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ABSTRACT

Thermal Method for Measuring Perfusion in Transplanted Organs

by

Fredericka Delores Brown

Dr. Robert F. Boehm, Examination Committee Chair 
Professor of Mechanical Engineering 

University of Nevada, Las Vegas

Adequate blood flow to the graft kidney is critical in the postoperative care of the 

transplant patient. Many factors can lead to disturbance in blood flow to the kidney, 

including the various effects of medication or volume status of the patient. Current 

methods to monitor blood flow depend on either duplex ultrasound or nuclear medicine 

renal flow scan. These modalities do not provide continuous monitoring of renal blood 

flow.

A non-invasive technique to the organ is developed that will allow for the 

continuous qualitative and quantitative monitoring of blood perfusion in a kidney during 

postoperative periods utilizing an easily extracted thermistor probe. The continuous 

assessment of blood perfusion in the kidney may allow timely therapeutic maneuvers to 

correct any abnormality in blood flow and prevent graft thrombosis and loss.

I l l
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The technique involves the use of a thermistor heating/measurement system. 

Results of the measurements are used with numerical calculations to infer qualitative 

levels of perfusion.

A two-dimensional axisymmetric finite difference model for predicting regional 

blood perfusion is presented. The system consists of two semi-infinite bodies, the kidney 

and a specified adjacent medium, and a spherical thermistor. The thermistor is treated as 

a point source and located adjacent to both media. The initial temperature of the system 

is taken as the baseline temperature. At /=0^, the temperature o f the thermistor is 

increased by 0.5°C of the baseline temperature and a transient, constant temperature 

heating is imposed at the heat souree surface. Heating is indueed for a predetermined 

amount of time and terminated. The system is allowed to return to baseline temperatures 

and the process is repeated. The "bioheat equation" is used in the development of the 

governing equations for the system. Different perfusion situations within the two media 

are simulated to assess the sensitivity of the technique to a variety of possibilities that 

might be found in actual surgery. The method yields temperature field distributions 

along with a qualitative and quantitative measurement of regional blood perfusion. 

Results of the numerical model are then validated with analytical and experimental 

results.

IV
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CHAPTER 1 

INTRODUCTION

1.1 Bioheat Transfer

Temperature is the principal controlling factor in everyday physiological 

phenomena occurring in biological systems. The innate survival of the biological system 

depends on its ability to maintain and control body temperature. If the body temperature 

of the system is altered in response to external conditions, such as temperature variation 

due to weather or performanee of traditional and diagnostic medical procedures, normal 

occurring physiological functions may be sacrificed. An analysis of many of the major 

processes occurring in biological systems due to the influences of external faetors and 

physiological processes requires an understanding of heat transfer mechanisms. 

Therefore, it is evident why the knowledge of how temperature can be monitored and 

controlled in living systems is of great importance in the assessment of normal and 

abnonnal physiological function, determination of diseased states, and the treatment of 

diseased states.

The analysis of thermal energy transport in the biological system due to 

physiological processes and external effects is termed bioheat transfer. Due to the 

complex interactions between tissue perfusion, conduetion, convection, and tissue
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metabolism, the physiological processes and temperature variations in the biological 

system can make for a more grueling analysis than that o f the traditional non-living 

system. This system is further complicated due to the anisotropic and inhomogeneous 

nature of tissue. These issues lead to differences in thermal properties throughout the 

biological system. The assessment of thermal properties also allows for the thermal 

mapping of tissue properties. Applications of bioheat transfer include the 

thermoregulation process, estimation of tissue blood flow, breast cancer detection, soft 

tissue trauma, infection, environmental stress, and viability of ischemic or re-implanted 

tissue, and viability of skin flaps.

Thermal energy transport in a biological system is mainly achieved through 

conduction and convection modes of heat transfer. Thermal conduction is a measure of 

the ability of a system to transport heat from a region of higher temperature to that of a 

lower temperature. Convection heat transfer is energy transfer due to random molecular 

motion where energy transfer occurs due to bulk, or macroscopic, motion of the fluid. In 

the system, conduction heat transfer is proportional to the local temperature gradient and 

the intrinsic tissue thermal conductivity. The convection heat transfer is related to the 

analysis of fluid movement through vascular channels, ducts, or interstitial spaces. The 

most important properties needed for heat transfer analyses are thermal conductivity, k, 

and the thermal diffusivity, a.

1.2 Tissue Perfusion

Some of the most important tasks encountered in the fields o f medicine and 

physiological sciences are the analysis and assessment of tissue blood perfusion rates.
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blood transmission in the microcirculation, and heat generation rates due to metabolism 

and external sources in the biological system. Tissue perfusion, measure of blood flow 

through a capillary bed, is an important factor in tissue and organ transplants, cancer 

therapy, and the assessment of viable organs. Perfusion analyses occur daily in every 

intensive care unit, hospital, outpatient care unit, and emergency room throughout the 

world. Despite the notable importance of perfusion analyses, there is no widely accepted 

clinical method to ascertain blood perfusion rates. Current clinical methods used to 

determine tissue perfiision rates are typically highly invasive, exorbitant in cost, lack the 

ability to provide continuous monitoring of perfusion rates, or lack data accuracy or 

reproducibility.

The ability to have a non-invasive, inexpensive, continuous monitoring system, in 

theory, may allow timely therapeutic maneuvers to correct any abnormality in blood 

flow. Present available assessments of perfusion typically involve the addition of a 

foreign substance into the biological system. Common substances are dyes, radioactivity, 

ultrasound. X-rays, electricity, and heat. Microsphere, gas, and dye dilution techniques 

fall short when data accuracy and reproducibility are a must. The advantage of localized 

heating when compared to other approaches is that it produces no systemic effects. In 

addition, low levels of thermal energy are easily tolerated by the biological system. Heat 

is quickly dissipated in the surrounding tissue, which eliminates problems frequently 

encountered with re-circulation in other perfusion measurement methods.
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1.3 Objective of Research 

Sufficient renal blood perfusion is extremely important to successful implantation 

of the kidney. If insufficient blood perfiision occurs, transplant surgeons have available 

some means of stimulating perfusion if  the need is known. What is critical to this is a 

minimally invasive method of inferring the presence of satisfactory perfusion.

The objective of this study is to analyze whether the presence of tissue perfusion 

in an organ can be assessed using a noninvasive self-heated thermal diffusion probe. 

This involves thermal numerical modeling of the system along with in vivo 

experimentation. A thermal numerical model is used to characterize the heat transfer 

processes occurring in the system. Power dissipation will be related to the perfusion rate, 

higher power dissipation will signify an increase in perfusion.

The experimentation will be carried out in three stages. The first stage involves 

the determination of sensitivity of thermal conductivity measurements in liquids and 

plastic. The second stage and third stages, not actually a part o f this dissertation, will be 

carried out when the protocols for animal experimentation and human experimentation 

have been approved. The second stage will be done to determine perfusion using 

thermistor measurement in the kidney of small animals and the second phase will involve 

human test cases. In the second phase of the experimentation, the probe method, 

described below, will be used on a vital but anesthetized rat. The probe will be inserted 

adjacent to the kidney. Measurements will be taken. Then perfusion in the kidney is 

ceased. Measurements will be taken again. Then perfusion in the kidney is ceased. 

Measurements will be taken again. Finally, the animal is sacrificed and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



measurements will be taken for the third time. Inferences about the sensitivity of the 

technique to renal blood flow and adjacent tissue blood flow will be made.

A transient, constant temperature technique for a heated thermistor probe is used 

to determine tissue blood flow. This process is known as the step temperature heating 

technique. In this technique the spherical thermistor probe is initially in thermal 

equilibrium with the surrounding tissue and then power is switched on. After the 

initiation of power, the probe temperature rises to a preset value. The thermistor 

temperature is maintained at this constant by a feedback controller that constantly adjusts 

power. The thermistor is forced to undergo a step change from ambient temperature to 

the set point temperature in a short time period. The baseline values are measured before 

the power is turned on and during the cooling periods of the step heating technique. The 

measurement of the power dissipated through the system over a set time period during the 

process will be related to the perfusion rate.

To evaluate the potential of this experimental approach, the situation is modeled 

numerically. In this analysis, the system is taken to be two semi-infinite bodies, the 

kidney and a specified adjacent medium. The thermistor is located between the kidney 

and the adjacent medium and is the source of heat input to the system in a manner needed 

to accomplish the experimental measurements. The adjacent medium is characterized 

with tissue properties different from those of the kidney. Two separate governing 

equations, one each for the kidney and one for the adjacent medium are developed. A 

transient, constant temperature heating is imposed at the thermistor surface. Continuity 

of temperature and heat flux is assumed between the kidney and the adjacent medium. 

The end result is an assessment of the effectiveness in monitoring blood perfusion with
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the thermistor approach. In essence this is determined by the ability to discern kidney 

perfusion variations from the rate of heating required.

1.3.1 Future Animal Experiments

Male Sprague Dawley outbred rats that have been kept according to accepted 

animal laboratory standards would be used. A laparotomy incision will be made to 

expose internal organs including liver and kidneys. The thermistor probe is used to take 

measurements of surface blood flow in these organs both with the incision open and 

closed to assess the effect o f surrounding tissues. After experimentation animals are 

euthanized according to accepted methods.

1.3.2 Future Human Experiments

Humans undergoing kidney transplantation will be tested using the thermistor 

probes. These patients will be treated in the transplant service at University Medical 

Center, Las Vegas, NV. Prior to the start of human experiments, protocols will be 

written for the acceptance of the Institutional Review Board. Probes will be inserted at 

the time of transplant and exit through a small skin incision near the transplant. 

Measurements will be taken after the transplant. The probe will be removed several days 

after the transplant.

1.4 Significance of Research

The non-invasive method of blood perfusion determination has implications that 

affect a significant number of organ transplant procedures. The importance of being able 

to quantify perfusion after kidney transplant surgery aids the surgeon in making critical 

decisions concerning the type of anti-rejection protocols to utilize if  perfusion problems
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are determined early post-operatively. Perfiision rates in the kidneys are among the 

highest found in mammalian organs due to its filtration and re-absorption functions. 

Thermal methods are inherently attractive because the deposited thermal energy is 

typically small enough that the tissue is not damaged during the determination process of 

perfusion. The capability of some thermal methods to follow and detect temporal 

variations o f blood perfusion "in vivo" and essentially in a continuous manner is 

significantly beneficial in various fields of physiological and medical practice and 

research. Complications of organ transplant procedures are greater than other transplant 

surgeries. The second most common transplant surgery in the United States is the kidney 

transplant. Kidney transplantation is a life saving procedure when it's done for those with 

end stage kidney disease. A patient can be treated with dialysis until a kidney donor can 

be found. The most common cause of kidney failure is diabetes.

Pre-renal causes of kidney failure may include cardiac failure, inadequate volume 

status of the patient, or mechanical problems with the inflow artery. Intra-renal causes 

may include afferent arteriole constriction due to cyclosporine, a widely used 

immunosuppressant, or efferent arteriole dilation, due to an angiotensin-converting 

enzyme inhibitor, a common anti-hypertensive medication. Post-renal causes may 

include compression by a hematoma or lymphocele, or mechanical problems with the 

renal vein, such as thrombosis or loss. All of these can be corrected if properly detected. 

If not, the problems may lead to prolonged ATN (acute tubular necrosis), and even graft 

thrombosis and loss.

Maintaining adequate blood flow to the transplanted kidney is critical in the post­

operative care of the transplant patient. Many factors can lead to disturbance in blood
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flow to the kidney, including volume status o f the patient, various effects of medication, 

or extrinsic compression from hematoma or lymphocele. Blood flow to the kidney can 

be entirely disrupted due to arterial or venous thrombosis. Current methods to monitor 

blood flow depend on either duplex ultrasound or nuclear medicine renal flow scan.

