. phantom) is also a hollow plastic cylinder 6 cm 

diameter and 9.5 cm length packed with the same kind of glass beads, 

but perfused radially. Glass beads and water flowing through the pores 



4 

simulate the solid part of living tissue and blood flows in the 

vascular system respectively. Inductively heated interstitial 

ferromagnetic implants were used to induce heating in the phantoms. A 

4x4 square array of 16 implants was inserted into the A.P. phantom 

together with three 7-sensor thermocouples placed at specified sites 

parallel to implants. In contrast, a hexagonal array of 30 implants, 

together with 4 single sensors, was employed in the R.P. phantom. 

Experiments were carried out at various Curie points, power 

levels, and flow ranges. Details of the experiments are discussed in 

Chapter 4. Analytical solutions which are used to predict temperature 

profiles generated by heat conduction from the implants and by 

convection by the flows in both phantoms were developed and are 

presented in Chapter 2. 



CHAPTER 2 

THEORETICAL APPROACH 

§1 Introduction 

In this chapter, analytical solutions for the temperature 

distributions in the A.P. and the R.P. phantom are described in detail. 

For the A.P. phantom, a transient heat conduction temperature field 

produced by an infinite cylindrical source of finite diameter, which is 

presented in the reference[29], can be applied with simple modification 

because of the similarity of the evolution term, temporal in the case 

of transient conduction, and spatial, in the case of the parabolic 

energy equation for axial flow with no axial conduction. The 

dimensions of an implant are small relative to those of the phantom,, 

and this fact allows us to apply a line heat source approximation to 

the real configuration of the implant to predict temperatures in the 

medium away from the source. The R.P. model development uses a method 

of eigenfunction expansion which is a generalized method of separation 

of variables in a partial differential equation. As a result, the 

analytical solution of the R.P. phantom is represented in the form of 

an infinite series. 

A qualitative comparison of temperature distributions from both 

a convective energy equation, which was used to obtain these analytical 

5 
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solutions, and a conventional bioheat transfer equation (BHTE) is made 

to illustrate the validity of using the BHTE in a region dominated by 

directional flow. The use of porous media for simulating living tissue 

is discussed briefly. 

§2 Analytical solution of temperature distribution in the A.P. phantom 

The topic discussed here is a convective heat transfer in a 

porous medium. Basic principles of this problem are available in most 

papers pertinent to geothermal physics[14,15,16]. The same subject is 

also well discussed in a fairly simple and general manner in the book 

by Bejan[17]. Although the present problems represent forced 

convection heat transfer in a finite porous medium heated by multiple 

line heat source, the dimensions of the housing cylinder are much 

greater than those of a glass bead and a typical heat source so that it 

appears to assume a porous medium of infinite extent. Another useful 

tactic is to solve first the problem of a single heat source, and then 

to superimpose the solutions of a single heat source problem to obtain 

a thermal field induced by multiple line sources in an infinite porous 

medium. 

A basic assumption made in deriving a governing thermal 

equation is that there is local thermal equilibrium between the solid 

and liquid part of the porous medium, which implies that there is an 
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average temperature between the solid and the liquid part of tissues. 

A brief sketch of the flow field and thermal boundary layer around a 

cylindrical line source of finite diameter is shown in Figure 1. Since 

the flow field is known and presumed to be unaffected by the 

temperature field, Darcy's equation need not be solved. 



Porous 
Medium 

CD 
Uniform Flow 

Figure 1. A uniform flow field and thermal boundary layer 
development around a heated implant 
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Note that a velocity used here is a volume averaged quantity, as 

defined by 

1 
u i = 

xjxk 

rxj 

0 

rx, 
Up|(xJtxk) dXj dxk i,j,k=l,2,3 

Here X| is a x( cartesian coordinate dimension of the control volume 

and 0(X)»0(d), where d is a characteristic length of a pore. u( is a 

volume averaged velocity in x( direction and up) is a real velocity in 

X| direction[17]. 

Single heat source problem 

a. Line heat source 

The governing thermal equation and appropriate boundary 

conditions for a line heat source are given by: 

9T 02T 1 0T 1 
u» — = a + — (2-1) 

8z . 9rz r 0r . 1 

z—>0, T—T„, (2-2a) 

r—•<*> T— (2-2b) 

' 8 T 1 
lim - 2KKT 

1 = q'  ( >0 ) (2-2c) 
r—*0 0 r J 

q'  ( >0 ) (2-2c) 

where = uniform velocity of water flowing over the line heat source 

Tw = temperature at infinity 

q' = heat flux per unit length 

a = radius of the cylindrical implant 
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a = effective thermal diffusivity 

x = effective thermal conductivity 

*= ^/cf+(l-^)*s 
i t  

a =  

P f c  f  

where porosity 

p f =  density of water 

cf= specific heat of water 

*= thermal conductivity 

subscript s and f denote solid and fluid 

respectively. 

By introducing nondimensionalized variables 

(2-3) 

i}= - i Pez, where Pe =• 

0= 
T - T„ 

q'  

k  

(2-4) 

(2-5) 

We can convert the original partial differential equation into the 

following ordinary differential equation 

d20 

dv2 

r i i 
- + - >7 
V  2 

de 
— = o 
d 7  

and the corresponding boundary conditions are 

t j — B — * 0  

a e  
im | -2Kij 
—0 I 

1 
tj—>0 a f j  

(2-6) 

(2-7a) 

(2-7b) 
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Pe7 is the local Peclet number which may be thought of as a ratio of 

convective to conductive energy transfer. Equations (2-6) and (2-7) 

are a simple ordinary differential system which can be solved 

analytically. The solution is given by: 

-1 
8= Ei 

4t 4 
(2-8) 

where Ei(x) is the exponential integral function, as defined by 

'» e"£ 
Ei(-x)= - — df 

. x { 

It is noted that although the source strength q' is finite, the source 

temperature is unbounded, that is B—•» as r—>0. Hence this solution 

is not useful for calculating the temperature of an implant, but is 

very useful in regions away from the source. 

b. Cylindrical heat source 

For sake of reference, a temperature profile which is produced 

by a cylindrical source of a finite diameter, a, is introduced here. 

This temperature field is obtained by modifying a transient heat 

conduction problem where heat is conducted from an infinite cylindrical 

source of finite radius with a constant heat flux boundary condition. 

1 3v 02v 1 3v 

a 0t 3r2 r 8r , 
boundary conditions are 

t = 0, v = 0 
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r—»a, 

r—•«, 

Q = -* 
8v 

Br 

v = 0. 

The solution is given by equation (17), page 338 in reference[29]. By 

exploiting the analogy between a time variable, t and a spatial 

variable, z in the differential equations, the following solution can 

be expressed after replacing t by z/lk, v by T-Tw, and Q by q'/2ira. 

T=T« 
q'  

*2a i t  
1- exp 

az J0(ur)Y1(ua)-Y0(ur)J1(ua) 

u2{ J^uaj+Y^ua) } 
du (2-9) 

where u= a dummy integral variable 

Bessel function of the first kind and order v  

Y„= Bessel function of the second kind and order v .  

In this solution the source strength q' and implant temperature Ts are 

finite and hence Eq.(2-9) is useful for predicting implant temperature. 

However we note that Eq.(2-9) is more difficult to evaluate than (2-8) 

and, furthermore, the two solutions are indistinguishable in regions 

removed from the source as will be demonstrated shortly. 

Multiple heat source problem 

To obtain the temperature distribution in the case of multiple 

heat sources, the method of superposition of single heat source 

solutions can be applied due to the linearity of equations (2-1) and 

(2-2) .  
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If the j-th implant has a coordinate (yj,2j) and a heat flux, 

q'j, the overall temperature field induced by N implants can be 

expressed by 

j-i 

where ,= -J rpi: 
2 

- V 
4?r/c 

Ei (2-10) 

V \ ~  *  " z  •  

r j 2 =  (y -y j ) 2 + ( z - z j ) 2 .  j = i , 2 .3 ,««»»N.  

A similar expression can be expressed using Eq.(2-9) as the single 

source solution. 

Method to determine heat flux from an implant 

a. Single source 

The amount of energy which a ferromagnetic implant absorbs 

depends on its temperature[1,21,22,23,25]. The dependence of absorbed 

power on an implant temperature is shown in Figure 2 for a typical 

implant. The equation showing a relationship between power absorbed q' 

and implant temperature Ts is discussed in APPENDIX C. The operating 

heat flux from an implant and therefore its temperature is established 

at a point where power absorbed equals heat dissipated from the 

implant to the medium. In order to calculate the heat dissipated (heat 

flux) into the medium, a temperature field should be known so that a 
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corresponding heat flux can be determined at the source surface. In 

other words, a relationship between heat flux and implant (source) 

temperature, q'=f(Ts), should be known. This relationship for the 

axially perfused model is obtained by substituting r=a in equation 

(2-9) and using some properties of Bessel functions, resulting in: 

1 *3a2* 
(T, " TJ (2-11) 

0 u3{ J^uaj+Y^ua) } 

A similar relationship can be derived using the Bioheat transfer 

equation (BHTE): 

K, (afl) 
q'= (T_ - Too) (2*a/c)Q 

Kn(all) 
(2-12) 

where !)= 
wbcb 



15 

E V B 

Power= 6 Kw •« 

0 
O. 

Curie Point = 62 *C 

BHTE 

65, 50c 55, 70, 40 45, 
Ts (C) 

s 
s k Convective model 

o 
0. 

35, 50, 45 55 65, 70, 
Ts (C) 

Figure 2. Power absorbed and power dissipated from an implant 
and operating points at various flow rates 
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u 
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Figure 3. Implant temperature dependence on blood perfusions 
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It is important to note that q1, heat flux, is a linear 

function of Ts, implant temperature, and that the slopes of this 

function are determined by several parameters such as blood perfusion, 

thermal properties of tissues, and a radius of an implant in both 

cases. Among these parameters, blood perfusion is the one of most 

interest due to its important role in governing the thermal fields. 

Figure 2 illustrates how the operating points are determined at various 

blood perfusions. For the convective energy equation case, the implant 

temperature is the average value across an implant length (L=65 mm). 

It is seen that higher blood perfusion invokes the larger slope which 

implies the lower implant temperature and therefore higher heat flux. 

To illustrate the relationship between implant temperature and 

blood perfusion more clearly, Figure 3 is presented. Implant 

temperatures are determined numerically by satisfying the equality of 

energy absorbed and energy dissipated as illustrated graphically in 

Fig.2. 

Several important features in Fig.3 point out the physical 

coupling between the non-linear ferromagnetic implant characteristics 

and the thermal mechanisms in the perfused tissue model. In Fig.3, for 

blood flow rate greater than about 5 kg/m3/sec, the power absorbed and 

dissipated by the implant is constant. Therefore, change in implant 

temperature is due solely to change in perfusion level. This might be 

called the " perfusion-dominated " regime. For blood flow rates less 

than 5 kg/m3/sec two coupled mechanisms are important. First, 
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dependence of Ts on blood flow decreases as a consequence of the 

weakening convective effects and the consequent asymptotic approach to 

a purely conducting medium. This roll-off for an implant is shown 

qualitatively in Fig.3 for an implant with constant heat dissipation. 