Thus, measurement o f tissue perfusion is of obvious importance in clinical 

situations such as the immediate post-operative period after renal transplantation. Here, 

maintenance of renal perfusion is crudely correlated with renal function, that is, the 

production of urine and clearance of metabolic waste. It can also be directly 

demonstrated with radiological studies. Currently, the duplex ultrasound and the nuclear 

medicine renal blood flow scan are the two most commonly used modalities for this 

purpose. These modalities however do not provide continuous monitoring of renal blood 

flow. Continuous monitoring, at least in theory, may allow timely therapeutic maneuvers 

to correct any abnormality in blood flow.

This will aid in providing post-operative care following renal transplant surgery. 

This method will give the surgeon the knowledge needed in determination of means for 

stimulating tissue perfusion is needed, if  any. Previous numerical and analytical studies 

by numerous researchers to (Adams 1985, Chen 1977,1980, 1981, Bowman 1985, Chato 

1985) show the general applicability of a heated thermistor to the determination of 

perfusion rates, but this isn't done in the less direct, but surgically more appropriate 

manner presented here.

The determination of renal flow implicates more than the successful implantation 

of the transplanted organ. It is can also help in the implication of disease states that are 

shown to compromise renal function. There are a variety of patho-physical conditions
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that are shown to disrupt renal function. The most important of these states are 

nephrectomy, ureteric obstruction, and renal artery stenosis, diabetes and ischaemia and 

reperfusion injuries. The interruption of normal renal function has wide range 

implications. Assessment of total renal blood flow is therefore imperative in the 

understanding and treatment of these patho-phyiological states.

Currently, there is no ideal method to assess renal blood flow. The microsphere 

method of renal blood flow deduction is the most widely used technique to date. It is an 

invasive process in which an injection of a small volume containing radionucletide- 

labeled microspheres are entered into the left atrium, left ventricle or possibly the root of 

the aorta.

By monitoring power requirements of the heated thermistor, a measure of both 

thermal conductivity and perfusion can be obtained. The more perfused the medium the 

greater the power required.
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CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Many important perfusion problems related to blood flow do not require a 

mathematical solution of the actual volume flow per unit time, but only require 

information as to whether flow has increased, decreased, or remained constant. This 

determination of tissue perfusion is of interest to medical professionals and engineers. 

Although a quantitative study is not necessary, the ability to determine tissue perfusion 

while adhering to stringent clinical requirements is always necessary in the engineering 

and medical environment.

Maintaining stringent clinical requirements can prove to be quite tasking. 

Techniques for measuring tissue perfusion in clinical situations must be safe for the 

patient, supply accurate and reproducible results, unlimited availability, and simple to 

operate. Researchers such as Bowman (1992), Chen (1981), Hohnes (1983), 

Balasubramaniam (1977), and Chato (1985) have developed measuring techniques that 

meet required clinical standards. These measurement techniques are based on numerical 

models that access thermal properties, temperature variations, or energy variations as a 

function of radius and time. The assessment of these values aid in the determination of 

tissue perfusion. The basis of these mathematical models is the development o f the

10
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bioheat equation or energy balance equation involving biological media properties. In 

the end, a comparison is done between the numerically derived solution with those of the 

experimental results. The development of numerical and experimental models has helped 

in improving currently used methods to determine tissue perfiision.

The assessment of tissue perfiision is usually determined indirectly or directly by 

evaluating thermal properties such as conduction and diffusion for the biological media in 

question. The best match of the solution of the theoretical model to the experimentally 

measured temperature is then produced by systematically varying the values thermal 

properties in the analytical solution until the theoretical and experimental temperature 

difference is minimized. The history of measuring thermal properties and tissue perfusion 

using thermal techniques has been investigated and reviewed by a number o f researchers 

including Bowman et al. (1992), Jain (1978), Holmes and Chen (1983), Valvano et al. 

(1984, 1994), Walsh (1984), Chato (1985), Bowman (1985), and Kress and Roemer 

(1987).

This chapter discusses various mathematical models and thermal experimental 

models that have been developed over the previous years. The mathematical models 

employ a solution of the bioheat equation.

2.2 Evolving Thermal Methods for Tissue Blood Flow Measurements

The use of thermal methods for determining blood flow dates back to 1926 when 

Gibbs introduced a thermoelectric method. The thermoelectric method utilized a needle 

that was supplied with a constant amount of heat. This needle was invasively placed into 

a vessel or tissue in question. There would be a temperature variation in the needle
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depending on an increased flow of blood or a decreased flow of blood. The increased 

flow of blood would cool the needle, whereas a decreased flow in blood would allow the 

needle to heat up. Therefore, the needle temperature would vary inversely with the flow 

of blood. By determining the temperature of the needle, a qualitative analysis can be 

done.

In 1933 Gibbs introduced a probe method for determining blood flow. The probe 

method of Gibbs utilized a thermocouple that was to be inserted into the tissue or vessel 

in question. The thermocouple was provided with a constant electrical power. This 

method involved measuring the temperature difference between a heated and unheated 

thermo-junction of a thermocouple and relating it to the measure of blood flow in the 

region. He found that this temperature difference was inversely related to the rate of 

blood flow. In the end, a quantitative solution related to volume blood flow per minute 

was given and a determination of variability in flow was made.

Since the thermoelectric needle and thermal probe methods of Gibbs (1933), there 

have been numerous methods developed on the basis of his theory. In 1952, Grayson 

improved the probe method of Gibbs (1933) by utilizing the concept of manual feedback. 

This concept allowed the manual adjustment of heating power in the thermistor bead, 

which helped maintain a constant temperature increment above baseline conditions 

within the probe. The amount of heating power required while maintaining this constant 

temperature is related proportionally to the amount of thermal energy transported from 

the thermistor bead to the system.

In 1968, Chato utilized the methods of Gibbs and Grayson and developed a 

single, spherical thermistor bead method that allowed the bead to be used as a sensing
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and heating device. This was the development of what is known as the thermal diffusion 

probe. The thermal diffusion probe consists of an electronic feedback controller used to 

maintain the thermistor at a specified temperature above the initially measured 

equilibrium temperature. The thermistor is first used in passive mode to measure the 

baseline temperature. Next, electrical power is applied to the thermistor at a time varying 

rate to hold the thermistor at a constant temperature increment above the measured 

baseline temperature. The electrical energy supplied to the thermistor to maintain a 

predetermined fixed temperature increment is monitored as a function of time. The 

electrical power is dissipated by thermal conduction from the probe into the tissue. The 

measured electrical power required when maintaining a constant temperature increment 

depends upon the heat transfer characteristics of the tissue surrounding the bead. The 

presence of blood flow augments the dissipation of heat in the tissue. Thermal 

conductivity of the media can be determined directly from a measurement of the heat flux 

per unit area and the temperature gradient.

Since the development o f Chato's first practical use of the thermal probe, various 

probe techniques have been developed. The commonalties in all thermal probe techniques 

is the use of a thermistor bead to invasively or non-invasively deliver heat as well 

monitoring heat removal. In all of these techniques heat is introduced into the biological 

media of interest and is dissipated by conduction through the tissue and by convection 

with blood perfusion.

Significant developments in the thermal probe method have occurred since Chato 

reported his method. Balsasubramaniam et al. (1974) were able to apply the thermal 

probe method to noninvasive surface measurements. Patel (1987) and Walsh (1984)
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improved upon the method of Balsasubramaniam (1974) when they devised a way to 

account for the temperature variation within the thermal measuring bead. Chen (1981) 

proposed an alternate operational mode with a thermistor of smaller size in relation to 

previously used beads.

Thermal dilution techniques were also used to measure tissue perfusion (Zajic 

1975, Carter and Atkinson 1973, Gisselson and Ericsson 1981). This technique involved 

the dissection of the vessel of interest. Once the vessel has been dissected, an indicator is 

injected at a constant speed in the direction opposite blood flow. This occurs until the 

mixture of blood and indicator reaches an equilibrium temperature. Two thermistors are 

used in this technique, one to measure the temperature of the indicator, and another to 

measure the temperature of the blood/indicator mixture.

In addition to the thermal dilution method, heat clearance has been a method used 

by Muller-Schauenberg et al. (1975) and Coremans et al. (1985). The method utilizes 

two thermistors, one is used for heating at a predetermined level above ambient tissue 

temperature, and the other thermistor is unheated and used as a temperature sensor. Two 

modes of operation occur in this method: non-heated mode and heated mode. In the non­

heated mode, both thermistors are used as sensing devices to determine local temperature. 

In the heated mode, one thermistor remains in sensing mode and the other is used as the 

heating device by supplying heat to increase equilibrium temperature. Flow alterations 

are determined by temperature variations within the system.

Thermal clearance techniques can be subdivided into five categories (a) 

noninvasive vs. invasive, (b) steady state vs. transient, (c) qualitative vs. quantitative, (d) 

self-heating vs. external, (e) spherical vs. cylindrical measuring bead. Transient
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techniques have several advantages over those of steady state. They tend to allow for fast 

measurements, are unaffected by spatial gradients, and yield more information than the 

steady state techniques. In the transient techniques only a single thermistor is involved 

for temperature measuring and sensing functions. In transient techniques, the thermistor 

is used as a sensing device to measure baseline temperatures. Invasive techniques require 

the implantation of the device in the tissue of interest. This may lead to blood flow 

stoppage, etc. The cylindrical geometry has numerous disadvantages when compared 

with the spherical geometry. In the cylindrical geometry, a relatively long probe is 

needed to satisfy the assumption of purely radial flow. Also, with the constant heat input 

technique, the maximum temperature at the probe increases continually creating a bum 

hazard unless the experiment is terminated in time.

Constant temperature techniques provide a temperature field and measurement 

volume that is less dependent on the tissue's thermal properties and more uniform in 

extent and temperature than obtained using constant power techniques. The most widely 

utilized thermal clearance techniques can be classified into three categories, based on 

how their method of how heat is diffused within the media. These categories are: (a) 

thermistor sensing bead with a change in temperature, (b) thermistor sensing bead with a 

pulse heat input and (c) thermistor measuring bead with a step change in heat input.

Measurement protocols for the determination of tissue blood flow and thermal 

conductivity may be classified according to continuous versus transient methods and 

constant power versus constant temperature. Continuous methods employ a separate 

temperature reference point outside the region of "thermal influence" of the heated 

element to continuously monitor baseline temperature. Transient methods require only a
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single temperature point. Baseline conditions established at the heating point before each 

measurement, are unaffected by spatial temperature gradients. Constant temperature 

procedures involve maintaining a constant incremented probe tissue temperature above 

equilibrium temperature and the determination of tissue blood flow and thermal 

conductivity by analysis of thermal power. Constant power procedures involve 

maintaining a eonstant thermal power into the tissue and the determination of tissue 

blood flow and thermal conductivity by analysis of probe/tissue temperature. Analysis of 

computed temperature profiles conducted with constant temperature procedures versus 

constant power procedures indicate that constant temperature procedures have the 

advantage of producing a temperature field and measurement volume that are less 

dependent on medium thermal properties.

Some of the more notable and promising techniques of measuring tissue perfusion 

are those of the thermal clearance methods (Chen et al. 1980, Chen et al. 1981, Holmes 

and Chen 1983, Muller-Schauenburg 1975). The most developed and widely used 

thermal clearance method is that of the self-heated thermistor bead technology. These 

methods have great potential because all of the necessary stringent clinical requirements 

are achieved while providing real time measurements of temperature, intrinsic or 

effective thermal conductivity, thermal diffusivity, and perfusion in small volumes of 

tissue. Thermal probe techniques are have been widely used to determine the thermal 

properties and tissue perfusion. The self-heated thermistor bead technology utilizes a 

thermistor as a point heating source and a temperature sensor. Measurement of 

temperature at the surface of perfused tissue can lead to the calculation of blood perfusion 

with in tissue. Numerous researchers have validated the feasibility of this method. The
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relationship between the applied thermistor power and the resulting thermistor 

temperature rise are used in determination of the above properties and perfusion.