Second, the implant power absorption decreases with increasing implant 

temperature, the " self-regulating " effect, thereby reducing the 

implant temperature further, and also reducing the dependence of 

implant temperature on changes in perfusion, the cross-hatched region 

of Fig.3 qualitatively illustrates the reduction of implant temperature 

due to the power modulation characteristics of the ferromagnetic 

materials*. 

b. Multiple sources 

Determining the heat flux boundary conditions in multiple 

source problem is different from the single source because there are 

thermal effects from adjacent implants. Since the implant power 

dissipation is dependent on its temperature, and since the implant 

temperature is determined not only by its own power dissipation, but 

also by the temperature of the surrounding medium, numerical iteration 

must be utilized to predict the temperature of the array of implants 

and tissue. 

* This presentation also raises the issue of matching implant thermal 
characteristics to the thermal characteristics of the medium. For 
example, is it possible to " broaden " and " flatten " the operating 
region where implant temperature, and affected tissue temperature, is 
weakly dependent on perfusion level? 
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The numerical algorithm for the iteration is straightforward, as 

described below: 

1. Initialize heat flux at each implant by using heat flux in case of 

single source. 

2. Evaluate temperature field using equation (2-10). 

3. Calculate implant temperature from obtained temperature field. 

4. Recalculate heat flux from the relationship qa'=f(Ts). 

5. Compare new heat flux with old heat flux. 

6. If the difference is reasonably small, choose this new heat flux as 

a boundary condition. 

7. Otherwise, go to 1 and repeat. 

Analytical temperature fields in the A.P. phantom 

Using the numerical data provided in Table A2 in APPENDIX A, 

nondimensionalized temperature distributions along a radial path at 

various velocities and at several axial positions (z-direction) for 

single source heating are shown in Figures 4 and 5 respectively. The 

line heat source approximation is used in these figures. To justify 

the line heat source approximation, temperature variations from both 
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Figure 5. Nondimensionalized temperature distributions at various 
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the line heat source, equation (2-8), and the finite radius cylindrical 

heat source, equation (2-9) are compared in Figure 6. It is revealed 

that the departure is almost negligible, except very near the implant, 

which allows the use of equation (2-8) with little error. Figure 4 

shows that as perfusion levels decrease the implant temperature 

increases, and the energy is diffused more extensively into the tissue. 

Another way to put it is that for a fixed axial position, the thermal 

boundary layer is thicker for decreasing flows. Figure 5 illustrates 

the growth of the boundary layer for a typical flow rate. Typical 

three dimensional views of the temperature distributions when heated by 

a 4x4 square array of 16 implants in the x,y plane perpendicular to the 

flow direction are plotted in Figure 7. Their contour plots of 

isotherms are also added in Figure 8. Because of the aforementioned 

dependence of thermal layer thickness on flow rate, it is noted in 

Figs.7,8 that there is significant implant interaction at low flow 

rates producing fairly uniform heatings in the tissue. At high flow 

rates the implants behave almost independently of each other with poor 

heating of the tissue between implants. This phenomena can not be 

accounted for in a model that ignores directionality of perfusion. 

A study was performed to determine the dependence of 

temperature temperature field on an interimplant spacing. 

Specifically, interimplant spacing was computed for which therapeutic 

heating of 95% of the volume encompassed by the 4x4 square array 1n the 

A.P. phantom was achieved. The result is shown in Figure 9. 
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Figure 7. Three dimensional views of temperature distributions 
on a x-y plane in the A.P.phantom 
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§3. Analytical solution of temperature distribution in the R.P.phantom 

In this section, the analytical solution of the temperature 

distribution in the R.P.phantom is introduced. As in the A.P.phantom, 

the total temperature distribution induced from the multiple implant 

heating was calculated by superposing the single heat source solutions. 

Theoretical procedures used here are basically the same as used in the 

previous analyses of the A.P.phantom. 

Single heat source problem 

Since the flow field is already known to be fully radial, the 

only equation to be solved is the convective heat transfer equation. 

The physical configuration of this problem is drawn in Figure 10. It 

is supposed that a heat source, q0, is located at a point (r0, 0). 

Taking "0" as the 9 coordinate of the heat source does not mean any 

loss of generality, since a fully generalized solution can be obtained 

simply by replacing "0" by 0Q in the final solution. 

The governing heat transfer equation for steady state 

conditions may be represented by 

Pfc fur  f? = * V'T + %, (2-13) 

where ur= radial velocity 

*= effective thermal conductivity 

/>f= density of distilled water at 40*C 

cf= specific heat of distilled water at 40*C 
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Figure 10. Schematic diagram of a single heat source problem 
in the R.P.phantom 
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In a polar coordinate system: 

02T 1 8T 1 32T p fc, 6T qn 
2 s<r-ro> «<«) (2"14> 

9r2 r Br r2002 * 3r * 

Here, the radial velocity can be expressed in terms of a total volume 

flow rate of the inflow into the phantom, the height of the phantom, 

and a radius. 

u = V 1 
"r 2rL r , 

where V= total volume flow rate of the inflow into the phantom 

L= height of the phantom. 

Thus, with the following definition of Peclet number 

p f c f V urr 
Pe = = 

2kkL ,  a 

equation (2-14) is put into a more useful form 

32T 1 5T 1 02T q 
r + (1-Pe) - - + - — = - - 6( r - r 0 )5 (8 )  (2-15) 

9r2 r 0r r20fl2 * , 
By inspection, it is obvious that the temperature field should have 

symmetry at 8=0 and r, since the flow is perfectly radial. Therefore, 

the boundary conditions in the 6 direction are 

at 0= 0, = ° (2-15a) 

at 6- jt, g.° < (2- 15b) 

The radial boundary conditions need to be considered carefully. When 

the flow is flowing inwards, in other words, there is a flow sink at 
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r=0, the Peclet number is less than 0. Accordingly, the boundary 

conditions are 

i) Pe < 0 

at r—• «, T—• 1,9 (2-15c) 

at r—• 0, lim T(r,0) is bounded (2-15d) 
r+0 

On the contrary, when the flow is in the opposite direction, a flow 

source at r=0, the Peclet number is greater than 0. Hence, the 

corresponding boundary conditions are 

ii) Pe > 0 

at r—• », lim T(r,0) is bounded (2-15e) 

at r—> 0, T—• T0 (2-15f) 

Due to the homogeneous 9  boundary conditions, we can use the method of 

" Eigenfunction expansion Hence, the temperature field can be 

represented in terms of the specified eigenfunctions, cosifl 

(1=0,1,2,3,—) 

00 
T(r,0)= YZ Mr) c o s i*  - 1=0,1,2,3,••• •  (2-16)  

i=0 

Substituting equation (2-13) into equation (2-12), we get 

00 

H i=0 

d2R, 1 dR, i2 
- + (!_pe) — r( 

dr2 r dr r2 

q0 

cosifl= 5(r-ro)5(0) 
* 

and multiplying both sides by cosjfl, and integrating over 0 to ir with 

respect to 6, we derive 
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d2R. 
— + (1-Pe) 

.dr* r dr 

1 dR, iz 
R i J i; 

where 
eU = cosifl cosjfl dd T 

2 

0 

jc JO 

when i=j=0 

when i=j 

when i#j . 

0(r-rn)5(0)cosj0 dfl 

From the definition of the delta function[20], the previous equation 

can be reduced into 

dzR, 1 dR, i2 q0 
+ (1-Pe)- — - - R, = - — 6(r-r0) 

dr2 r dr r2 2/CC 
(2-17) 

i J 
Equation (2-17) is an ordinary differential equation with an 

inhomogeneous source term, 6(r-r0). The general procedure of solving 

this type of ODE is to seek a homogeneous solution of the equation 

first. The homogeneous solution of the equation (2-17) is then 

a, b, 
R,(r)= A,r + B,r , (2-18) 

where 

a , =  Pe+ Pe2+4i2 Pe- Pe2+4i2 

when Pe < 0 

a 0 0, a( > 0 (i=l,2,3,»***)# b, < 0 for all i's 

when Pe > 0 

a, > 0 for all i's, bQ= 0, b, < 0 ( i=l,2,3,***»). 

From the boundary conditions (2-15 c to f) and the different behaviors 

of a| and b, depending on Pe, it is recommended that the whole solution 

procedure should be divided into two categories, Pe > 0 and Pe < 0. 
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{1} Pe < 0, radial inflow, ( converging flow ). 

when r < r0, 

R|(0) should be bounded from the boundary condition (2-15d), which 

implies b(=0 (i=l,2,3,*»*»). Thus, we get 

R|(r)= A(r when r < rQ 
when r > rQ, 

from the boundary condition (2-12c), we get 

(2-18a) 

T(»,fl),VL. Ri (°°) cosifl, 
i=0 

and multiplying by cosjfl and integrating over 0= 0 to t, 

R|W = 
' when i= 0 

. 0 when i=l,2,3,*»*» . 

Imposing the above conditions, with the appropriate behaviors of af and 

b| when Pe < 0, on the equation (2-18), we find that 

A0= 

A,- 0 ( 1=1,2,3,.... ). 

Therefore, we conclude that 

R,(r)= 
T. + Bor 

. B.r 

( i= 0 ) 

when r > rQ 
( i=l,2,3,•••• ) . 

(2-18b) 

To calculate A, and B,, the equation (2-17) will be integrated over rQ-

6 to r0+6 with respect to r, where 6 is sufficiently small. 

dR, 

dr 

r +5 R. 
0 +(1-Pe)—-

rQ-S r 

r o+ff 

r0-e 

+(1-Pe) 
fro+ff R, 

— dr -
r0-6 r2 

(r0+6 i2 qQ 
— R,dr= 

ro-ff r^ 2re ij 
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Letting 6 approach 0 with the fact that Rt(r) is continuous at r=r0, we 

deduce the following two relations . 

dR, 

dr 

R. 

ro+6 

ro~5 

r t+5 

ro"fi 

2re i J 

= 0 

(2-19) 

(2-20) 

From the equations (2-19), (2-18a), and (2-18b), we get 

V1 % b,-i 
Bibiro " Aiairo 

2te 
i=0,l,2,3«**» 

l J 

and also from the equations (2-20),(2-18a), and (2-18b), 

when i= 0, 

T»+B0r0 °- A0r0 0 = 0 

when 1=1,2,3,**** 

b| a( 
Biro " Airo = 0 

Using the above three relations, along with a(+b(=Pe and b0=Pe, those 

coefficients A0, B0, A(, and B( can be obtained as follows 

,1-Pe 
Bo= 

B,= 

% ro 

2nr Pe 
A0= V o o 

2/cirPe 

b 

Kt 

0 " I 
ro 

A.= Kt 

r£e_1 \pe2+4i2 

Finally, R((r) can be represented by 

„Pe-i ^p£i +4i' 
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R» = 

V 
qDr 0' 0 

R,(r)= 

2**Pe 

q r1_Pe ^o' 0 

2/cirPe 

% b, a, 

KW 

when r < r„ 

rpe when r > r 

„Pe "1Jp? 

when r < rr 
+4i' 

% al bl 
- r0 r 
Kir 

i=l,2,3,»«»« 

r£e_1J Pe' 
when r > rn 

+41' 

where a, and b( were defined in equation (2-18). Substitution of the 

coefficients given above to equation (2-15) will finally provide the 

following temperature distributions for radial inflow: 

when r < r0, 

Pe 
T - T„ 

In** o o 

1 1 r ' 2 » ' r -

+ - — — 

2irPe t ro J i=l r0 

2 cosifl 

when r > rQI 

T - T. 
q0r o" o 

1 ' r ' 
Pe 

1 
+ 

' r • 
Pe 
2 « 
K—1 ' V 

D 
2 cosifl 

2»rPe • ro • X • ro • 1=1 . r . D 

where 
D= J Pe2+4i2 

{II} Pe > 0, radial outflow, ( diverging flow ). 
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The procedure of calculation followed here is almost identical to the 

previous one in {1} Pe < 0, except for boundary conditions. Therefore, 

detailed descriptions of the procedure are omitted. 

For r < r0, 

and from the boundary condition (2-15f), we obtain 

a„ 

R, ( r )=  
Anr + T 0 0 

A.r 

For r > r0, 

and from equation (2-15e), 

i= 0 

i=l,2,3**** 
(2-21a) 

R,(r)= B,r (2-21b) 

With the relations (2-21a, b), (2-19), and (2-20), we calculate the 

coefficient A0, B0, A,, and B| in the same manner as before. 

Substituting these coefficients into the equations (2-21a,b), we get 

„1-Pe 

r < rn 

Mr) = 

To + 
% ro r»P e 

2kt  Pe 

To + 
% ro 

2nr Pe 
r > rr 

R, (r) 

% bi ai 

kit 
ro r 

r^e_1 Jpe^ +4i • 

"o 
— r, 
kit 

a, b, 

r^e_1 Jpe2+4i2 

*• < rr 

i«l,2,3«»* 

*• > rc 
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Consequently, we are able to obtain the temperature field by 

substituting R,(r) into equation (2-16). 

When r < rQ, 

T - T„ 
Pe Pe 

q0r o o 

1 r 1 r 2 » ' r ' 
— + - — IZ — 

2*Pe t ro J r ^ ro J i = l  ro 

D 
2 cosifl 

and when r > r0, 

T - T„ 
Pe 

q0r0 

* . 

where 

1 1 r 2 oo f rn 
+ - — n 

0 

2rPe r 1 r0 J i=l . r . 

2 cosifl 

)= J Pe2+4i2 . 

(2-22a) 
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Convergence of an infinite series in the analytical solution 

The analytical solutions for the temperature fields in both 

cases, Pe < 0, and Pe > 0, contain an infinite series. The convergence 

of this infinite series is examined next. It is found that the series 

converges under all conditions. 

When r < rQ and r > rQ, the first term of the series 

D D 

ro 

2 
when r < r0 , 

ro 2 
when r > r0 

r 
is of the form of the geometric series, xn, that is absolutely 

convergent when lxl< 1. The next term 

cosiB 
D 

is also convergence even stronger. Note that D will behave like "i", 

as "i" approaches infinity. When r=rQ, the situation is more 

complicated due to the term 

y—' COSifl 

i=l 1 

This series is conditionally convergent if WO. If 0=0, the series 

becomes a harmonic series which is divergent. This simply means that 

temperature of an implant diverges to infinity, which should be true 

since an infinite line heat source approximation is applied. 

Therefore, it is concluded that both of the solutions converge except 

at an implant. 
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Multiple heat source problem 

The linearity of temperature in equation (2-15) and the 

boundary conditions (2-15a to f) allow the use of superposition of the 

single heat source solutions to predict the temperature field induced 

by multiple heat sources. For N heat sources located at points ( rQj, 

0oj), where j=l,2,«***N , the temperature at a point(r,8) can be found 

in the following manner. First, "r" should be compared to every "r0j" 

in order to decide which one of two solutions, r < rQ or r > rQ, have 

to be chosen in the summing process. Finally, by summing up each 

calculated temperature, Tj, which corresponds to the source at a point 

( r0j, 0oj), we are able to compute the total temperature field. 

To illustrate the nature of the temperature field in the R.P. 

phantom, several figures are provided. Temperature variations along a 

radial path at different azimuthal angles in the event of the single 

source heating are shown in Figures 11a and b. Temperature variations 

versus a radius, at which a single heat source is located, at different 

Peclet numbers is shown in Figures 12a and b. In Figures 11 and 12 a 

finite temperature is shown at the implant location, but in fact the 

implant temperature is infinitely large because of the line source 

approximation. The temperatures indicated at the source location 

therefore are temperatures very near the source, at best. Contour 

plots of isotherms in the single heat source and the hexagonal array of 

30 heat sources are shown in Figures 13a,b and 14a,b,c respectively. 

Three dimensional plots of temperature fields in the hexagonal array 
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are also given in Figures 15a, b and c. In Figures 14c and 15c, 

temperature fields representing the average of the converging and the 

diverging flows are shown as an attempt to cancel the flow 

directionality and yet maintain perfusion effects as in the BHTE field. 

The heat flux used as the boundary condition in the R.P. model is not 

subject to the ferro-implant characteristics, for a relationship 

between heat dissipated and implant temperature is not available. 

Thus, the heat flux is assumed to be constant, independent of 

temperature field. In these radial flow models the implants may reside 

in the " thermal wake " of upstream implants and their temperature is 

thereby elevated. This effect is intensified for a converging flow 

where thermal wakes are forced to merge. The large increase in 

temperature approaching the flow sink is shown in Figure 15b. On the 

other hand, in a diverging flow, the thermal wake is diffused more 

rapidly, as shown in Fig. 13a, therefore the wake interaction effect is 

not as pronounced. However, the local convective velocity decreases as 

1/r, therefore the temperature of sources removed from the flow source 

are higher than those closer to the flow source. This is the 

predominant effect seen in Fig. 15a. 

The averaging of the converging and diverging fields has no 

physical basis except that it allows the representation of a 

temperature field that has a transport mechanism other than conduction, 

with no apparent flow direction. Since the " thermal wake " effect is 

averaged out, the resulting temperature field resembles a field that 

might result from the BHTE, as seen in Fig. 15c. This will be 

discussed further in a subsequent section. 
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Figure 12a,b. Temperature versus radius at various Pe's in the 
R.P.phantom 
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Figure 13a,b. Contour plot of isotherms in the R.P.phantom; 
in case of a single heat source 
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Figure 14a,b. Contour plot of isotherms in the R.P.phantom; in 
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Figure 14c. Contour plot of isotherms 1n the R.P.phantom; 
average of a converging and a diverging flow 
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Figure I5a,b. Typical three dimensional view of temperature 
distribution in the R.P.phantom; 1n case of 
multiple heat sources 
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§4 Qualitative comparison of temperature distributions from both the 

convective energy equation and the BHTE 

As mentioned earlier, the BHTE fails to represent a directional 

flow, for it has only a scalar perfusion term. However, many studies 

revealed that this bioheat transfer model, in some situations, predicts 

temperature fields in living tissue very well, which implies that there 

are some blood perfusion patterns where the bioheat transfer model can 

be applied to predict the temperature field with an allowable error. 

The purpose of this section is to compare the temperature distributions 

from both the bioheat transfer and the convective heat transport model 

in two simple but informative perfusion patterns; that is, a one 

dimensional uniform flow and a converging ( or diverging ) flow to a 

flow sink ( or from a flow source ). Note that the convective heat 

transfer model actually deals with convective heat transfer in the 

porous medium, while the bioheat transfer model is nothing more than 

conduction heat transfer with a heat sink. For the sake of an easy and 

clear explanation, only 2-D temperature fields are discussed. In the 

following, the temperature distribution in an infinite medium, heated 

by a single heat source, will be obtained by using the BHTE. 



48 

Temperature distribution resulting from the BHTE 

The bioheat transfer equation in the 2-D and polar coordinate 

system is given by 

d2T 1 dT whch 
— + - — (T-T.) -° , 
dr* r dr *s 

and boundary conditions 

r = a q'=-2ira* 

Ta. 

a  T 

a  r 

where a is a radius of the implant. 

An analytical solution to the above equation is given below, 

q' K0(rE) 
T- Ta + 

2ira/cE K,(aE) 

where E = 
wbcb 

K|= Modified Bessel function of the third kind and 

order i. 
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Temperature fields from both the convective heat transfer and the BHTE 

on the x.y plane in the A.P. phantom 

In a 2-D plane where the temperature field needs to be known, 

a perfusion pattern which approaches the behavior of the BHTE is a flow 

perpendicular to the plane, for, as far as the plane is concerned, no 

directional flow can be observed on the plane, but heat deposited in 

the plane will be carried away from the plane by the flow perpendicular 

to it. This flow pattern is illustrated in Figure 16a. This situation 

is similar to the physics embedded in the BHTE. The important 

difference is that in the BHTE, the local heat dissipation out of the 

plane is proportional to local temperature, whereas in the convective 

model it is proportional to the gradient in temperature normal to the 

plane. What is seen in Figure 17 is the nondimensionalized temperature 

profiles along a radius at the variations of axial positions in the 

A.P. phantom heated by one line source aligned with the flow direction, 

and the nondimensionalized temperature profile resulting from the BHTE. 

This figure demonstrates that the temperature field from the BHTE 

almost collapses into the temperature field at a certain stage of the 

line source ( z = 70 mm ). Temperature fields at an early stage of the 

line source have a tendency to predict a little lower value than that 

by the BHTE, since the thermal boundary layer is evolving as the flow 

moves away from the edge of the line source. The general behavior of 

all the temperature profiles obtained by the convective heat transport 

equation is very similar to those obtained from the BHTE, suggesting 
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Figure 16. Configurations of two canonical perfusion patterns 
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suggesting that a temperature field predicted by the BHTE in a 2-D 

plane can be approached by a convective field under the circumstance 

where the plane is perfused perpendicularly. 

Temperature fields from both the convective and BHTE model in the 

R.P.phantom 

In the situation described here( Fig.16b), there is definitely 

directional flow in the plane in which a temperature distribution is to 

be estimated. It is interesting to note that even though the blood 

perfusion is a function of radius, the BHTE cannot account for the 

varying perfusion unless the entire phantom volume is divided into many 

subvolumes each of which has a different perfusion value. As the flow 

moves outwards, its perfusion diminishes to zero. In terms of heat 

transfer, the area near the origin of flow is dominated by convection 

while the area far from the origin is conduction-dominated. For the 

purpose of comparison, only one point heat source is taken into 

account. Figures 18a and b describe the comparison of the temperature 

profiles. A large difference between the two models is noticed. The 

reason for this discrepancy may be explained by the fact that, in the 

convective heat transfer model, the heat carried away from a heat 

source by the perfusing flow remains in the plane to heat up the porous 

medium, but the BHTE model is not capable of accounting for the 

convection effects. Consequently, the BHTE model tends to predict a 
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Figure 18a,b. Temperature fields from both the convective heat 
transfer and the BHTE in the R.P.phantom 
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Figure 18c. Temperature fields from both the convective heat 
transfer and the BHTE in the R.P.phantom; 
average of a converging and a diverging flow 
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lower temperature than the convective model in the thermal wake region. 