2.3 Mathematical Models 

The transfer of heat in perfused tissue occurs due to the modes of conduction and 

convection. Heat is either gained or lost in a tissue due to its interaction with adjacent 

media at different temperatures or its interaction with circulating fluids. Convection 

occurs when there is a significant difference between the temperature of blood and the 

tissue through which it flows. Therefore, the conduction and convection effects 

occurring in the system can describe the amount of heat energy transfer through a tissue. 

Conduction and convection effects are related to tissue by the tissue thermal properties, 

temperature variation, and surface area of the system. Together these factors are 

fundamental in the assessment of tissue perfusion.

Numerous mathematical models have been developed that provide solutions of 

temperature distribution, thermal properties, and perfusion of tissue. The most widely 

used bioheat model to date is that of Fermes (1948). It was the first notable undertaking 

in quantifying the heat transfer contribution of tissue perfusion. Fermes originally 

developed his model to describe the transverse temperature profile in the human forearm. 

Since Fermes' bioheat model, many investigators have used his model as the basis for the 

development of alternative models. The alternative models included terms that accoimted 

for effects of vessel size (Anderson 1994, Huang et al. 1996, Legendik 1990, and Chato 

1980) countercurrent heat exchange (Lemons 1987, Chen and Holmes 1980, Song 1987, 

Weinbaum and Jiji 1984,1985,1989, and Baish 1986).
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Chato (1968) was the first to solve the bioheat equation for the time dependent 

perfused tissue response to a heated thermistor. Balasubramaniam and Bowman 

(1974,1977) extended the thermal model to include the spatial variation of temperature 

within the spherical thermistor. Jain (1978, 1979) developed a thermal model that 

included a passive glass shell surrounding the active heated thermistor. Valvano et al. 

(1983) obtained a closed form transient solution which improved the accuracy of the 

thermal diffusivity measurements. Holmes and Chen (1983) developed a measurement 

technique, which heated the thermistor with a pulse of power and monitored the 

temperature decay. Valvano et al. (1987) used finite elements to validate the thermal 

conductivity measurements with a realistic thermistor geometry and electrical heating 

pattern.

2.3.1 Pennes Bioheat Model 

The most noted investigator in the field of bioheat transfer was Fermes (1948). 

He presented a mathematical model of heat transfer in a living system that determined the 

temperature distribution in the human forearm. It has been widely used and has been 

found valid for tissue situations other than the forearm. In the mathematical model of 

Fermes, his major assumption was thermal energy transfer between blood vessels and 

surrounding tissue occurred predominately in the capillaries. Other assumptions in the 

development of Fermes bioheat equation included the effect of blood perfusion as 

isotropic and homogeneous and thermal equilibrium occurred in the microcirculatory 

capillary bed. He described this thermal energy transfer occurring due to perfusion as a 

non-directional heat source. His model correctly predicted that the intrinsic thermal 

conductivity could be measured in perfused tissue independent of perfusion rate. When
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his mathematical model is used on macroscopic tissue temperature clearance 

measurements he provided reasonable agreement with experimental results for 

temperature decay in the vicinity of constant temperature of pulsed overheat probe.

The bioheat equation is described mathematically by

W t  -  îv ) + 9m (1)
o t

where

Tt is the tissue temperature,

Ob is the blood perfusion rate, 

p  is the density of blood, 

c is the specific heat of blood.

Ta is the arterial blood temperature,

Ty is the venous blood temperature, and 

qm is the metabolic heat generation.

The major advantage of the Pennes model is that the added term to account for 

heat transfer due to perfusion is linear with temperature, which facilitates the solution of 

his bioheat equation. A disadvantage of Fermes' is that there is no information 

concerning vascular geometry (Xu 1991). Its wide usage has been mainly due to its 

simplicity of implementations, especially in analyses where a closed form analytical 

solution is sought. Investigators have obtained good temperature predictions for the 

following circumstances the porcine kidney cortex in the absence of large vessels, the rat 

liver, and the capillary bleed off from large vessels. Also good agreement has occurred 

when Fermes’ model is used on macroscopic tissue temperature clearance measurements
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with experimental results for temperature decay in the vicinity of a constant temperature- 

heating probe.

2.3.2 Weinbaum and Jiji Bioheat Model 

The first to present the countercurrent structure from their observations of large 

arteries and veins in human limbs was Bazett et al. (1927). Mitchell and Myers 

presented the first major quantitative analysis of a countercurrent vasculature (1968). 

They were followed by the work of Keller and Seiler (1971), who were the predecessors 

to Weinbaum and Jiji (1989).

Weinbaum and Jiji were strong opponents of Fermes' bioheat equation. They 

stated that Fermes' bioheat equation didn't account for the fact that blood flow enhances 

heat flow when the velocity and temperature vectors are not orthogonal and heat transfer 

between blood is not limited to capillary beds. In 1979, Weinbaum and Jiji proposed a 

model of the artery-vein pair. This model consisted of two parallel cylinders having 

equal diameters with collateral bleed off in the plane perpendicular to the cylinders. 

Perfusion in the system was analyzed in a marmer similar to that of heat transfer in 

porous media. It was denoted as a one dimensional convection term normal to the artery- 

vein pair. In 1984 Weinbaum and Jiji developed a more thorough model than that of 

their 1979 artery-vein pair model. This newer model analyzed three tissue layers o f a 

limb. These tissue layers were defined as a) deep, b) intermediate, and c) superficial or 

d) cutaneous. The countercurrent vasculature of the deep tissue layer was described by a 

system of three coupled equations. These three-coupled equations described the heat 

transfer of thermally significant artery-vein pair and the tissue surrounding it. Their 

analysis showed that the major heat transfer is due to the imperfect countercurrent heat

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

exchange between artery-vein pairs. Weinbaum and Jiji based their bioheat equation on 

the assumption that the local blood contribution to tissue heat transfer was mainly 

associated with incomplete countercurrent heat exchange mechanism between paired 

arteries and veins and capillary heat exchange mechanisms. Their bioheat model was 

based on perfusion quantification using a detailed vascular architecture in the skin and 

muscle of a rabbit hind leg. Their model was presented in 1985. They determine the 

temperature gradients within the tissue by the thermal flux through the region.

Weinbaum and Jiji's bioheat equation is described mathematically by

dT d

d t  dx

 ̂ dT^

where

kgffis the effective blood-tissue conductivity related to local vascular geometry.

It increases quadratically with increasing blood flow. The Weimbaum-Jiji model has 

been found to be difficult to implement; there have also been issues of concern when 

implementing this model because the artery and vein diameters must be identical when 

evaluating the model. Studies using this model have been applied to the peripheral 

muscle of a limb, and the model is accepted as valid for vasculature with diameters of 

300 micrometers. In response to the criticism that their previous model is too difficult 

and complex to apply, Weinbaum and Jiji simplified the three-equation model to a single 

equation. They derived an equation based on the temperature of tissue only. The 

disadvantage of this model is that the local temperatures along the countercurrent artery 

and vein cannot be calculated.
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2.3.3 Chen and Holmes Bioheat Model 

The bioheat model of Chen and Holmes is very similar to that of Pennes. They 

indicated that thermal eqnilibrinm occurs predominantly within the terminal arterioles 

and venules, and the blood is essentially equilibrated prior to entering the capillaries. The 

Chen and Holmes bioheat transfer model has been described as the most developed 

continuum model. Chen and Holmes analyzed large vessels indirectly. Chen and 

Holmes developed a bioheat equation that accounted for actual equilibration of blood 

temperature, the contribution of net blood flow velocity within the tissue relative to 

already thermally equilibrated vessels, and vessels are considered in thermal equilibrium 

with surrounding tissue. This bioheat equation includes a source term, which is 

considered proportional to the perfusion rate. Chen and Holmes' bioheat equation is 

described mathematically by

p c   = + {pc)j^a(T -  T̂ ) -  {pc)j^u ■ VT + k^V^T + (3)

where

0) is the blood perfusion rate per unit volume of the microvasculature,

p  is the density of blood,

c is the specific heat of blood,

kt is the tissue thermal conductivity,

kp is the thermal conductivity related to blood perfusion.

Ta is the arterial temperature,

T is the tissue temperature, and 

ÏÏ is the net blood flow velocity.
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The second term on the right hand side is similar to Fermes except the perfusion and the 

arterial temperature are specific to the volume being considered. The third term is a 

directional convection term due to the net flux of equilibrated blood. The last term on the 

right hand side is to accoimt for the contribution of the nearly equilibrated blood in a 

tissue temperature gradient. This is a continuum formulation of bioheat transfer, the 

most developed one of them. A disadvantage (Xu 1991) of the model is that given the 

detail required, the model is not easy to implement. Also the perfiision conductivity term 

is difficult to evaluate, and distinction within the continuum model is not well defined. 

Furthermore, the model does not explicitly address the effect of closely spaced 

countercurrent artery-vein pairs. This model has been applied to the porcine kidney and 

was found to predict temperatures similar to Pennes' model, thus given the simplicity of 

the latter, Xu et al. (1991) recommended that Pennes be used. Arkin et al. (1987) claim 

that the Chen/Holmes model can be essentially applied to the same tissue region as that 

for Pennes' bioheat model.

2.3.4 KEFF Bioheat Model 

This model is similar to Pennes model but tissue blood flow is accounted for with 

the term. Without perfiision it reduces to the general heat transfer equation. Patel 

(1987) and Roemer (1989) proposed an effective thermal conductivity model to describe 

heat transfer occurring in tissue due to perfiision. The perfusion and intrinsic tissue 

conductivity are lumped together as the kgff term. Patel (1987) and Valvano (1987) 

assumed the measured steady state thermal conductivity equaled the thermal effective 

conductivity. They indicate that perfiision will have exactly the same influence on a 

thermistor bead heated with steady state or sinusoidal power.
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ÔT o
Pm^m = ^ e f f ^  %) + ^ e x t

where kes= k^ + coÂ ĉ j /  6.

km is the intrinsic thermal conductivity of the tissue medium,

CO is the perfusion term,

cw is the specific heat of blood,

Tm is the temperature of the tissue medium.

Cm is the specific heat of the tissue medium.

Pm is the density of the tissue medium, and 

Qexfis the external distributed heat.

2.4 Experimental Techniques 

Investigators have developed experimental methods in an effort to quantify 

intrinsic and effective thermal conductivity, thermal diffusivity, and tissue perfusion.

2.4.1 Measuring Bead with Step Change in Temperature 

Chato (1968), Bowman and Balasubramiam (1974,1977), Jain (1978,1979), and 

Cooper and Trezek (1970) utilized the thermistor bead sensing method with step change 

in temperature. Chato (1968) was the first of these researchers to utilize the thermistor 

bead as a sensor and thermal heat source for the measurement of thermal properties. 

Chato's method was one that was self-heating, transient, spherical, and invasive. It is the 

development of this transient method that measured thermal conductivity and inertia led 

to the solution of the bioheat equation "for the time dependent perfiised response to a self 

heated thermistor." He modeled a spherical thermistor probe that began in thermal
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equilibrium with the surrounding tissue while acting as a sensing device. After 

equilibrium conditions are recorded, power is switched on to allow the thermistor bead to 

reach a specified increment present value. This preset value of temperature is maintained 

with a feedback controller that adjusts the power output.