It is noteworthy that, in the area near the heat source, where there 

are no effects from the heated perfusion, the BHTE model predicts a 

slightly higher temperature than the convective model. This area is a 

small portion of the entire region and would be heated by the flow from 

other sources in the case of multiple source heating in any case. It 

is unlikely there that this irregularity makes a large contribution to 

the overall temperature field. Figure 18c shows an average temperature 

field of a converging and a diverging flow which is similar to what the 

BHTE predicts. 

Another way to interpret the difference in handling the 

perfusion term between the BHTE and the convective model is this: in 

the BHTE, heat lost to the heat sink (perfusion) leaves the control 

volume, so that lost heat can not contribute to heating an adjacent 

volume. However, in the convective model, heat carried away by 

perfusion remains in the volume and can heat a neighboring volume. 

Roemer et al.[4] suggested that the perfusion term in the BHTE 

can be raised to large values to reduce temperatures estimated from the 

BHTE to be complied with real temperatures in locations where large 

blood vessels exist. In other situation, like the one discussed here, 

the blood perfusion term can be reduced to raise the temperatures 

estimated from the BHTE to meet the real temperature profile. However, 

the problem is that the perfusion, in certain cases, should have a 

negative value to match the estimation with the reality. Since a 



56 

negative perfusion implies that the blood temperature in arteries, Ta, 

is higher than that in tissue, there are definite limits to the 

applicability of the BHTE. 

Conclusion 

The results obtained in the comparisons between the convective 

heat transport and the BHTE model in two different perfusion patterns 

show that, in most situations, the BHTE model tends to predict a lower 

temperature than does the convective heat transfer model. In living 

tissue, the blood perfusion pattern is not as simple as discussed here. 

The general blood perfusion pattern on any 2-D plane in living tissue 

may be considered as a combination of a number of flows in vessels 

going out or in the plane with some angles 0 jf as seen in Figure 19. 

However, if a Z-D plane contains a large enough number of vessels to be 

treated collectively, the temperature profile estimated by applying the 

BHTE in the plane is expected to provide lower values than those 

obtained in association with convection effects, for the general blood 

pattern described here ( Fig.19 ) falls into the two limiting cases 

presented above. 

The possible presence of large blood vessels is not taken into 

consideration in the above discussion. It is known that large blood 

vessels can not be treated in a collective way, but must be 

handled individually[8]. Also the presence of large blood vessels 
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containing relatively cool blood reduces temperatures in the adjacent 

tissue[4]. 

The lower temperature prediction obtained by the application of 

the BHTE has a disadvantage as well as an advantage. The advantage is 

that temperatures predicted by the BHTE play a role as possible minimum 

values in case of tumor volume heating. On the other hand, the 

disadvantage is that there is a danger of overheating normal tissue if 

we completely rely on BHTE estimates for clinical application of 

hyperthermia. 
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Figure 19. Schematic representation of blood vessels in a 2-D 
plane in living tissue (adopted from reference[8]) 
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§5 Adequacy and limit of the use of porous material for simulating 

vascular structures in living tissue 

Chen and Holmes[8] have discussed heat transfer in the 

microvascular structures of living tissue. They pointed out that the 

large number and the structural and dimensional variety of blood 

vessels clearly make it impractical to account for their individual 

contribution to heat transfer processes in the tissue with the 

exception of the large vessels. Thus, the so-called continuum 

hypothesis was used to describe only the collective behavior of the 

microvasculatures in a certain statistical manner, instead of focusing 

on them individually. In the mathematical formulation that they 

developed, they have adopted the similar rationale that was also used 

for the porous material. In other words, a differential control volume 

is regarded as a sum of the vascular space occupied by blood and the 

space occupied by the solid tissue. Energy equations for the solid 

tissue and for the blood subvolume are added to produce the overall 

governing equation for the tissue volume. In this procedure, the 

dimension of the control volume is small relative to the scale of 

macroscopic temperature variations in the tissue, but large relative to 

the scale of the microscopic temperature variations due to the presence 

of the microvasculature. 

Consequently, a porous material is a relatively feasible model 

in simulating the microvasculature in living tissue, but is not capable 



of accounting for the presence of 

arteries and veins. If porosity 1 

equilibrium between the solid and 

reasonably approximated. 
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larger vessels, such as larger 

s very small, local thermal 

blood subvolume of the tissue is 



CHAPTER 3 

DESIGN AND CONSTRUCTION 

§1 Theoretical background of the phantom design 

The reasons for choosing the two perfusion patterns, a uniform 

axial flow in the A.P. phantom and a radial flow in the R.P. phantom, 

are mainly that these perfusion patterns are easy to construct as well 

as treat mathematically. These flow models are adequate for the 

present purposes, which are to investigate the effects of directional 

flows discussed in Chapter 2, and to characterize the ferromagnetic 

implants as a localized heating modality through experimental trials 

and analytical studies. In previous studies, the characterization of 

hyperthermia induced by the ferromagnetic implants has been carried out 

by using a static phantom[21,22]. 

It was suggested in references [3,4] that, as two limiting 

tumor perfusion models, the uniform blood flow and annular blood flow 

model represent an " easy-to-heat " and a " hard-to-heat " perfusion 

pattern respectively. According to these studies, tumor models having 

the blood flow pattern set randomly by computer indicated that the 

results of the heating were intermediate between the limiting case 

models. Guided by this idea, the A.P. phantom was designed to be the 

uniform blood flow model while the R.P. phantom model was designed to 
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resemble the annular blood flow model. 

Another aspect of the phantom design is that the perfusion 

pattern of the R.P. phantom resembles characteristics of the blood 

perfusion pattern of canine and swine kidneys. Many animal kidneys, 

either vn vivo or in vitro, have been employed as practical thermal 

models for evaluating hyperthermia heating systems and treatment 

planning systems. The characteristics of kidney blood perfusion is 

believed to be similar to that of many tumors, where the outer cortex 

is highly perfused while the inner medulla has low perfusion[23]. 

Kidney models have disadvantages including difficulties in surgical 

preparation of animals and in mathematical modelling of thermal 

properties. For these reasons, the development of appropriate dynamic 

phantom was undertaken as an alternative to kidney models. 

§2 Configurations of the two phantoms 

Axial l.y perfused phantom 

A schematic of the axial phantom is shown in Fig. 20. This 

phantom is divided into two chambers. The lower chamber is a manifold 

10 cm in diameter and 2 cm in length which receives water from an inlet 

opening and distributes it as uniformly as possible into the main 

chamber. The main chamber is a 10 cm diameter and 10 cm length 

cylinder packed with 3 mm diameter glass beads. The flow entering the 
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second chamber from the manifold perfuses uniformly across the cross 

section of the cylinder parallel to the axis of the cylinder and leaves 

the phantom through an outlet opening at the end wall of the cylinder. 

All the thermometers and ferromagnetic implants are implanted in the 

second chamber. The two chambers are separated by a plastic porous 

plate through which the water is distributed uniformly into the second 

chamber. A diagram of a square array of 16 implants and the location 

of three seven-sensor temperature probes in the A.P. phantom is 

presented in Figure 20. Plexiglas was used to construct the phantom 

because it is electrically non-conductive and is easy to fabricate. 
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Radially perfused phantom 

A schematic of the radial phantom is shown in Fig. 21. The 

radial phantom is also composed of two cylindrical chambers. The first 

chamber is a center manifold 6 cm in diameter and 2 cm in length which 

distributes water into 32 plastic tubes 3.0 mm diameter x 12.7 cm 

length located evenly along the periphery of an inner cylinder. The 

inner cylinder is packed with glass beads of the same size as in the 

previously described phantom. Each tube has 12 pin holes on its 

surface facing the center of the cylindrical chamber. The water 

entering the pipes is sprayed radially toward the center of the inner 

chamber. At the center of the inner cylinder there is a tube 6.0 mm 

diameter x 17 cm length, having a number of small holes around its 

surface. This tube collects the water which has traveled through the 

porous bed and ejects it through the exit tubing. The water flow path 

can be reversed, i.e., the water can be sprayed radially from the 

center tube and then collected by the small tubes at the periphery of 

the chamber. 

A hexagonal array of 30 ferromagnetic implants was employed as 

a heating modality and 4 single sensor thermometers were placed in the 

body of the phantom to measure temperatures. The configuration of the 

R.P. phantom together with the arrangement of implants and thermo-

probes is illustrated in Figure 21. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE AND RESULTS 

§1 Experimental procedures 

Introduction 

The objective of the experiments is twofold: to prove and 

support the validity of analytical results, and to investigate the 

feasibility of using dynamic phantoms as thermal models for evaluating 

hyperthermia in a clinical setting. 

The experiments were conducted in a magnetically-shield room 

which is also used for ferromagnetic hyperthermia treatments. A power 

generator is installed in the attic of the clinic area, but is is 

remotely controlled in the room next to the experiment remote 

controller. The remote controller can be used to adjust the frequency 

for proper tuning. The power supplied from the power generator is fed 

into the matching network and the magnetic induction coil, which forms 

a parallel RLC resonant circuit[24]. The magnetic field induced by the 

magnetic induction coil generates eddy currents over the implants 

embedded in the perfused porous body of the phantom, which in turn 

heats the Implants. 

Distilled water is used as the working fluid; the thermal 

properties of distilled water are relatively close to those of blood. 
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Direct heating of the phantom volume from magnetic-field-induced eddy 

currents can be neglected as compared to the heating from the implants 

at frequencies below approximately 4 MHz for tissue properties 

approximating those of skeletal muscle[21]. Since the magnetic 

induction system used in the experiments operates at about 90 KHz, 

actual tissue medium is adequately represented by distilled water. 

Saline solutions with carefully controlled concentration are not 

necessary. The same argument applies for the glass beads. 

Seven-sensor and single-sensor thermocouple probes were used to 

measure temperatures at the specified locations throughout the heated 

region. The temperature measurements, together with power levels were 

recorded with a computerized data acquisition system for storage and 

future analysis. 

A diagram of the experimental arrangement is shown in Figure 

22. The distilled water in the reservoir was pumped into the 

counterflow heat exchanger by the peristaltic pump. The heat exchanger 

was supplied with heated water at about 50'C by the temperature 

controlled bath to raise the temperature of the working f1uid( 

distilled water ) to about 36-37'C. Flow rates were measured by the 

Gilmont flowmeter installed between the heat exchanger and the phantom. 

All tygon tubes connecting the heat exchanger and the phantom were 

insulated by placing the tubing into other larger diameter tygon tubing 

to reduce heat loss. The distilled water coming out of the phantom was 

returned to the reservoir, making a complete cycle. 
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Detailed description of experimental methods 

Before the experiment was started, the system shown in Figure 

22 had to be thermally stabilized; ideally, temperatures everywhere in 

the system had to be at a steady state. The system was normally turned 

on more than twelve hours prior to the beginning of the experiments in 

order to achieve thermal equilibrium in the body of the phantom, the 

mixture of distilled water and glass beads. 

a. Experimental procedure with the A.P. phantom 

Single sensor thermocouple probes were placed in the water 

reservoir, in the inlet to the manifold, and inside the implant ribbon 

to measure temperatures. A brief sketch of the temperature probe in 

the implant ribbon is given in Figure 23. Three seven-sensor 

thermocouple probes were inserted into the phantom body, guided by 

plastic catheters( Fig.20 ). A 4x4 square array of 16 implants with a 

12.5 mm spacing between implants was implanted to induce hyperthermia 

in the phantom body( Fig.20 ). An implant was fitted into a soft 

plastic ribbon and inserted into the phantom body, guided by the so-

called flexi-guide. To get a good thermal contact between the flexi-

guide and the implant, the gap between them was filled with water. 

Usually, 4,5, and 6 cylindrical implants 1 mm diameter x 12 mm length 

are fitted to a plastic ribbon with about 1 mm intervals, but 

5-implant-ribbons were adopted in the experiments. These implants are 

made of Ni and Si to achieve the thermally self-regulating 
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characteristics, wherein power absorbed in the implant depends on its 

body temperature [21,22,24]. 

Once the system was in thermal equilibrium, a 3 kw power was 

turned on. After the thermal equilibrium was achieved, the power was 

raised to 6 kw. The power was turned off after temperatures reached 

steady state. This is one event. Figure 24 shows a typical view of 

- temperature variations during one event. The peristaltic pump was 

controlled manually, together with adjustment of the flowmeter valve to 

get a desirable flow rate. When the flow rate is changed, it takes 

approximately 1 to 2 hours for the system to stabilize again, depending 

on the flow rate. Three different flow rates, 39, 104, and 242 ml/min 

were used. All procedures mentioned thus far were carried out by the 

use of a specific Curie point implant. For a different Curie point 

implant, the above procedure was repeated in the same manner. Curie 

points of the implants used in the experiments are 64-67, 58-62, and 

50-55'C. 

A spiral copper coil was used to induce magnetic field in the 

A.P. phantom experiment. The magnetic field should be aligned with the 

implants to get the most efficient heating of the implants, which means 

that the phantom was placed at the center of the coil with its axis 

parallel to that of the coil. As a result, gravity acted perpendicular 

to the axis of the phantom. 
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b. Experimental procedure with the R.P. phantom 

The procedure followed in this experiment was, in principle, 

similar to that in the A.P. phantom test. Two Curie point implants, 

64-67, and 58-62*C , and power levels, 3, and 6 kw were used. Only two 

flow rates, 104 and 242 ml/min were used because at a low flow rate, 39 

ml/min, flow oscillations during the experimental period prevented 

steady flow from being achieved. A coaxially paired copper coil was 

used to induce the magnetic field. Since uniform radial flow was 

desirable, the phantom was placed vertically with its axis parallel to 

that of the coil to prevent distortion of the radial flow by 

gravitational effects. Four single sensor thermometers and a hexagonal 

array of 30 implants with a 10 mm interimplant spacing were placed 

axially in the body by using the same implanting method as in the A.P. 

phantom test( Fig.21 ). Additional single temperature sensors were 

located at the inlet and outlet from the phantom, and inside the 

implant ribbon. At each flow rate the flow direction was reversed to 

produce two different flow patterns, radially converging and diverging 

flow. 

The flow instability at low flow rates was greater when the 

flow was diverging rather than converging even at the same flow rate. 

When diverging, the water stays in the manifold until its level meets 

an outlet opening at the ceiling of the manifold. After the manifold 

is full, the water continues to flow until the pump pressure is in 

equilibrium with the hydraulic head, leaving the manifold half full. 
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The filling process is repeated periodically, which in turn causes the 

flow velocity within the phantom body to oscillate. At a higher flow 

rate, the filling time is relatively small or is negligible. 

Consequently, the flow within the phantom remains more steady. 

As described before, the same method was used to measure a 

implant temperature as in the A.P. phantom test. Unfortunately, the 

measured implant temperatures were, in most events, lower than those 

measured around the implants. Therefore, the measured implant 

temperatures will not be introduced in the following discussion, 

because they are obviously incorrect due to measurement error. 
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§2 Analyses of the experimental results 

Temperature dependence on different Curie point implants 

All temperatures referred to in the following discussion are 

the mean values of all measurements during the steady states. Table 3 

shows how temperatures measured in the A.P. phantom depend on Curie 

points of the implants. It is surprising that no remarkable 

temperature dependence on the Curie point can be observed, which leads 

to the suspicion that Curie points were not reached at the implants. 

Another fact justifying this suspicion is that the temperature 

measurements at implants not only remained independent of different 

Curie points but were also far below than Curie points. Analytically 

this fact is verified in Chapter 2. 

Table 4 shows the temperature differences between two different 

Curie point implants in the R.P. phantom. Here, once again, no 

significant differences are seen, which supports the previous argument. 
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Table 1. Temperature dependence on Curie points in the A.P. phantom 

flow rate power probe Curie point ( *C ) 

64 - 67 58 - 62 50 - 55 

0.80 

kg/m3/sec 

3.0 kw B4. 
C4 
D4 

I.Temp, 

42.2'C 
39.3 
42.1 
42.8 

42.0 
39.7 
41.9 
43.0 

41.6 
42.1 
41.2 
41.3 

0.80 

kg/m3/sec 

6.0 kw 
B4 
C4 
D4 

I.Temp. 

43.7 
40.3 
43.7 
44.9 

43.5 
40.5 
43.3 
44.9 

43.8 
44.3 
43.4 
44.3 

2.12 

3.0 kw 
B4 
C4 
D4 

I.Temp. 

40.4 
37.8 
40.2 
44.4 

40.2 
37.5 
39.9 
43.9 

41.0 
37.8 
40.8 
43.2 

kg/m3/sec 
6.0 kw 

B4 
C4 
D4 

I.Temp. 

41.9 
38.5 
41.8 
46.8 

41.0 
37.6 
40.8 
45.8 

43.1 
38.4 
42.5 
45.6 

4.94 

3.0 kw 
B4 
C4 
D4 

I.Temp. 

38.1 
37.3 
38.6 
43.1 

38.9 
37.1 
38.7 
43.1 

39.4 
37.1 
39.1 
43.1 

kg/m3/sec 
6.0 kw 

B4 
C4 
D4 

I.Temp. 

39.9 
38.4 
39.8 
45.8 

39.7 
37.1 
39.2 
45.1 

40.6 
37.2 
40.2 
45.6 

* "B4" means the 4th sensor from the tip of a thermocouple probe B. 
I.Temp, is the temperature measured at an implant as seen in 
Fig. 23. 
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Table 2. Temperature dependence on Curie points 1n the R.P.phantom 

flow rate power probe Curie point ( *C ) 

4.70 

kg/m3/sec 

3.0 kw #1 
2 
3 
4 

64 - 67 58 -62 

4.70 

kg/m3/sec 

3.0 kw #1 
2 
3 
4 

41.5 ( 42.2 )* 
43.5 ( 40.9 ) 
44.2 ( 43.1 ) 
44.1 ( 41.6 ) 

40.7 ( 41.8 ) 
43.5 ( 40.7 ) 
44.3 ( 42.4 ) 
44.0 ( 40.9 ) 

4.70 

kg/m3/sec 

6.0 kw 
#1 
2 
3 
4 

43.3 ( 44.3 ) 
45.5 ( 42.7 ) 
46.5 ( 45.1 ) 
46.2 ( 43.4 ) 

42.4 ( 43.6 ) 
46.8 ( 42.3 ) 
47.0 ( 44.3 ) 
46.5 ( 42.4 ) 

10.95 

kg/m3/sec 

3.0 kw 
#1 
2 
3 
4 

40.2 ( 41.1 ) 
39.0 ( 39.8 ) 
45.9 ( 41.6 ) 
47.1 ( 40.1 ) 

39.7 ( 40.3 ) 
39.5 ( 39.4 ) 
44.4 ( 41.4 ) 
46.5 ( 40.0 ) 

10.95 

kg/m3/sec 

6.0 kw 
#1 
2 
3 
4 

40.9 ( 42.6 ) 
40.2 ( 40.9 ) 
48.0 ( 43.2 ) 
49.1 ( 41.6 ) 

40.1 ( 41.7 ) 
40.5 ( 40.5 ) 
46.0 ( 42.9 ) 
47.0 ( 41.1 ) 

* the numbers in parentheses are temperatures( *C ) measured In case 
of a converging flow, but the numbers without parentheses 
temperature in case of a diverging flow. 
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Temperature dependence on the flow rates 

Temperature dependence on the flow rates 1n the A.P. phantom is 

shown in Figure 25. The three data points where the temperatures were 

measured experimentally and calculated analytically are shown. The 

flow rates per unit volume are calculated based on the dimensions of 

the phantom volume. Fair agreement is observed between theoretical 

results and experimental data. A comparison between the 2-D numerical 

model (BHTE), analytical and experimental results in the A.P. phantom 

is illustrated in Figure 26. The location where temperature 1s 

measured and calculated is a center of the 4x4 array. Even though 

quantitative agreement is poor, the blood perfusion effects on 

temperature are consistent. In the flow range above approximately 10 

kg/m3/sec 1n F1g. 25, little temperature elevation was noticed at the 

probe locations, in general agreement with the numerical studies using 

the BHTE[26] and patient treatment results[25]. 

The theoretical results of Fig. 25 illustrate that 

distinctions in temperatures between locations B,C, and D decrease as 

the blood perfusion rates grow larger. At relatively higher perfusion 

rates, the thermal effects only from adjoining Implants contribute to 

the temperature elevation at locations. At the flow rates larger than 

11 kg/m3/sec, no temperature differences between the probe location 

can be observed. In the flow range below 11 kg/m3/sec, the temperature 

at a probe B which is located at the center of the square array shows 

the largest value, the temperature at a probe D 1s the second largest 
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value, and that at a probe C near the array boundary is the lowest 

value, as expected. 

In the R.P. phantom experiments, nonuniformity of the flow in 

space, as well as in time, was witnessed. Therefore, flow rate 

analyses in the R.P. phantom are not provided. 