Bowman and Balasubraniam (1974,1977) developed a similar method to extract 

thermal properties and perfusion as Chato. They were able to improve on Chato's 

original thermal model. Their advance led to improvements in the accuracy of the 

thermal gradient within the thermistor probe. In 1977, Balasubraniam developed a 

simultaneous measurement technique used to measure thermal conductivity and thermal 

diffusivity in cases of perfused tissue and non-perfused tissue. They extended Chato's 

thermal model to include spatial temperature distributions within the spherical thermistor 

and were able to determine thermal values from the time dependent characteristics o f the 

power requirement needed to hold the thermistor bead at a constant increased 

temperature.

Cooper and Trezek (1970) constructed a pointed cylindrical cooper probe with a 

thermocouple in the middle. The probe was heated slightly and then suddenly placed into 

the tissue and the subsequent temperature decay of the probe was fitted to approximate 

polynomials by computer. The principal advantage of the cylindrical probe method when 

compared to that of the spherical probe method is that the thermal conductivity can be 

directly determined as a first power function and independent of probe radius.

2.4.2 Measuring Bead with Pulse Heat Input

Chen (1977) initially proposed this method. In this method, a bead with a known 

quantity of heat, "q", is applied to the tissue during a short period of time. Later when the
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power is off, the thermistor bead acts as a sensor of the temperature decay. Temperature 

measurements are made with the bead over a specified time interval to enable the 

determination of tissue properties. Chen used the bead as an electrical heat source. This 

method provides positive identification of the presence of the non-conduction heat 

transfer. Measurement of thermal diffusivity and thermal conductivity are determined 

from an evaluation of the time history of the temperature field surrounding a cylindrical 

probe. The method is based on comparing the measured and model simulated temperature 

decay following the insertion of a power pulse through a bead. The numerical model 

simulated temperature decay is based on the classic bioheat equation proposed by Pennes.

The pulse heating method has been used to measure local tissue blood flow in 

several animal tissues. Valvano et al. (1984) were able to quantify perfusion in an 

isolated rat liver utilizing the method of the measuring bead with pulse heat input. Their 

results were correlated with that of the invasive radiolabeled microsphere method. 

Anderson et al. (1988,1989,1992,1994) also measured perfusion by applying a 

combination of steady state and sinusoidal power to a thermistor probe that is inserted 

into a canine kidney cortex. From experimental results they determined that the 

temperature response is an indication of effective thermal conductivity. This invasive 

method of blood perfusion has been proven to be in agreement with those obtained using 

trapped microspheres and gas washout or uptake methods.

Chen (1980) claimed the advantages of the pulse heating method as (a) the bead 

can be very small, (b) fast measuring cycles on a quasi-continuous basis, (c) high 

sensitivity, (d) an increase in sampling volume with time, (e) a temperature time 

relationship inversely proportional to the thermal conductivity, (f) and results that provide
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a clear distinction between a purely conductive, non-perfused tissue and tissue with blood 

perfusion. Some disadvantages (Chato 1985) of this method are the intrinsic tissue 

conductivity (no flow) of perfused tissue must be known to calculate the perfusion rate 

and time course for temperature recovery to equilibrium values are usually relatively 

slow.

2.4.3 Measuring Bead with Step Change in Heat Input 

This method of measuring thermal properties gained popularity in the food 

industry. It consists of a long, thin heated wire with a temperature sensor or sensors, 

located at a known distance, r, from the axis of the wire. Initially the system is in 

equilibrium at a uniform temperature and then a constant heating rate of energy per unit 

length is applied to the wire. Since this method keeps energy per unit of length constant, 

the electrical control is simple. Transient data are curved fit to find the values of thermal 

conductivity and thermal diffusivity. One disadvantage (Chato 1985) of this method is 

that the overall time required for a single run may be unacceptable long. Another 

disadvantage (Chato 1985) is the temperature increases without bound in time if  the 

power is left on, creating a potential bum hazard in either the tissue or even in the device 

itself.
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CHAPTER 3

NUMERICAL MODEL: FORMULATION AND ASSUMPTIONS

Nomenclature

a radius of the thermistor bead (m)

c specific heat (J/kg°C)

Fo grid Fourier number

k thermal conductivity (W/m°C)

m grid point number in the r-direction

N number of iterations

n grid point number in the 0-direction

q energy generation rate per unit volume (W W )

R radius of the spherical region (m)

r radial coordinate distance (m)

T tissue temperature r c )

r tissue temperature at new time r c )

t time (s)

CO tissue perfusion (kg/m^ s)

a thermal diffusivity (m^/s)

P mass density (kg/m^)

28
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6 angle coordinate distance (radians)

Subscripts

b thermistor bead

eff effective (with perfusion)

inf infinity

k kidney

kt kidney and tissue interface

m intrinsic (without perfusion)

met metabolic

o initial condition

p  constant pressure

per blood perfusion

t tissue

s step

3.1 Methodology 

The methodology was based upon previously explored thermal diffusion 

techniques used in the determination of perfusion values, thermal conductivity, and 

thermal diffusivity. The thermistor probe was the most widely used device in concluding 

these values. Until 1968, researehers in their thermal studies utilized two or more 

thermistor probes. Chato (1968) was the first to use a single thermistor technique as a 

method for determination of thermal values and perfusion. A constant temperature, 

transient diffusion technique utilizing a single thermistor was employed in this study.
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Combining the research done on thermal diffusion techniques and self-heated 

thermistors, it was determined that a single thermistor probe utilized as a heating and 

sensing source would be applicable to this study. The thermistor probe was modeled as a 

continuous point source and sensing device located at the interface of the kidney and an 

adjacent medium. The thermistor bead functioned as a sensing element when the 

collection of the basal temperature data was necessary. The thermistor bead functioned 

as a heating element when it was desired to maintain an incremental fixed temperature 

above baseline values.

This spherically modeled thermistor bead begins in temperature equilibrium with 

the surrounding media. A passive period for measuring baseline temperature was needed 

before the application of electrical energy to the thermistor bead. After the brief baseline 

temperature determination, heating was initiated in the bead. Electrical heat was 

dissipated through the media by the thermistor bead at a rate to maintain the bead 

temperature at that of a predetermined fixed increment above baseline temperature.

The adjacent medium was characterized with tissue properties different from 

those of the kidney. Two separate governing equations, one for the kidney and one for 

the adjacent medium were developed. Continuity of temperature and heat flux was 

assumed between the kidney and the adjacent medium.

The increase in electrical heat dissipation in the media depended on the amount of 

heat lost to the surrounding media due to the modes of conduction and convection heat 

transfer. The relation between energy input into the system due to a predetermined fixed 

increment in temperature was deemed as a function of thermal and flow properties o f the 

surrounding tissue. This allowed for a qualitative determination of an increase or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31

decrease in tissue perfusion. The end result was an assessment of the effectiveness in 

monitoring blood perfusion with the thermistor approach. In essence this was determined 

by the ability to discern kidney perfusion variations from the rate of thermal energy 

dissipated through the system.

3.2 Model Definition 

The thermal model consisted of the thermal diffusion equations of two 

continuous, homogeneous, infinite tissue media in intimate contact with each other and 

with a point-heating source between them. This resulted in the temperature and energy 

dissipation fields of the system.

3.3 Governing Equations 

The mathematical model was based on Pennes' bioheat equation (1948) and the 

conservation principles of energy. The model was used to determine the effects of 

perfusion on heat distribution and dissipation. The equation is

ÔT
(5)

The explicit finite difference method was chosen to numerically determine 

temperatures throughout the model at discrete points. This method is an efficient way for 

solving ordinary differential equations in problems. The method requires the 

constraction of a nodal network defining local coordinate surfaces. For each node of this 

network, the unknown function values are found, replacing the differential equations by
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the appropriate finite difference equations for each node. The unknown function values 

are found by utilizing a step method in an iterative procedure.

A finite difference model was developed based on equation (5) to simulate the 

thermal aspects in three case, (a) a perfused kidney and perfused tissue, (b) a non- 

perfused kidney and perfused tissue, and (c) a non-perfused kidney and non-perfused 

tissue.

The following energy balance equations were derived for an interior node, 

exterior node, and interface node using the energy balance approach. The system 

consists of second-order partial differential equations and therefore requires four 

boundary conditions and two initial conditions to solve for the heat dissipation and 

temperature distribution of the system.
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3.4 Model Geometry

1.0 cm

0:5-

Medium 1

Medium 2bead

-0 :5 -

-1.0 cm

0.5

Figure 1. Diagram of the Model.
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3.5 Model Parameters 

3.5.1 Assumptions

Assumptions in the mathematical development of the model are summarized as 

follows:

(1) The Pennes' bioheat transfer equation and the conservation principles of energy 

governed the tissue transport.

(2) The thermistor was modeled as a uniformly heated sphere of radius a.

(3) Perfect thermal contact was assumed between the thermistor and the two adjacent 

media (kidney and tissue).

(4) The thermal properties of the media and thermistor were assumed constant in the 

volume of experimental studies.

(5) The thermal properties of the thermistor were assumed constant.

(6) The kidney and tissue were modeled as homogeneous media.

(7) The heat generation rate due to metabolism was assumed to be negligible when 

compared with other source terms.

(8) The effects of perfusion were accounted for in an effective thermal conductivity.

(9) Electrical power was uniformly distributed throughout the volume of the 

thermistor bead.

(10) An axisymmetric field as shown in Figure 1 is assumed.

3.5.2 Initial Conditions 

At /=0, before power is applied to the system, the kidney, tissue and thermistor 

probe are in thermal equilibrium.

TrTo
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Tk=To

Tb=To

3.5.3 Boundary Conditions 

The system reached unperturbed baseline conditions when the radius of the 

system approached infinity when the bead was used as the origin. At the probe-media 

interface, continuity of temperature and heat flux was assumed. When the angle in the 

system is equal to 0 or %, the temperatures are assumed to equal that of the thermistor 

bead. The media in direct contact with the thermistor probe are in thermal equilibrium 

with the thermistor bead at all times of t.

As the radius of the system approaches infinity the temperature is that of the 

initial temperature. The temperature of the bead at /=0^ is at a predetermined value above 

the baseline temperatures measured initially. The boundaries of the kidney and tissue 

that are in direct contact have the same temperature as the specified for the thermistor at 

that time.

Tk^To

Tt^To

dr
=  0

as

as

as

r  —> oo

r oo

r = a

at all r

de
sr.
—  at all r
dO

6=0,n 

9=0,n
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interface
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Figure 2. Diagram of Model with Nodal Loeations defined.
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Interface Node
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Thermistor Node
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Figure 3. Finite Difference Nodal Diagram of the System.
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Figure 4. Thermistor node for Finite Difference Formulation.
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o —

Interface Node

Figure 5. Interface node for finite difference formulation.

A r

Interior Node

Figure 6. Interior Node for Finite Difference Formulation.
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The following explicitly formulated finite difference equations were derived for interface 

nodes, boundary nodes, and interior nodes in the system.

Interface Node

Ar'ŸArX

A t

A t A0

4rV
A t

2 ^
• l{m -  1, n)■ T(m + 1, n) +

A0'A t ■ T(m, n + 1)

A0

A t A t
+ <?, -  %
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Boundary Node

Ar Ar
A tA t

1-

Ar Ar

(10)• n )  + Im-
Ar‘

A t ■'l{w,n + l) +
A t

Interior Node

A rA r
A t A t

A r A r

sin n ■ AO +
A t

AO
sin n ■ AO -

A t

A rA r
A t A t■ T{m + 1, n) +

A r A r

AO
sin n • AO +

A t
(11)

sinfn ■ AO -
A t

T(m, n - l)

A t A t
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3.6 Stability Criterion 

The explicit method of solution was used to determine temperatures at nodal 

locations throughout the system. This method was used to evaluate unknown nodal 

temperatures for the new time by using known nodal temperatures at the previous time. 