Temperature dependence on the applied powers 

It is pointed out in reference [25] that once the Curie point 

is reached, temperatures around the implants remain nearly constant, 

regardless of input power levels. However, Tables 5 and 6 indicate 

considerable temperature elevations, ATa=1.24*C in Table 5 and 1.66'C 

in Table 6, as power is raised from 3 to 6 kw. If the statement in the 

reference [25] is true, these findings once again strongly suggest that 

the Curie points are not be reached. 
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Table 3. Temperature dependence on applied powers in the A.P. phantom 

flow rate Curie point probe powers ( kw ) A T 

3.0 6.0 

64 - 67 B4 42.2*C 43.7 1.5 
C4 39.3 40.3 1.0 

•c D4 42.1 43.7 1.6 
I.Temp. 42.8 44.9 2.1 

0.80 B4 42.0 43.5 1.5 

kg/m3/sec 
58 - 62 C4 39.7 40.5 0.8 

kg/m3/sec D4 41.9 43.3 1.4 
I.Temp. 43.0 44.9 1.9 

B4 41.6 43.8 2.2 
50 - 55 C4 42.1 44.3 2.2 

D4 41.2 43.4 2.2 
I.Temp. 41.3 44.3 3.0 

B4 40.4 41.9 1.5 
64 - 67 C4 37.8 38.5 0.7 

D4 40.2 41.8 1.6 
I.Temp. 44.4 46.8 2.4 

2.12 B4 40.2 41.0 0.8 
58 - 62 C4 37.5 37.6 0.1 

D4 39.9 40.8 0.9 
I.Temp. 43.9 45.8 1.9 

B4 41.0 43.1 2.1 
50 - 55 C4 37.8 38.4 0.6 

D4 40.8 42.5 1.7 
I.Temp. 43.2 45.6 2.4 

B4 38.1 39.9 1.8 
64-67 C4 37.3 38.4 1.1 

D4 38.6 39.8 1.2 
I.Temp. 43.1 45.8 2.7 

4.94 B4 38.9 39.7 0.8 
58 - 62 C4 37.1 37.1 0.0 

04 38.7 39.2 0.5 
I.Temp. 43.1 45.1 2.0 

B4 39.4 40.6 1.2 
50 - 55 C4 37.1 37.2 0.1 

D4 39.1 40.2 1.1 
I.Temp. 43.1 45.6 2.5 
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Table 4. Temperature dependence on applied powers in the R.P. phantom 

flow rate 

(kg/m3/sec) 

Curie 
poi nt 
( *c ) 

probe powers ( kw ) A T flow rate 

(kg/m3/sec) 

Curie 
poi nt 
( *c ) 

probe 

3.0 6.0 

A T 

4.70 

64 - 67 
#1 
2 
3 
4 

41.5 (42.2)* 
43.5 (40.9) 
44.2 (43.1) 
44.1 (41.6) 

43.3 (44.3) 
45.5 (42.7) 
46.5 (45.1) 
46.2 (43.4) 

1.8 (2.1) 
2.0 (1.8) 
2.3 (2.0) 
2.1 (1.8) 

4.70 

58 - 62 
#1 
2 
3 
4 

40.7 (41.8) 
43.5 (40.7) 
44.3 (42.4) 
44.0 (40.9) 

42.4 (43.6) 
46.8 (42.3) 
47.0 (44.3) 
46.5 (42.4) 

1.7 (1.8) 
3.3 (1.6) 
2.7 (1.9) 
2.5 (1.5) 

10.95 

64 - 67 
#1 
2 
3 
4 

40.2 (41.1) 
39.0 (39.8) 
45.9 (41.6) 
47.1 (40.1) 

40.9 (42.6) 
40.2 (40.9) 
48.0 (43.2) 
49.1 (41.6) 

0.7 (1.5) 
1.2 (1.1) 
2.1 (1.6) 
2.0 (1.5) 

10.95 

58 - 62 
#1 
2 
3 
4 

39.7 (40.3) 
39.5 (39.4) 
44.4 (41.4) 
46.5 (40.0) 

40.1 (41.7) 
40.5 (40.5) 
46.0 (42.9) 
47.0 (41.1) 

0.4 (1.4) 
1.0 (1.1) 
1.6 (1.5) 
0.5 (1.1) 

* Numbers in parentheses are the temperatures calculated in case of a 
diverging flow, while numbers without parentheses the temperatures in 
case of a converging flow. 
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It is important to know actual implant temperatures because 

they could be a parameter to judge efficiency of the hyperthermia 

system. An experiment has been performed by using a so called hot 

water hyperthermia. It is also an interstitial hyperthermia, but uses 

hot water for inducing hyperthermia so that an implant temperature is 

known by simply measuring water temperature flowing in a needle (an 

implant). Table 5 compares the results between two system. 

The results indicate that obviously Curie points are never reached. 

A 3x3 implant array was used with an implant spacing 12.5 mm in 

the A.P. phantom. 7-sensor probes B, C, and D are located between 

implants symmetrically. Thus, temperature measurements at each probe 

ideally should be identical. 
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Table 5. Comparison between Ferromagnetic and Hot water hyperthermia 

system 

[i] Ferromagnetic hyperthermia system 

Wb 
kg/m3/s 

Power 
Kw 

Probe 
C 

Probe 
D 

Averaged 
Temp, C* 

Baseline 
Temp. C* 

AT 
C* 

0.80 
3.0 35.0 35.0 35.0 32.7 2.3 

0.80 
6.0 36.4 36.2 36.3 32.7 3.6 

2.12 
3.0 34.9 34.8 34.9 33.3 1.6 

2.12 
6.0 36.2 35.9 36.1 33.6 2.5 

4.94 
3.0 34.0 33.9 34.0 33.2 0.8 

4.94 
6.0 34.6 34.5 34.6 33.4 1.2 

[ii] Hot water hyperthermia system 

Wb 
Kg/m3/s 

Probe 
B 

Probe 
C 

Probe 
D 

Average 
Temp.C* 

Baseline 
Temp.C* 

AT 
C* 

Implant 
Temp.C* 

0.80 39.0 40.0 40.6 39.9 35.0 4.9 48.7 

2.12 38.0 38.0 38.0 38.0 34.0 4.0 52.5 

2.12 38.9 38.9 38.9 38.9 35.7 3.2 48.7 

4.94 38.2 38.2 38.2 38.2 36.0 2.2 48.7 
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Comparison between analytical and experimental results 

Several plots are given to illustrate how closely the 

experimental data match with the analytical results. Some of these 

comparisons have already been provided in previous illustrations ( 

Figures 25 and 26 ). First, axial temperature variations at a probe 

location, both experimental data and theoretical results, at three 

different flow rates in the A.P. phantom are given in Figure 27. Here, 

since a 3x3 array was used, three probes are located symmetrically. It 

is noticed that generally good agreement is not seen except at a flow 

rate 4.94 kg/m3/sec. Figure 28 shows two temperature variations along 

the lines on the x,y plane, z=30 mm, in the A.P. phantom ;one line is 

the path passing through the probes B and D, and the other is the path 

penetrating the probe C and also parallel to the first. Theoretical 

results at the probes B and D are in fair agreement with the 

experimental data, and at probe C 1s poorer. In Figure 29, four plots 

for temperatures versus a radius at various angles in the R.P. phantom 

are introduced. Three of them show good agreement between experimental 

and theoretical results, except one where an experimental result shows 

much higher temperature than the theoretical result. 

In APPENDIX B a detailed analysis of experiment uncertainty 1s 

presented. Figure 28 shows the uncertainty interval centered around 

the numerically computed result, assuming this is the true value. It 

is seen that measurements lie within the uncertainty interval, but this 

intervals are so large that little significance can be given to the 

comparison of experiment to computed values. 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

§1 Summary of results 

The validity of use of the BHTE in a highly directional flow 

region was investigated by studying two dynamic phantoms. One of two 

phantoms simulates a situation where the one dimensional uniform flow 

perfuses perpendicularly to the plane on which a temperature profile is 

calculated. The other phantom has a perfusion pattern which radially 

converges or diverges on the plane concerned. These phantoms are 

chosen because these two flow models represent two extreme cases for 

relative difficulty of heating. It is shown that the BHTE model 

predicts lower temperatures than does the convective heat transfer 

model in the two extreme cases, suggesting that the temperature field 

estimated by the BHTE in an arbitrarily directional flow, may be lower 

than that given by the convective energy equation. Although the above 

observation is made on the basis of a point heat source heating 

modality, i.e., ferromagnetic implant heating, it may also apply to 

other types of heating modalities, since a general heat deposition 

pattern can be expressed by superposition of a single point heat 

source. This result suggests that a temperature field estimated by the 

BHTE may be lower than an actual temperature field in the microvascular 
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living tissue. The tendency of the BHTE to predict a lower temperature 

field is acceptable in a tumor volume, but implies the danger of 

overheating normal tissue. 

In the phantom experiments using ferromagnetic implant 

hyperthermia, no significant temperature variations dependence on Curie 

points was observed. Temperature depends uniformly on flow rates over 

the region in the A.P. phantom tests, but nonuniformly over the region 

in R.P. phantom tests. Raising the power from 3 to 6 kw resulted in 

observable temperature elevations in both phantom tests. 

§2 Conclusion 

The success of the dynamic phantom studies relies, first, on 

how accurately blood perfusion patterns can be realized within the 

phantoms, and secondly on whether material similar to living tissue in 

terms of thermal properties and vascular architecture can be made 

available. Even a very simple blood perfusion model such as an one 

dimensional uniform flow or a radial flow is still difficult to 

construct. A dynamic phantom.as in an intermediate experimental vessel 

between a static phantom and in vitro thermal model, does not 

necessarily have to represent a complex blood flow, and therefore may 

as well have a blood perfusion simple enough for theoretical analyses. 

It is suggested that with proper interpretation, a porous 
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material is a useful model for modelling a microvascular structure. 

Instead of using glass beads, several other alternatives are also 

avail able[29]. Advantages of using the porous materials are that a 

mathematical formulation of heat transfer in a perfused porous material 

has already been developed and is widely used, and these porous 

materials are easy to handle in laboratory work. On the other hand, 

using a porous material as a mimicking tissue has the limit that it is 

not able to simulate the presence of larger blood vessels and perfused 

flow is highly directional. To study the effects of large vessels, 

perfusion models with an embedded pipe flow may be useful. 

In conclusion, two dynamic phantom studies, using glass beads 

as mimicking tissue, have tested the use of the BHTE 1n a region 

perfused by highly directional flows. The BHTE does not compare well 

with convective models in predicting local temperatures, but 

demonstrates qualitative features very similar to convective models for 

global phenomena such as temperature dependence on perfusion. This is 

consistent with the observations of other investigations. A dynamic 

(perfused) phantom was shown to be a useful thermal model for studying 

the effects of blood perfusion on thermal field, but careful 

interpretation of measured results is demanded. Finally, it was shown 

that the level of experimental error was too high to allow comparison 

of experiment to theory within a reasonable confidence interval. Since 

the heat sources and temperature measurement probes are identical to 

what would be used in a clinical application of the ferromagnetic 
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implant modality, it is recommended that further development of the 

dynamic phantoms be undertaken to improve the level of confidence in 

the measurement and control not only in the phantoms, but also in 

clinical application. 



APPENDIX A 

NUMERICAL VALUES OF PROPERTIES OF THE POROUS MEDIUM 

Specific numerical values of those parameters appearing in 

equations (2-8) and (2-9) are needed to plot temperature distribution 

as a function of a desired parameter. All the numerical values of 

properties of the materials used in the experiments are adopted for the 

purpose of illustration. 

The thermal conductivity of the glass bead is taken by 0.78 

w/m/K, which is the conductivity of the common glass materials[18]. 

For the thermal conductivity of the distilled water employed as the 

mimicking blood, 0.63 w/m/K is used which is the value at 40'C. The 

reason for taking properties at 40*C is that time and spatial averaged 

temperature inside the phantoms during the experiments is approximately 

40*C. Both density and specific heat of the water are also given the 

values at 40*C, which are approximately 992.3 Kg/m3, 4.178 KJ/Kg/K 

respectively. The porosity of a porous medium is normally defined 

as[17] 

volume of pore filled with fluid 

porosity= 

total control volume 

If an assumption is made that the spheres( glass beads )are completely 

contacted to neighboring ones, which would be almost true if the 
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spheres are packed with great care, an extremely simple geometry needs 

to be considered to compute the porosity, as follows 

1_ I * ( \ )3= °-4764* 
The most difficult property to be decided seems to be the so-

called effective conductivity of the porous medium, appearing as 

0*f+(l-0)*s in equation (2-3). Although the direct measurement of the 

thermal conductivities of heterogeneous materials is advisable, several 

theoretical models are introduced in Table A1[19] to estimate the 

effective thermal conductivities of the porous media, and also the 

dependence of an effective thermal conductivity on porosity for models 

described in Table A1 is exhibited in Figure Al. As seen in Figure Al, 

the parallel ordered model behaves as the upper limiting case, and, on 

the other hand, the series ordered model as the lower limiting case. X 

Using the numerical values given on the previous page, calculations of 

two limiting models show that the former yields *eff=0.7085 w/m/K and 

the latter *eff=0.7005 w/m/K. This closeness arises from the fact that 

the thermal conductivity of the glass bead (0.78 w/m/K) is quite close 

to that of the distilled water (0.63 w/m/k). As a result, it seems to 

be reasonable to take, as the effective thermal conductivity of the 

porous medium, the thermal conductivity obtained from the parallel 

ordered model, *eff=0 .7085 w/m/K, which also appears in equation (2-3). 

All data discussed thus far are summarized in Table A2. 



97 

Table Al. Generalized equations for effective thermal conductivity 
for various geometric arrangements 

r e f  f  

i. parallel ordered — = (1 - Vd) + Vc 

e f  f  
ii. series ordered — = 

(1 - VJ + Vri -

iii. Russell* 

1 " V2/3 + -£ V§/3 

e f  f  

1 " V^/3 + Vd + - (Vj/3 . V(j) 

iv. son Frey 

v. Rayleigh, Devries* 

6 e f  f  

1 - vi/3 + vd + (Vj/3 - Vd) 

1 . vJ/3 + v1/3 
*d 

e f  f  3V, 
= 1 -

2+/td/*c 
+V 

l-*d'*c 

4/3+*d/*c 
( a ) v l 0 / 3 + » » *  

+  2 - 2  V ,  

vi. Maxwell* 
e f  f  «  

1 -
" c  

— + 2 + V, 
K 

d 

c  



* e f f  * d  

vii. Bruggeman* 1 " vd -

e f  f  
1/3 

1 - — 

where *d = thermal conductivity of discontinuous phase (solid) 
*c = thermal conductivity of continuous phase (liquid) 
Vd = volume fraction of discontinuous phase = 1 - I 

Russell; cubes in a cubic array; linear isotherms 
son frey: cubes in a cubic array; linear heat flow 
Ra.yleigh.Devries: regular array of uniform spheres in contact, 

simple cubic array, a = 1.31 
body - centered cubic, a = 0.129 
face - centered cubic, a = 0.0752 

Maxwel1: random distribution of spheres; no contact 
Bruggeman: infinite range of bubble sizes in continuous phase. 



Table A2. Properties of the porous medium In the experiments 

thermal conductivity ks 
of a glass bead 

thermal conductivity 
of distilled water * 
at 40*C 

density of distilled p 
water at 40*C 

specific heat of dis- c 
tilled water at 40*C 

porosity of the packed I 
glass beads 

effective thermal con
ductivity of the porous /cpff 
medium 

0.78 kg/m/k 

0.73 kg/m/k 

992.3 kg/m3 

4.178 kJ/kg/k 

0.4764 

0.7085 kg/m/k 
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APPENDIX B 

UNCERTAINTY ANALYSIS[27,28] 

Before the experimental results are presented, the 

uncertainties involved should be described to justify the experimental 

results. In our experiments, there are three measured quantities; 

total flow rates, temperatures, and applied powers. Among them, only 

the total flow rates were read on a mechanical flowmeter with the naked 

eye, while the other two measurements were recorded into the 

computerized data acquisition system during the experiments. 

Here, uncertainty analyses were performed for all parameters which can 

affect the temperature estimation. These parameters in the phantom 

experiments are 

• total flow rate 

• implant surface temperature 

• inflowing water temperature. 

It was pointed out before that all the temperatures presented 

as experimental data were mean values at a steady state, so that 

uncertainty analyses of the measured temperatures are nothing more than 

inquiring root mean square deviations over the steady state intervals. 

Since these procedures are quite straightforward, they are not 

discussed here. Notice that the so-called fixed errors including the 

measurement error in the thermocouples, data storing process error in 
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the data acquisition system, and calibration error in the flow meter 

were assumed to be negligible. Since the applied powers are neither of 

interest to us nor a parameter affecting a temperature distribution 

directly, a discussion of uncertainty analyses of applied powers will 

not be given. In fact, the effects of powers are incorporated in the 

implant temperatures. 

First, uncertainty analysis of the flow rates will be 

presented. Specifically speaking, the effects of uncertainties of the 

flow rates on temperatures will be investigated by using the analytic 

solutions of temperature distributions. In the A.P. phantom 

experiments, the flows were stable to the extent that the spherical 

flow indicator, in most cases, fluctuated to + one scale off the target 

flow rate except at a low flow rate ( 0.80 kg/m3/sec ) where the flow 

indicator oscillated with the amplitude of two scales. The effects of 

the flow uncertainties ( + two scales ) are shown in Table Bl. It is 

interesting to notice that the effects of flow fluctuations on 

temperatures tend to decrease as the flow rates increase. As a 

consequence, in the flow range above 2.12 kg/m3/sec, the temperature 

uncertainties caused by the flow uncertainties remain within less than 

about 0.40*C, which is accurate enough for our purpose, and yet at the 

low flow rate, 0.80 kg/m3/sec, the maximum temperature uncertainty is 

approximately more than 1*C. 

The R.P. phantom experiments have shown such unstable flows 

that the maximum flow fluctuation almost reached five scales of the 
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flowmeter. It is observed in Tables B2a and b that temperatures were 

more sensitive to the flow fluctuation in a lower flow range, as in the 

A.P. phantom. When the flow diverges, the maximum temperature 

uncertainty at 4.70 kg/m3/sec is approximately 2.3*C at the probe #4, 

and generally a peripheral area ( probes #2 and #4 ) is more flow-

sensitive than an inner area , but at 10.95 kg/m3/sec the temperature 

uncertainties remain within the range of 0.5*C. On the other hand, 

when the flow converges, flow-sensitivity of temperatures throughout 

the whole area is more or less uniform as compared to a diverging flow, 

and the maximum uncertainty, 1.6*C, occurs at the probe #3 at 4.70 

kg/m3/sec. At 10.95 kg/m3/sec, the temperature uncertainties are less 

than 0.25*C. Finally, it was observed that, even at an identical flow 

rate, temperatures in R.P. phantom are more sensitive to flow 

uncertainties than those in the A.P. phantom. 
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Table Bl. Uncertainty analysis of flow rates in the A.P. phantom 

scale 
on flow
meter 

flow rate temperature probes*(*C) implant 
temp. 
( *c ) 

base 
temp. 
( #c ) 

scale 
on flow
meter (kg/m3/sec) B C D 

implant 
temp. 
( *c ) 

base 
temp. 
( #c ) 

18 
(-2) 
20 
(+2) 
22 

0.67 
(-0.12) 
0.80 

(+0.10) 
0.90 

45.29 
(+1.19)* 
44.10 
(-0.78) 
43.32 

44.03 
(+0.89) 
43.14 
(-0.60) 
42.54 

44.63 
(+1.03) 
43.60 
(-0.68) 
42.92 

44.9 36.5 

38 
(-2) 
40 
(+2) 
42 

1.94 
(-0.18) 
2.12 

(+0.10) 
2.22 

39.99 
(+0.34) 
39.65 
(-0.17) 
39.48 

39.88 
(+0.31) 
39.57 

(-0.15) 
39.42 

39.93 
(+0.32) 
39.61 

(-0.16) 
39.45 

45.8 36.6 

78 
(-2) 
80 
(+2) 
82 

4.79 
(-0.14) 
4.94 

(+0.14) 
5.08 

37.53 
(+0.04) 
37.49 
(-0.05) 
37.44 

37.53 
(+0.05) 
37.48 
(-0.04) 
37.44 

37.53 
(+0.04) 
37.49 

(-0.05) 
37.44 

45.1 36.7 

* Temperature probes B, C, and D are located as seen in Fig.20. 
Numbers in parentheses are uncertainty intervals in corresponding 
variables or a result. 
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Table B2a. Uncertainty analysis of flow rates in the R.P. phantom; 

in case of the diverging flow 

scale 
on flow 
meter 

flow rate 

(kg/m3/s) 

temperature probes ( *C ) implant 
temp. 
( *c ) 

base 
temp. 
( *c ) 

scale 
on flow 
meter 

flow rate 

(kg/m3/s) #1 2 3 4 

implant 
temp. 
( *c ) 

base 
temp. 
( *c ) 

35 
(-5) 
40 

(+5) 
45 

3.80 
(-0.91) 

4.71 
(+0.72) 

5.43 

41.94 
(+0.29) 
41.65 

(-0.13) 
41.52 

47.76 
(+1.98) 
45.78 

(-1.09) 
44.69 

40.76 
(+0.50) 
40.26 

(-0.27) 
39.99 

50.18 
(+2.22) 
47.96 

(-1.36) 
46.60 

58.0 37.3 

75 10.18 41.52 42.16 39.37 41.98 
(-5) (-0.77) (+0.02) (+0.16) (+0.10) (+0.44) 
80 10.95 41.50 42.00 39.27 41.54 58.0 37.7 

(+5) (+0.77) (-0.01) (-0.12) (-0.09) (-0.39) 
85 11.72 41.49 41.88 39.18 41.15 

Table B2b. Uncertainty analysis of flow rates in the R.P. phantom; 

in case of converging flow 

scale 
on flow 
meter 

flow rate 

(kg/m3/s) 

temperature probes ( *C ) implant 
temp. 
( *c ) 

base 
temp. 
( *c ) 

scale 
on flow 
meter 

flow rate 

(kg/m3/s) #1 2 3 4 

implant 
temp. 
( *c ) 

base 
temp. 
( *c ) 

35 
(-5) 
40 

(+5) 
45 

3.80 
(-0.95) 

4.71 
(+0.72) 

5.43 

47.54 
(+1.33) 
46.21 

(-0.74) 
45.47 

41.40 
(+1.06) 
40.34 

(-0.60) 
39.74 

46.84 
(+1.55) 
45.29 

(-0.89) 
44.40 

45.98 
(+0.77) 
45.21 

(-0.46) 
44.75 

58.0 37.6 

75 10.18 43.29 38.03 41.56 42.79 
(-5) (-0.77) (+0.17) (+0.10) (+0.23) (+0.23) 
80 10.95 43.12 37.93 41.33 42.56 58.0 37.6 

(+5) (+0.77) (-0.14) (-0.08) (-0.21) (-0.23) 
85 11.72 42.98 37.85 41.12 42.33 
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In both phantom tests, inflowing water temperatures remained 

fairly steady with a maximum uncertainty + 0.5*C. As seen in Tables B3 

and B4a,b, the maximum uncertainty interval in temperatures 

corresponding to an uncertainty, + 0.5*C, in the inflowing water 

temperatures turns out to be less than 0.5*C. Here, totally opposite 

behaviors of temperature uncertainties with flow rates are observed as 

opposed to the previous parameters; that is, temperature uncertainties 

grow larger at a higher flow rate. 