The explicit method is not unconditionally stable. Numerically induced oscillations 

could cause the numerical solution to diverge from the actual steady state conditions that 

would normally be achieved. This can be avoided by maintaining At below a certain 

limit that is determined by certain factors in the numerical model such as Ar, A0, and 

other parameters of the system. Determining a stability criterion prevents these 

numerically induced oscillations.

The stability criterion of the solution was mathematically determined by using the 

limiting case, which was numerically determined to be that of the thermistor node. This 

was done to avoid instabilities in the program.

A t max

4a
Mr/

A r
r  +  —  m 2

A0

2

k  - ‘‘• f

r
in

A r

2 2

r
m

AOJ

8a

/ /

3.7 Numerical Validation 

A grid independence study was done to determine whether the numerically 

determined temperatures where dependent on grid spacing in the directions of AO and Ar. 

In this study, when a 60x60 nodal network of the system was compared with that of a 

more refined 100x100 nodal network of the system, the same amount o f accuracy in
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numerically determined temperatures was found to exist between the two nodal networks 

of the system. Since the 60x60 nodal region took considerably less computational time 

than the 100x100 nodal region, the 60x60 nodal region was used to determine numerical 

solutions of the system.

Steady state and transient numerical solutions were compared with analytical 

solutions in an effort to validate the numerical model. The steady state model solutions 

were compared with that of the analytical solution of the heat equation for one­

dimensional conduction (Incropera and DeWitt 1996). The transient numerical model 

solutions were compared with the analytical solution for a region internally bounded by 

the sphere r=a (Carslaw and Jaeger 1959).

3.7.1 Steady State

Steady state temperatures are calculated using Mathead and the numerical code 

developed in Fortran 90. The steady state solution of temperature distribution and heat 

dissipation throughout the system was determined using simultaneously solved steady 

state equations in the numerical code and MathCad. These solutions were in turn 

compared to determine the validity of the numerical code. There was found to be less 

than 10"̂  percent difference when the numerical and analytical solutions were compared.

The heat equation used for one-dimensional conduction in the thermistor was

I = 0 . The temperature distribution in a sphere was given as
r  d r  y d r  J
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-‘s,! A T
1 - ^

1 -

r 2

The heat flux (q") is given by k  ■ AT

1

ri r-2

The heat rate (q) is

A ■ 7ü ■ k  ■ AT

f l ) r i )
U J

given by

3.7.2 Transient

The transient solutions for heat dissipation and temperature distribution 

throughout the system were compared with the analytical solutions for a region bounded 

internally by the sphere r=a (Carslaw and Jaeger 1959). This was in turn used to 

determine the validity of the numerical code in the transient case.

For 0 initial, V step on boundary

Good for the entire time the temperature is stepped up.

e rfc i-
r (2 ■ V« ■ t

i n i t i a l

^  ^step '^ in itia l

^ ^ in i t ia l  _  — e r f c  
r^ step  '^ in itia l 2  • * t

This gives the temperature distribution throughout the system. The heat dissipation 

throughout the system is given by the following

- 4  ■ ■ (rq  =  - k  - A ■
d r V step  ' ^ i n i
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3.7.3 Model Calibration

The thermal conductivity properties used to calibrate the model were those for the 

human kidney and tissue. These properties are located in Table 1. Alternating Region 1 

thermal properties are also provided (Table 1). Baseline temperatures were assumed to 

be 33°C.

Several sets of data were analyzed comparing the numerical model to the 

analytical results. Generally temperature distributions were determined with the 

numerical model and heat transfer values from the thermistor were found. Then the heat 

transfer results were compared to the analytical model. Typical of this type of 

comparison is shown in Figure 7. Here a uniform thermal conductivity is assumed (0.42 

W/m°C), and the heat dissipated as a function of time is shown for a 0.5”C increase in 

sphere temperature. Excellent agreement between the two methods is shown for a 60 x 

60-node numerical model representation.

To show the effects of different thermal conductivity, a series of numerical 

evaluations were performed. Two sets of results are shown in Figures 8 and 9. In these 

cases, the thermal conductivity for region 2 was held at 0.42 W/m”C, and the value for 

the other region, region 1, was varied from case to case. Figure 8 shows the typical heat 

dissipation functions for three specific values of thermal conductivity for region 1. These 

curves were then fit to polynomial functions and integrated analytically. A plot of the 

integrated values as a function of the varied thermal conductivity is shown in Figure 9.
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Table 1. Model Parameters [Bowman 1975]

Thermal

Conductivity

(W/m°C)

Density

(kg/m^)

Specific

Heat

(J/kg^'C)

Kidney (whole) 

Perfused 

(Region 1)

0.543 1050 3787.76

Kidney (whole) 

Non-perfused 

Lower bound 

(Region 1)

0.49 1050 3787.76

Region 1 0.46 1050 3787.76

Region 1 0.60 1050 3787.76

Region 1 0.70 1050 3787.76

Region 1 0.80 1050 3787.76

Region 1 0.84 1050 3787.76

Tissue 

(Region 2) 

*remains constant

0.42 1050 3787.76
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Heat Transfer Analysis

10 12

Time (seconds)
N u m e r i c a l A n a l y t i c a l

Figure 7. Numerical versus analytical power results for a uniform system of 
0.42 W/m °C thermal conductivity.

Thermal Conductivity Effects
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Figure 8. Heat dissipation of thermistor bead in select cases of thermal 
conductivity shown in table 1.
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Figure 9. Power Dissipation for Varying Thermal Conductivity Values in 
Region 2 with a constant Value of 0.42 W/m®C in Region 1.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Introduction

The experimental procedure performed is that of the measuring bead with step 

change in temperature. In this procedure a thermistor bead is utilized as a temperature 

sensor and a thermal heat source. As a temperature sensor, the thermistor bead is used to 

determine baseline temperatures of the adjacent system. As a thermal heat source, the 

thermistor bead is used to apply a specified temperature to the adjacent system. This 

specified temperature is one that has been increased in value over that of the 

predetermined baseline temperature of the system. The thermistor is operated with a 

constant temperature step where electrical energy is generated inside the bead to maintain 

its temperature at a constant predetermined value above the initial equilibrium 

temperature. The temperature of the thermistor bead is related to the thermal properties 

of the media that it is located in.

The experimental application of the self-heating thermistor bead method with a 

step change in temperature was achieved with the use of following apparatus: a 

thermistor bead, controller box, and data acquisition hardware and software. The 

experiments were used to determine the power output values based on the thermal 

conductivity of the materials.

50
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4.2 Experimental Apparatus

4.2.1 Hardware

4.2.1.1 Thermistor

The thermistor bead method utilizes a thermistor as a point source of heat. Heat 

emanates from the bead into the surrounding media. A thermistor is a temperature 

dependent electronic component. It exhibits a change in resistance with a change in its 

body temperature. It has various uses in industry such as temperature measurement, 

temperature control, and determination of thermal properties.

The type of thermistor used in this study is a NTC (negative temperature 

coefficient) thermistor. This means that with an increase in temperature there is a 

decrease in resistance. When a NTC thermistor is coimected in an electrical circuit, 

power is dissipated as heat and the body temperature of the thermistor rises above the 

ambient temperature of the environment. In this circuit the rate at which energy is 

supplied must equal the rate at which energy is lost plus the rate at which energy is 

absorbed. The rate at which thermal energy is supplied to the thermistor in an electrical 

current is equal to the power dissipated in the thermistor. The rate at which thermal 

energy is lost from the thermistor to its surroundings is proportional to the temperature 

rise of the thermistor. When a significant amount of power is dissipated in a thermistor, 

its body temperature will rise above the ambient temperature as a function of time. The 

self-heated thermistor exhibits a body temperature rise that is a function of time. A self­

heated thermistor is heated above the ambient temperature by the power being dissipated
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in the thermistor and can reach a condition of equilibrium. Once a self-heated thermistor 

has reached a condition of equilibrium, the rate of heat loss from the device will be equal 

to the power supplied.

The self-heated thermistor chosen for this study was an Omega Precision 44004. 

It is a NTC precision thermistor with a resistance of 2252 ohms @ 25°C. It has a 

maximum operating temperature of 150°C (300°F) with a time constant of 1 second. It 

has a minimum dissipation constant of 8mW/°C with a maximum diameter of 0.095". 

The approximate temperature coefficient, â pprox is 0.041/"C. It was chosen because of 

the ease of interchangeability, +0.2 °C; its bead size; and its high stability.

The thermistor bead is used in this study to increase its body temperature above 

that of the ambient temperature and for temperature measurement purposes. The 

interchangeability and large resistance change eliminate any significant error from 

switches or lead length. The accuracy of measured values is limited in most applications 

only by the readout device. Table 2 shows supplied resistance vs. temperature curve 

between the values of 20 and 40 °C. from information given by the vendor.

Table 3 shows measured values of resistance at known temperatures. Tests were 

performed to determine if the box was performing correctly. This was done calibrating 

the box at known temperatures. The calibration process was performed to make 

resistance measurements of the thermistor located in series with the control box by 

heating water approximately 60°C and taking resistance and temperature measurements 

over the range of 20 and 40°C as the water decreased in temperature. Instrumentation 

used in the calibration process was a Tek Stir Hotplate model H2395-1 manufactured by 

American Hospital Supply Corporation, b a 250 ml Pyrex (No. 1000) glass beaker, a
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Fluke 189 digital multimeter, and an 80TK- thermocouple model with a K type 

thermocouple to convert the digital multimeter signal to temperature. The Tek Stir 

Hotplate was used to heat the water located in the 250 ml Pyrex glass beaker. 

Temperature measurements were collected using the Fluke 189 digital multimeter and the 

80 TK-thermocouple. Resistance measurements of the thermistor were collected using 

LabVIEW.
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Table 2. Temperature vs. Resistance curve for OMEGA 44004 thermistor. 
(From Omega Operator's Manual: M-0069/10/01)

Resistance versus Temperature 20 °C to 40 °C

Temperature °C Resistance (Q)

20 2814

21 2690

22 2572

23 2460

24 2354

25 2252

26 2156

27 2064

28 1977

29 1894

30 1815

31 1739

32 1667

33 1599

34 1533

35 1471

36 1412

37 1355

38 1301

39 1249

40 1200
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Table 3. Temperature vs. Resistance curve for OMEGA 44004 thermistor. 
(Determined during thermistor bead calibration)

Resistance versus Temperature 20 °C to 40 °C

Temperature °C Resistance (Q)

20 2800

21 2686

22 2576

23 2471

24 2370

25 2273

26 2180

27 2091

28 2006

29 1924

30 1845

31 1770

32 1698

33 1629

34 1562

35 1498

36 1436

37 1378

38 1322

39 1268

40 1216
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Resistance vs. Temperature
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Figure 10. Resistance vs. Temperature for Omega 44004 thermistor. 
(From Omega Operator's Manual: M-0069/10/01)
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Figure 11. Comparison of Literature and Calibrated Resistance vs. Temperature
for Omega 44004 thermistor.
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4.2.1.2 Control Box' ^

Thermal property measurements were performed with a fixed temperature step of 

the thermistor. The temperature of the bead was almost instantaneously elevated to the 

temperature step for the duration of each experimental case. This was accomplished with 

the control box.

The control box was a 7.39" x 4.72" x 3.06" cast aluminum box that housed the 

electronic components used to control the heating and measure temperature using a self­

heated thermistor. The self-heated thermistor was used to form one leg of an AC bridge 

and a variable resistor calibrated in temperature was used to form another leg. When the 

resistor was set to a desired temperature by the turn dial (potentiometer) located on the 

front of the box, bridge unbalance occurred. This unbalance was fed into an amplifier 

that actuated a relay to provide a source of heat by varying the current and voltage 

applied. When the thermistor sensed the desired temperature, the bridge was balanced, 

the relay opened and the increased amount of heat was turned off.