The most troublesome parameter in deciding its uncertainty 

interval is an implant temperature. In fact, the implant temperatures 

were attempted to measure as in Figure 23. Nevertheless, it is 

questionable whether this measured temperature can represent a surface 

temperature of an implant, since there is no guarantee that 

temperatures all over the implant are constant. In the A.P. phantom 

tests, measured implant temperatures seems to be in an allowable range, 

but these measurements in the R.P.phantom tests can not be accepted, as 

they are considerably lower than measured temperatures around implants. 

Accordingly, rather than using the measured values, 50*C is used with 

an uncertainty interval + 5*C as an implant temperature of a 58-62*C 

Curie point implant in both phantom tests to see the resulting 

uncertainties in analytical temperature fields. 

At the lowest flow rate( 0.80 kg/m3/sec )in the A.P. phantom 

tests as seen in Table B5, resulting temperature uncertainties are 

almost as large as an uncertainty in the implant temperature( + 5#C ). 
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Table B3. Uncertainty analysis of base temperatures in the A.P. phantom 

base 
temp. 
( 'C ) 

flow 
rate 

(kg/m3/sec) 

temperature probes* implant 
temp. 
( *c ) 

base 
temp. 
( 'C ) 

flow 
rate 

(kg/m3/sec) B C 0 

implant 
temp. 
( *c ) 

36.0 
(-0.5) 
36.5 

(+0.5) 
37.0 

0.80 

44.06 
(-0.04)* 
44.10 
(+0.05) 
44.15 

43.04 
(-0.10) 
43.14 
(+0.10) 
43.24 

43.52 
(-0.08) 
43.60 
(+0.08) 
43.68 

44.9 

36.1 
(-0.5) 
36.6 

(+0.5) 
37.1 

2.12 

39.32 
(-0.33) 
39.65 

(+0.34) 
39.99 

39.23 
(-0.34) 
39.57 

(+0.34) 
39.91 

39.27 
(-0.34) 
39.61 

(+0.34) 
39.95 

45.8 

36.2 
(-0.5) 
36.7 

(+0.5) 
37.2 

4.94 

37.04 
(-0.45) 
37.49 

(+0.45) 
37.94 

37.04 
(-0.45) 
37.49 

(+0.45) 
37.94 

37.04 
(-0.45) 
37.49 

(+0.45) 
37.94 

45.1 

* Probe B, C, and D are located as seen in Fig.20, and temperatures 
are calculated at z = 30 mm. Numbers in ( ) are uncertainty 
intervals 
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Table B4a. Uncertainty analysis of base temperatures in the 

R.P.phantom; in case of a diverging flow 

base 
temp. 
( *c ) 

flow rate 

(kg/m3/s) 

temperature probes* implant 
temp. 
( #c ) 

base 
temp. 
( *c ) 

flow rate 

(kg/m3/s) n 2 3 4 

implant 
temp. 
( #c ) 

36.8 
(-0.5) 
37.3 

(+0.5) 
37.8 

4.70 

41.25 
(-0.40) 
41.65 
(+0.39) 
42.04 

45.49 
(-0.29) 
45.78 
(+0.30) 
46.08 

39.83 
(-0.43) 
40.26 
(+0.43) 
40.69 

47.72 
(-0.24) 
47.96 
(+0.24) 
48.20 

58.0 

37.2 
(-0.5) 
37.7 

(+0.5) 
38.2 

10.95 

41.10 
(-0.40) 
41.50 
(+0.41) 

41.61 
(-0.39) 
42.00 
(+0.40) 

38.81 
(-0.46) 
39.27 

(+0.46) 

41.13 
(-0.41) 
41.54 
(+0.40) 

58.0 

Table B4b. Uncertainty analysis of base temperatures in the 

R.P. phantom; in case of a converging flow 

base 
temp. 
( *c ) 

flow rate 

(kg/m3/s) 

temperature probes* implant 
temp. 
( #C) 

base 
temp. 
( *c ) 

flow rate 

(kg/m3/s) #1 2 3 4 

implant 
temp. 
( #C) 

37.1 
(-0.5) 
37.6 

(+0.5) 
38.1 

4.70 

45.92 
(-0.29) 
46.21 
(+0.29) 
46.50 

39.91 
(-0.43) 
40.34 
(+0.44) 
40.78 

44.98 
(-0.31) 
45.29 
(+0.32) 
45.61 

44.90 
(-0.31) 
45.21 
(+0.31) 
45.52 

58.0 

37.1 
(-0.5) 
37.6 
(+0.5) 
38.1 

10.95 

42.75 
(-0.37) 
43.12 
(+0.37) 
43.49 

37.44 
(-0.49) 
37.93 

(+0.49) 
38.42 

40.92 
(-0.41) 
41.33 
(+0.40) 
41.73 

42.18 
(-0.38) 
42.56 
(+0.37) 
42.93 

58.0 

* Probe #1, 2, 3, and 4 are located as seen in Fig.21 
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Table B5. Uncertainty analysis of implant temperatures in the 

A.P. phantom 

implant 
temp. 
( 'C ) 

flow rate temperature probes* base 
temp. 
( *c ) 

implant 
temp. 
( 'C ) (kg/m3/s) B C D 

base 
temp. 
( *c ) 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

0.80 

44.20 
(-4.52) 
48.72 
(+4.53) 
53.25 

43.22 
(-3.95) 
47.17 
(+3.95) 
51.12 

43.68 
(-4.23) 
47.91 
(+4.23) 
52.14 

36.5 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

2.12 

39.39 
(-1.66) 
41.05 
(+1.65) 
42.70 

39.31 
(-1.62) 
40.93 
(+1.61) 
42.54 

39.35 
(-1.63) 
40.98 
(+1.64) 
42.62 

36.6 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

4.94 

37.48 
(-0.47) 
37.95 

(+0.47) 
38.42 

37.48 
(-0.47) 
37.95 

(+0.47) 
38.42 

37.48 
(-0.47) 
37.95 

(+0.47) 
38.42 

36.7 

* Probe B, C, and D are located as seen in Fig.20, and temperature 
are calculated at z = 30 mm. 
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However, the largest flow rate( 4.94 kg/m3/sec )brings out uncertainty 

intervals less than 0.5'C only, despite a 5*C uncertainty interval in 

the implant temperature. In the R.P. phantom tests, differences of 

temperature uncertainties between two flow rates( 4.70, 10.95 kg/m3/sec 

) are not much noticeable as seen in Tables B6a and b, since these flow 

rates are both in a sufficiently high flow range. Comparison of 

temperature uncertainties in the A.P. phantom with in R.P. phantom 

indicates that the effects of heat convection( R.P.phantom )make the 

temperatures more sensitive to uncertainties in the implant temperature 

than does the BHTE ( A.P. phantom ). These results implies that 

success of the ferromagnetic implant heating heavily depends on the 

blood perfusion patterns, since the ferromagnetic implant hyperthermia 

relies solely on the heat conduction from the implants without the 

direct heat deposition in tissue. 

The total uncertainty in the result is the root-sum-square of 

uncertainties, which are calculated from the uncertainties in the 

measured variables. This total uncertainty is represented as the 

uncertainty bar in the plots. 
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Table B6a. Uncertainty analysis of implant temperatures in the 

R.P. phantom; in case of a diverging flow. 

implant 
temp. 
( #c ) 

flow rate temperature probes* base 
temp. 
( *c ) 

implant 
temp. 
( #c ) (kg/m3/s) #1 2 3 4 

base 
temp. 
( *c ) 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

4.70 

38.92 
(-1.05) 
39.97 

(+1.05) 
41.02 

40.46 
(-2.05) 
42.51 

(+2.04) 
44.55 

38.40 
(-0.72) 
39.12 

(+0.71) 
39.83 

41.27 
(-2.57) 
43.84 

(+2.58) 
46.42 

37.3 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

10.95 

39.07 
(-0.93) 
40.00 

(+0.94) 
40.94 

39.25 
(-1.06) 
40.31 

(+1.06) 
41.37 

38.27 
(-0.38) 
38.65 

(+0.39) 
39.04 

39.08 
(-0.95) 
40.03 

(+0.94) 
40.97 

37.7 

Table B6b. Uncertainty analysis of implant temperatures in the 

R.P. phantom; in case of a converging flow 

implant 
temp. 
( *c ) 

flow rate 

(kg/m3/s) 

temperature probes* base 
temp. 
( *c ) 

implant 
temp. 
( *c ) 

flow rate 

(kg/m3/s) n 2 3 4 

base 
temp. 
( *c ) 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

4.70 

40.72 
(-2.11) 
42.83 

(+2.11) 
44.94 

38.59 
(-0.68) 
39.27 

(-0.67) 
39.94 

40.39 
(-1.89) 
42.28 

(-1.88) 
44.16 

40.36 
(-1.87) 
42.23 

(+1.86) 
44.09 

37.6 

45.0 
(-5.0) 
50.0 

(+5.0) 
55.0 

10.95 

39.60 
(-1.36) 
40.96 

(-1.35) 
42.31 

37.72 
(-0.08) 
37.80 

(+0.08) 
37.88 

38.95 
(-0.92) 
39.87 

(+0.91) 
40.78 

39.40 
(-1.21) 
40.61 

(+1.22) 
41.83 

37.6 

* Probe #1, 2, 3, and 4 are located as seen in Fig.21. 



APPENDIX C 

POWER ABSORBED AGAINST IMPLANT TEMPERATURE IN FERRO-IMPLANT 

Pabs " K 
1+fl EXP{/?(TS-TC)} 

where 

K = ira 
Ua '1/2 îii ax 

Ho 
a 

Where Pabs = power absorbed, watts 

Tg = implant temperature, *C 

Tc = Curie point, *C ( 62 ) 

a = implant radius, m ( 0.5xl0~3 ) 

w = 2irx(frequency), rad/sec ( frequency = 80-90xl03 Hz ) 

/'max = Permeability, henry/m ( 150x4irxl0"7 ) 

a = conductivity, mho/m ( 4xl06 ) 

a = experimental constant, ( 7.389 ) 

P = experimental constant, ( 0.333 ) 

H0 = magnetic field strength, A/m 

For the magnetic coil used in the experiment, 

Hq = 672.76 Papp + 79331 (A/m)2, 

where 

Papp = power applied, watts. 
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