' Bill O'Donnell, a research associate in UNLV's department of Physics, designed the control box.

 ̂The control box design was loosely based on a thermal property measurement circuit created by Maarten 
F. van Gelder (1998).
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Basic Instrumentation Diagram for Experiment
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Figure 12. Basic Instrumentation Design for Experiment.
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Figure 13. Typical Resistance vs. Temperature of a Thermistor.
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Figure 15. Typical Power vs. Time Curve
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Analog Out 1 
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Analog GND 
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Digital Out 5 
Digital Out 4 
DIgW Out 3 
Digital OW 2 
Digital Out 1 
Digital Out 0 

Analog Input 7 
Analog Input 6 
Analog Input 5 
Analog Input 4 
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Analog Input 2 
Analog Iniwit i 
Analog Input 0

19
18
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18 
15 
14 
13 
12 
11 
10
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37 Digital GND
38 Digital OND
35 +1zV from PC Bus 
34 -12V from PC 
33 5V from PC Bos 
32 5V from PC Bus 
31 DIgW Input 7 
30 Digiisi Input 8 
29 Digital Input 5 
28 Digital Input 4 
27 Digital Input 3 
26 Digital input 2 
25 Digital Input 1 
24 Digital irmut 0 
23 Analog OND 
22  Analog GND 
21 Analog GND 
20 Analog GND

37 PIN CONNECTOR

Figure 17. Diagram of the connector used for communication from the control
box and the computer.

4.2.1.3 Data Acquisition and Control Board

The I/O card chosen was a Measurement Computing Board, CIO-DAS 08/JR-16. 

It has Analog I/O and Digital I/O analog inputs and outputs capability. It contained 16 

digital channels, 8 for output, and 8 for sensing and controlling devices. The board 

supported 8 single ended analog inputs and could supply two analog voltage outputs with 

16-bit resolution. The board has an A/D non-programmable range o f +/- 5 V.
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The I/O card is connected to the control box with a 37-pin connector. This 

allowed the box to be controlled by the 2 digital outputs and collected data from the box 

from the three analog inputs. Analog Input 0 is the measured voltage output when the 

thermistor is in measure mode. Analog Input I is the measured voltage across the 

thermistor when in control mode. Analog Input 2 is the measured current across the 

thermistor when in control mode. Digital Output 0 is the control/measure switch that sets 

the box to heating or sensing modes. Digital Output 1 is the thermistor/resistor switch 

that determines if  the data collected from the box is related to the thermistor or the 

adjustable resistor.

4.2.2 Software

4.2.2.1 LabVIEW

LabVIEW is a program developed by National Instruments (2002) that uses a 

graphical development environment to create programs in block diagram form. It has 

several uses, some which are signal and data acquisition, measurement analysis, 

measurement control, data logging, and data presentation. It contains libraries of 

functions and development tools designed specifically for data acquisition and control. A 

VI (virtual instrument) was developed in LabVIEW to control/measure the temperature 

of the thermistor bead, display data, and log and collect data of the thermistor bead or the 

potentiometer in the system. A VI consists of an interactive user interface, a data flow 

diagram that serves as the source code, user interface, a data flow diagram that serves as 

the source, and icon connections that allow the VI to be called by higher level Vi's.
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Figure 18. LabVIEW front panel designed to communicate and collect data
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4.2,2.2 UL (Universal Library) for LabVIEW 

The LabVIEW Computer Boards Universal Library extensions contained the 

virtual instruments needed to construct programs in LabVIEW that would communicate 

with the Computer Boards data acquisition and control board. It consisted of lower lever 

Vi's that were wired together to form the application. The main Vi's used from these 

were Analog I/O Vi's and Digital I/O Vi's. This allowed LabVIEW to communicate with 

the data acquisition board and to collect data from the control box.

The UL Vi's used to import and export data were:

• Aln.VI-reads an A/D input channel, reads the specified A/D channel form the 

specified board. The raw A/D value is converted to an A/D value and returned to 

Data Value that is the output value of A/D sample.

• Dout.Vl-writes a byte to a digital output port. Port # specifies with digital I/O port to 

read.

• DataValue-digital output value input here

• Board #-configured as 1

Also used was the following Vi's to convert incoming data.

• ToEng.Vl-converts A/D count value to an equivalent voltage (or current) value.

Used the Sub Vi's in the program.
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Figure 21. LabVIEW Ain. Vi Diagram.
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4.3 Measurement System 

The measurement system was composed of the thermistor bead, the attached cable 

to the control box and the control box. Resistances vs. temperature calibrations were 

performed on the measurement system to determine the additional resistance added to the 

thermistor due to the cable configuration and control box attachments.

4.3.1 Resistance vs. Temperature Calibration 

The system was calibrated by immersing it in a well-stirred water bath and 

recording the water bath temperature and thermistor resistance (as recorded with the data 

acquisition software and hardware) at increments of 1“C between 23”C and 41°C. A 

constant current of 0.1 milliamps was applied across the thermistor bead. Temperature is 

measured with a Fluke 189 True RMS Multimeter with a Fluke 80TK Thermocouple 

Module to read temperature with a precision of better than +/.5% +/- 2°C. Converts any 

Fluke DMM to a thermometer via standard banana plugs. Uses Type-K thermocouple 

with mini-connector (one included). Switch selectable for °C or °F.

The voltage of the box was read in LabView. The 80TK accepted the output of 

the K type thermocouple and converted it to 1 millivolt per "Celsius. The thermistor 

resistance versus temperature calibration for a thermistor probe in the measurement 

system is presented in Table 1.
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Table 4. The Resistance versus Temperature Calibration for OMEGA 44004 resistor
attached to control box.

Resistance versus Temperature 22"C to 40"C

Temperature (°C) Voltage (V) Resistance (Q)

22 0.2496181 2496

23 0.2390963 2390

24 0.2290043 2290

26 0.2193244 2193

27 0.2100399 2100

28 0.2011346 2011

29 0.192593 1925

30 0.1844003 1844

31 0.1736459 1765

32 0.1661712 1690

33 0.1590182 1617

34 0.1521731 1548

35 0.1456226 1481

36 0.1393541 1418

37 0.1333555 1356

38 0.1276151 1298

39 0.1221217 1241

40 0.1168649 1187

41 0.1118343 1136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

Resistance vs. Temperature
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Figure 24. Resistance versus Temperature calibration for OMEGA 40044
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Figure 25. Resistance versus Temperature Graph for the Thermistor and 
Measurement System when calibrated.
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4.3.2 Test of Calibration

After the determination of the resistance versus temperature curve, the next step 

was to test the accuracy with which the probe can measure the thermal properties of 

media of known thermal properties. This was an important step because for a heated 

thermistor in spherical geometry the accurate qualification of perfusion follows directly 

from the accurate measurement of thermal conductivity of the media adjacent to the 

thermistor bead.

The ability of the measurement system to determine thermal conductivity was 

evaluated using two liquids and a plastic of known thermal properties. Two liquid 

standards were used: ethylene glycol and glycerol. Lexan was the plastic used in this 

study. Thermal properties are taken at approximately 24°C.

Approximately one hundred milliliters of each liquid was poured into individual 

250 milliliter beakers. The beakers were surrounded by a protective encasing to isolate 

them from outside thermal effects. The thermistor bead was then placed inside the 

beaker and located in the fluid. The thermistor bead was placed between two blocks of 

Lexan with a depth o f 1/2" with a length of 6" and width 3". Thermal properties were 

derived from measurements of the applied electrical power required to maintain the 

volume average thermistor temperature at some predetermined increment above the 

initial baseline.
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Item Source Amount

Etylene Glycol Fisher Scientific 100 ml

Glycerin Fisher Scientific 100 ml

Lexan 9034 GE (General Electric) 

Plastics Resin Division

1/2 " thick
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Table 6. Thermal Data for Ethylene Glycol (C2 H4 (OH)2 ) [Incropera 1996].

r (K ) yo(kg/m^) Cp (kJ/kg*K) **l(T(W/m*K)

273 1130.8 2.294 242

280 1125.8 2.323 244

290 1118.8 2.368 248

300 1114.4 2.415 252

310 1103.7 2.460 255

320 1096.2 2.505 258

330 1089.5 2.549 260

340 1083.8 2.592 261

350 1079.0 2.637 261

360 1074.0 2.682 261

370 1066.7 2.728 262

373 1058.5 2.742 263
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Table 7. Thermal Data for Glycerin (C3H5(OH)3 ) [Incropera 1996].

T(K) p(kg/m^) Cp (kJ/kg*K) k*lO  ̂ (W/m*K)

273 1276.0 2.26 282

280 1271.9 2.298 284

290 1265.8 2.367 286

300 1259.9 2.427 286

310 1253.9 2.490 286

320 1247.2 2.564 287
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Table 7. Thermal Data for Glycerin (C3H)(0H)3) [Incropera 1996].

T(K) /7(kg/m^) Cp (kJ/kg*K) t*10^(W/m*K)

273 1276.0 2.26 282

280 1271.9 2.298 284

290 1265.8 2.367 286

300 1259.9 2.427 286

310 1253.9 2.490 286

320 1247.2 2.564 287
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Table 8. Thermal Data for Lexan 9034 Polycarbonate (GE) [General Electric Company

2002].

T(K) p(kg/m^) Cp (kJ/kg*K) A:* 10" (W/m*K)

273 1200.0 1.25 195
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CHAPTER 5

RESULTS

5.1 Numerical

Numerically determined values of heat dissipation throughout the chosen media 

were determined using the Fortran 90 program.

78
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Table 9. Numerically derived power values for Glycerin (C3H5(OH)3).

Glycerinl.dat (A=0.286) 

Ar=0.5°C

Time (seconds) g  (Watts X 1 O'")

3.210366 -5.4017623

4.012499 -5.2893162

5.215700 -5.1721750

6.017833 -5.1144644

7.221034 -5.0466676

8.023162 -5.0102145

9.226068 -4.9647369

10.02800 -4.9390789

11.23091 -4.9058750

12.03285 -4.8865628

13.23575 -4.8609549

14.03769 -4.8457438

15.24060 -4.8252195
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Table 10. Numerically derived power values for Ethylene Glycol (C2H4 (OH)2 ).

Ethylene Glycoll.dat (A=0.2537) 

Ar-0.5°C

Time (seconds) Q (Watts X 10*)

3.204440 -4.8057747

4.005050 -4.7045475

5.206108 -4.5990816

6.006813 -4.5471240

7.207870 -4.4860868

8.008574 -4.4532679

9.209632 -4.4123162

10.01034 -4.3892124

11.21139 -4.3593155

12.01210 -4.3419265

13.21316 -4.3188702

14.01386 -4.3051748

15.21492 -4.2866959
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Table 11. Numerically derived power values for Lexan 9034 Polycarbonate (GE).

Lexanl .dat (A=0.195) 

Ar=0.5°C

Time (seconds) g  (Watts X 10*)

3.207952 -3.57972

4.009573 -3.51394

5.212004 -3.44543

6.013624 -3.41167

7.216055 -3.37202

8.017675 -3.3507

9.220106 -3.32409

10.02173 -3.30908

11.22416 -3.28966

12.02578 -3.27836

13.22821 -3.26338

14.02983 -3.25449

15.23226 -3.24248
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Figure 26. Numerically determined Power vs. Time Curve for Glycerin.
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Ethylene Glycol (k=0.2537 W/m °C)
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Figure 27. Numerically determined Power vs. Time Curve for Ethylene Glycol.
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Figure 28. Numerically determined Power vs. Time Curve for Lexan.
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5.2 Experimental 

Twelve experiments were run in each of the media, recording voltage and current 

outputs. The amount of power dissipated in each medium due to thermistor heating was 

determined analyzing the experimentally determined voltage and current data. The 

energy dissipation was determined by summing the area under the power dissipation 

curve.
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Figure 31. Experimental Power vs. Time Curve for Glycerin - Test 3.
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Figure 32. Experimental Power vs. Time Curve for Glycerin - Test 4.
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Figure 33. Experimental Power vs. Time Curve for Glycerin - Test 5.
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Figure 34. Experimental Power vs. Time Curve for Glycerin - Test 6.
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Figure 35. Experimental Power vs. Time Curve for Glycerin - Test 7.
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Figure 36. Experimental Power vs. Time Curve for Glycerin - Test 8.
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Figure 37. Experimental Power vs. Time Curve for Glycerin - Test 9.
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Figure 38. Experimental Power vs. Time Curve for Glycerin - Test 10.
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Figure 39. Experimental Power vs. Time Curve for Glycerin - Test 11.
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Figure 40. Experimental Power vs. Time Curve for Glycerin - Test 12.
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Figure 41. Experimental Power vs. Time Curve for Ethylene Glycol - Test 1.
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Figure 42. Experimental Power vs. Time Curve for Ethylene Glycol - Test 2.
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Figure 43. Experimental Power vs. Time Curve for Ethylene Glycol - Test 3.
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Figure 44. Experimental Power vs. Time Curve for Ethylene Glycol - Test 4.
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Figure 45. Experimental Power vs. Time Curve for Ethylene Glycol - Test 5.
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Figure 46. Experimental Power vs. Time Curve for Ethylene Glycol - Test 6.
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Figure 47. Experimental Power vs. Time Curve for Ethylene Glycol - Test 7.
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Figure 48. Experimental Power vs. Time Curve for Ethylene Glycol - Test 8.
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Figure 49. Experimental Power vs. Time Curve for Ethylene Glycol - Test 9.
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Figure 50. Experimental Power vs. Time Curve for Ethylene Glycol - Test 10.
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Figure 51. Experimental Power vs. Time Curve for Ethylene Glycol - Test 11.
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Figure 52. Experimental Power vs. Time Curve for Ethylene Glycol - Test 12.
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Figure 54. Experimental Power vs. Time Curve for Lexan - Test 2.
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Figure 55. Experimental Power vs. Time Curve for Lexan - Test 3.
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Figure 56. Experimental Power vs. Time Curve for Lexan - Test 4.
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Figure 57. Experimental Power vs. Time Curve for Lexan - Test 5.
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Figure 58. Experimental Power vs. Time Curve for Lexan - Test 6.
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Figure 59. Experimental Power vs. Time Curve for Lexan - Test 7.
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Figure 60. Experimental Power vs. Time Curve for Lexan - Test 8.
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Figure 61. Experimental Power vs. Time Curve for Lexan - Test 9.
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Figure 62. Experimental Power vs. Time Curve for Lexan - Test 10.
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Figure 63. Experimental Power vs. Time Curve for Lexan - Test 11.
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Figure 64. Experimental Power vs. Time Curve for Lexan - Test 12.
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6.3 Experimental vs. Numerical Results 

The amount of power dissipation due to thermistor heating as determined by the 

experimental and numerical program is shown in Figures 65, 66, and 67.
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Figure 65. Comparison of numerically predicted energy dissipation and 
experimentally measured energy dissipation.
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Figure 66. Comparison of numerically predicted energy dissipation and 
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Energy vs. Thermal Conductivity 
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Figure 67. Comparison of numerically predicted energy dissipation and 
experimentally measured energy dissipation.
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CHAPTER 6

FUTURE EXPERIMENTAL STUDIES

6.1 Introduction

Additional experimental studies were planned to determine how the experimental 

system would function during in situ evaluations of the self-heated thermistor method 

approach. These experimental studies have been postponed due to problems that arose 

from the evaluation of the protocol for animal care and use review procedure by the 

lACUC (Institutional Animal Care and Use Committee) of the University of Nevada Las 

Vegas. The initial submission of the Protocol for Animal Care and Use was in February 

2003. Additional submissions of the Protocol for Animal Care and Use were made in 

March, April and May 2003.

The objective of this portion of the study is to assess the potential of the 

thermistor probe method in determining the perfusion in the kidney of Sprague Dawley 

Outbred rats. In this case, the analysis of blood flow will be relevant to the non-invasive 

measurement of blood perfusion after kidney transplant surgery, re-implantation surgery, 

cancer surgery, plastic surgery, microsurgery, and reconstructive surgery.

Each animal would be involved in three kidney perfusion experiments. These 

experiments would involve either a perfused kidney or non-perfused kidney and a 

perfused abdominal wall or non-perfiised abdominal wall. These experiments would
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occur in succession and no multiple survival surgeries would be performed. The first 

phase would involve the perfused kidney/perfused abdominal wall, the second phase 

would involve non-perfused kidney/perfused abdominal wall, and the third phase would 

involve non-perfused kidney/non-perfused abdominal wall. The first two phases of the 

experimentation (perfused kidney/perfused abdominal wall and non-perfused 

kidney/perfused abdominal wall) would take approximately four hours, this would allow 

approximately two hours per phase. The first two phases of the experimentation would 

be done while the animal is anaesthetized. The last phase of the experimentation (non- 

perfused kidney/non-perfused abdominal wall) will be done after the animal is euthanized 

this phase will take approximately two hours.

The heating power needed to maintain temperature elevation in each of the above 

perfusion experiments is evaluated to assess the feasibility of the thermistor bead method 

in the determination of blood flow in the kidney.

6.2 White Rat

Rats breed easily, profusely and continuously during their normal reproductive 

lifespan in the laboratory, are easily handled with practice, and can be housed in large 

numbers in a relatively confined area. They are both economic and practical to use in 

large numbers in an experiment and thereby lend greater statistical validity to the results. 

Much is known about this physiology, anatomy, genetics and behavior, and meaningful 

results can be obtained in rates, if interpreted with care, can be extrapolated to man. Rats 

are readily available, and are the main species used to evaluate new methods before 

human studies.
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The male Sprague Dawley Outbred rat between the age of 10-12 weeks was 

chosen for this study. Six male Sprague Dawley Outbred rats are requested because this 

number was thought to be a minimum compromise between accuracy range estimates and 

the minimization of animal use. The Sprague Dawley species is a widely accepted and 

dependable general research model that is used in virtually all disciplines of biomedical 

research. Below is a list of biodata related to this type of animal.
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Table 12. Bio data on the adult male Sprague Dawley Outbred rat.

Life Span 3 yrs. avg, 4 yrs. max

Weight, Adult Male 237- 264 grams

Rectal Temperature 37.5°C

Respiration rate 92 avg., 80-150

Heart rate 350 avg., 260-450

Kidney (R) weight 0.38 - 0.52 grams/100 grams

Kidney (L) weight 0.37 - 0.56 grams/100 grams
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6.3 Pre-operative Evaluation and Care

The animals would be received from a virus free distributor (Animal 

Technologies Limited) and visually checked for health. This would be done by 

evaluating whether the animal has rapid respiration, very slow, shallow and labored 

respiration, rapid weight loss, ruffled fur (rough hair coat), hunched posture, hypothermia 

or hyperthermia, alertness, and clear eyes. Food and water were provided per normal 

protocol. The animals would be housed at the UNLV Animal Housing Facility in White 

Hall.

6.4 Researcher Preparation for Surgery

A basic set of instruments comprised of a scalpel (size 3), with a number 10 

blade, a pair of blunt ended Mayo scissors, a pair of vascular scissors for blunt dissection, 

and a pair of pointed dressing scissors would be on hand to perform the surgical 

procedure.

All instruments would be sterilized and disinfected. The surgery area and board 

would be sanitized and sterilized with a Betadine scrub. The area chosen would free of 

clutter, clean and away from heavy trafric. The researcher would thoroughly scrub her 

hands with a Betadine scrub. Sterile gloves would be cleaned with a Betadine scrub and 

would be worn throughout the procedure. The researcher would wear a clean lab coat 

throughout the procedure. Surgical instruments, gloves, and other paraphernalia would 

be carefully cleaned and disinfected between animals. The operating area and board 

would be wiped down with a Betadine solution.
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6.5 Animal Preparation for Surgery 

The animal would be brought to a clean surgical area in White Hall Room 122C 

that was wiped down with a Betadine scrub. Pentobarbital would be the pre-operative and 

inter-operative medication administered to the animals. Before beginning the surgical 

procedure, the animals would be given 50 mg/kg of Pentobarbital through IP 

(intraperitoneal) using a 21-gauge needle and a 3ml syringe. This dosage would be 

administered once at the beginning. Regular monitoring would occur every 10 minutes 

throughout the surgeiy, the animals would be evaluated for pain and discomfort by 

monitoring their respiratory rate, palpebral (ear pinch) and pedral (toe pinch) response. If 

determined that additional anesthesia would be needed, an additional 10 mg/kg of 

Pentobarbital would administered IP as required PRN.

A water-circulating blanket would be used to prevent dehydration and 

hypothermia of the animals during surgery.

6.6 Animal Surgical Procedure 

The data will be collected with the aid of a PC, data acquisition board, and 

Lab VIEW software. At the end of the three perfusion studies, the kidney is excised and 

weighed.

The animal would be brought to a clean surgical area that is wiped down with a 

Betadine scrub. The animal would be anaesthetized with 50 mg/kg Pentobarbital IP. The 

animal would be placed in a supine position on the surgical board. The mid-abdomen 

would be shaved with sterilized instruments. The mid-abdomen would be scrubbed with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112

a Betadine scrub while being careful to scrub from the center of the site toward the 

periphery.

The anaesthetized rat would be placed on its back with its tail towards the 

investigator. Once the skin had been prepared with the antiseptic, the mid-abdomen 

would be shaved. The skin incision would be made with a scalpel extending from the 

xipoid to the pubis to enter the abdomen. The scalpel would be held at an angle of 

approximately 30° to the skin. The kidney would be identified. The thermistor probe 

would then inserted between the outer cortex of the kidney and the abdominal wall and 

secured with a suture o f 4-0 Vicryl (polyglactic acid suture). The abdomen would then 

be closed with sterilized clips. A stabilization period would be allowed after the closure 

of the abdomen. The thermistor would function as a self-heated and sensing device. The 

baseline temperatures of the organ and the surrounding tissues would be determined with 

the thermistor bead. A constant current source would be used to pass a small (< 100 mA) 

current through the thermistor. The generated voltage would be proportional to the 

thermistor resistance, measured by a precision analog to digital converter. Based on the 

voltage detected, the temperature would be calculated via the curve fitted data that was 

obtained from the thermistor/analog to digital converter resistance characteristics. The 

blood flow measurements and thermal properties would be determined when the 

thermistor was placed in the self-heated mode. A fixed temperature increment above that 

of the measured baseline temperatures (0.5°C to 2.0°C) would be achieved by ohmic 

heating (<10 mW). The heating power necessary to maintain the elevated temperature 

would be related to the local tissue thermal properties. The thermistor would function the 

same in all phases of the experimentation process.
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In the case of the nonperfused kidney/perfused abdominal wall, the renal arteries 

would be dissected out. Sterilized vascular clips would be placed on the renal artery to 

temporarily stop perfusion to the kidney. The thermistor functions as previously stated.

In the nonperfused kidney/nonperfused abdominal wall case, the animal is 

euthanized with a drug overdose of Pentobarbital (10 mg/kg) that would be delivered 

through IP. The thermistor functions as previously stated.
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CHAPTER 7 

DISCUSSION

This dissertation had as its objective to evaluate an easy-to-use, relatively non- 

intrusive technique to infer perfusion in human organs subsequent to their implantation. 

As was pointed out earlier, knowledge of abnormal levels of perfusion can prompt the 

surgeon to remedial techniques that otherwise would not be used.

The general approach examined here is to use a time-varying, heated-and- 

unheated thermistor bead to infer perfusion in a qualitative manner. While reports of 

studies where the heated thermistor technique has been applied previously are found in 

the literature, the emphases of the present study are somewhat different. Here the 

concern is on using a single probe that is easily inserted adjacent to the organ, operating it 

in a fairly simple way, and then easily extracting it after perfiision is noted. The system 

cost, including expendable sensors, should not be inordinately large. As a simple-to-use 

approach that is inexpensive, the technique should be applicable to surgery rooms 

anywhere.

Generally, the project was two-pronged in its approach. Included was the 

development of the physical apparatus, consisting of a box of electronic components for 

control of the probe (Figure 16) and processing of data. Also included was an assessment 

of the accuracy of the results. Calibration measurements were made and evaluated using 

a finite difference simulation of the effect of possible perfusion effects on the thermal
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environment formed (Figure 25). Additionally, animal studies were anticipated, but only 

the former was performed for reasons beyond the writer's control. Discussion of each of 

these aspects is given below.

While the dissertation includes an extensive numerical analysis of the heat 

transfer situation, a point should be noted in passing. It should be emphasized that the 

clinical application the technique investigated here would not require the use o f the 

numerical code. This is only used as a tool in the evaluation of the range of sensitivities 

that the technique might demonstrate. The surgeon and assistants would only deal with a 

probe, a control box and a simple readout of energy absorbed. For further simplification, 

the latter could be developed into a "likely perfusing/not likely perfiising" meter.

7.1 Experimental Technique 

The development of the experimental technique involved using a thermistor and a 

system both to monitor and to control the thermistor. Of these two aspects, the system 

design offers the more significant challenge.

Thermistors are readily available commercially, so this aspect presented little 

problem. The issues in selecting a thermistor are primarily ones of choosing an 

appropriate size and resistance. Related to its size, the thermistor should not be too 

intrusive when placed next to the transplanted organ. This would suggest that it should 

be very small. However, the size should be large enough that the thermistor can be 

extracted successfully at the completion of its useful application period — usually one or 

two days. It is anticipated that the leads of the thermistor would be inside the drainage 

tube normally put in place at the end of surgery. This would allow the thermistor to be
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removed at the same time as the tube. If the leads are too small, they might break during 

the probe removal. The resistance of the thermistor does not enter into the selection 

process in a significant way. Ideally the temperature coefficient of resistance would be 

quite large, as this will benefit the control function of the experimental apparatus.

The controller box (Figure 16) is really the heart of this off/on system. Initially 

power dissipation in the probe is insignificant, and the thermistor acts simply as a 

temperature-measuring device. After a period (set by the operator or generally preset) for 

the determination of the baseline condition, the heating mode begins. A set-point 

increase in temperature is programmed into the system. This enables the controller to 

determine the change in resistance that the thermistor vnll have to undergo to achieve the 

correct temperature increase. The controller maintains the thermistor resistance at this 

predetermined value by adjusting the applied power. Heat is dissipated from the 

thermistor to the surrounding tissue to achieve this necessary set point temperature. The 

controller is designed to be driven by a constant voltage, and the current is varied to 

achieve the necessary heat dissipation to maintain the desired thermistor resistance (set- 

point temperature).

The controller operated in an almost flawless manner. The only possible 

drawback was that there was some variation in the smoothness of the power-dissipated- 

versus-time curves shown in the Results section. This was due to some noise that is 

inherent in system with small signals like found in this one. Attempts to isolate the 

system from the noise were partially successful, but some variations can still exist.

Lab VIEW, the data acquisition and interface system used with the controller 

allowed a great deal of flexibility and operational latitude. While the system is very
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powerful, it does take some experience to access the various operational aspects 

available.

Tests had been planned on both simulants and animals. For the simulants, a 

number of materials were used. All of these materials had well documented thermal 

conductivity values so that comparisons could easily be made to the measured values. 

We did not have a way to assess thermal conductivity on an independent basis, so we 

relied on published values for the basic material.

Although thermal conductivity values were available on the simulants used, the 

manufacturer only documented the properties of Lexan at a single temperature value. 

Therefore these were the only thermal properties used in the evaluation of Lexan.

A key element in the measurements was determination of the total energy 

dissipated to achieve a specific set point temperature. Since LabVlEW outputted 

essentially the power versus time, these values needed to be integrated. It was 

determined that including the initial milliseconds of the transient could have a profound 

effect on the results. This is because the variation of power with time is the highest of 

any series at the beginning of the temperature-change period. Since data access rates 

could render slightly different values for essentially the same test at these earliest times, it 

could render slightly different values for essentially the same test at these earliest times, 

and it was decided to eliminate the very early portion of the transient from the evaluation.

Initially, an empirically based curve fit was used to match the power-versus-time 

data. This curve fit was then integrated analytically to find the energy. Too much 

variation was found in how well the fit represented the data. As a result, a Simpson's 

Rule numerical integration scheme was used directly on the acquired data.
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One final experimental element was planned. It was hoped at the end of the 

program to perform animal studies on Sprague Dawley rats. Generally the approach was 

to be the reverse of the one used in human transplant application. The first step would be 

the placement of the probe beside the perfusing kidney of an anesthetized animal. The 

off-on protocol would then be performed for a period of time. Then blood flow would be 

ceased to the kidney. Another off-on protocol would be performed. Finally, the animal 

would be sacrificed and the protocol performed a final time. This approach would allow 

the assessment of effects of blood flow for the following combination of organ and 

surrounding tissue: both perfusing, surrounding tissue perfusing, and neither perfusing.

Initially plans were made to use rats that had been subjected to various tests in 

another laboratory. Many times, the function we were seeking would not have been 

impaired in these rats as a result o f the prior work. At the point in time where we wished 

to perform our studies, the other laboratory was performing other work that made the rats 

unsatisfactory for our studies. We then pursued performing studies on rats we would 

purchase for this purpose. All of the procedures to be used were described and submitted 

in the form of a Protocol for Animal Care and Use to the lACUC (Institutional Animal 

Care and Use Committee) of the University of Nevada Las Vegas. After having the 

procedures rewritten three times, two of the lACUC Committee members who work with 

animals regularly in the lab admitted that they rejected the procedure because they 

thought that they knew better ways of measuring blood flow. One of the ways involved 

the use of chemical dilutants. While these other approaches could be quite appropriate in 

the lab, they were not harmonious vrith the objectives of this dissertation work. Animal
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studies were eliminated from this work because of the impasse over approval with the 

lACUC committee.

7.2 Numerical Analysis

Although the experimental part of the project was the heart of the dissertation 

work, a numerical study was devised to allow the evaluation of the possible applicability 

of the approach. In this, the interface region, centered at the probe, was analyzed. As 

described earlier, a two-dimensional, axisymmetric, transient heat conduction model was 

developed. The Pennes equation was used for the analysis, and the probe was treated as a 

finite diameter heat source at the center of the region of interest. In essence Pennes 

equation (Equation 1) allows for complex perfusion effects to be included quite simply as 

an effective thermal conductivity. This greatly decreased the amount of analysis required 

while still representing the general influences we were seeking. We opted to develop our 

own code (an explicit finite difference approach) instead of using a commercially— 

available code.

When writing codes for complicated analysis, one major issue is the evaluation of 

the accuracy of the output. Recognizing this fact, we applied several tests to the code 

results. Comparisons were made to simpler cases where analytical solutions are known.

What is in reality a two-region semi-infinite volume required for analysis, a 

constant temperature boundary condition was applied. It is not desirable for this 

boundary condition to unrealistically influence the analysis. The impact of this 

assumption was evaluated in the course of the analysis by examining the temperatures in 

the region two nodes in toward the probe from this outer boundary. No temperature
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change was witnessed there, satisfying our concern about the appropriateness of this 

boundary condition.

Most of the accuracy evaluations performed on the code used the simpler case of 

constant properties in all portions of the analysis region. Two kinds o f evaluations were 

performed. In one, a transient, infinite region solution tabulated by Carlsaw and Jaeger 

(1959) was used. Good agreement was found. In addition, steady-state conduction 

across a spherical shell (Incropera and DeWitt 1996) was used to compare to our steady- 

state asymptotic solution. Again, good agreement was found.

With the use of the functioning code, we were able to determine the changes in 

power dissipated as a function of an imbalance in thermal conductivity between the two 

regions. From this we found that the technique is not as sensitive to this imbalance as we 

would like to have it, but it appears it might still be useful in clinical applications. The 

use of animal studies would have allowed us to assess this aspect.
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CHAPTER 8 

CONCLUSION

One of the most important tasks encountered in the fields of medicine and 

physiological sciences is the assessment of blood perfusion rates. The determination of 

blood perfusion rates has been widely used to ascertain normal or abnormal physiological 

states. This could include the determination of infection, viability of ischemic or re­

implanted tissue or the viability of skin flaps. Despite the notable importance of inferring 

blood perfusion in clinical situations, there is no current method that is non-invasive to 

the tissue of interest, cost-effective, allows for continuous monitoring, accurately predicts 

values, and is reproducible. In theory, if  a method was available to non-invasively, 

inexpensively, and continuously monitor tissue perfusion, this may allow timely 

therapeutic maneuvers to correct an abnormality in blood flow.

Critical to this study is the determination of the clinical validity of a non-invasive 

to the organ method of inferring the presence of satisfactory perfusion. Numerical and 

experimental analysis were performed to analyze whether or not the presence of tissue 

perfusion in an organ could be assessed using a non-invasive self-heated thermal 

diffusion probe. The determination of power dissipation in the experimental and 

numerical studies was related to the perfusion rate. Increases in power dissipation 

signified an increase in perfusion whereas a decrease in power dissipation depicted a 

decrease in perfusion. Self-heated thermal diffusion probe experiments were performed
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with an OMEGA 44044 thermistor that was coimected in series with a control box. The 

thermistor was located in three media of interest with different thermal properties. Media 

were chosen with different thermal properties because this was indicative of the effective 

thermal conductivity that would be measured in "in vivo" tissue. The effective thermal 

conductivity term was used in the numerical analysis as a way to account for the 

additional convective effects that would be presence in a perfused situation. A change in 

effective thermal conductivity would occur when the tissue was perfused or non­

perfused. It was very important to determine the sensitivity of the thermistor bead to the 

changes in thermal conductivity.

A numerical model was created using the finite difference method to thermally 

depict the processes occurring in the system. A two-dimensional axisymmetric model 

was developed to predict the presence of regional blood perfusion. The system modeled 

consisted of two adjacent semi-infinite tissues, the kidney and the connecting tissue. The 

thermistor bead was modeled located between the kidney and the connecting tissue in 

such a way that it was in direct contact with both media. The thermistor bead was taken 

as a point source that began out in thermal equilibrium with the surrounding media and 

then increased to a predetermined temperature over a specified amount of time. The 

amount of energy dissipated vrithin the system during the heating phase of the thermistor 

was indicative of a perfused or non-perfused state. The validity of the numerical data 

collected from the program was determined by benchmarking of the code. The code was 

benchmarked using analytical solutions from Incropera and DeWitt (1996) and Carslaw 

and Jaeger (1959). Good agreement was obtained. Thermal properties of characteristic
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media were taken from published data. The results of the numerical model were used as 

a way to determine the efficacy of the experimental system.

Experimental procedures where performed on three characteristic materials. 

These materials were Lexan, Ethylene Glycol, and Glycerin. The experimental apparatus 

was comprised of a thermistor bead, a controller box, and data acquisition and control 

hardware and software. Calibration studies were performed on the experimental 

apparatus to make resistance measurements of the thermistor and correlate that with 

accurate temperature measurements over a range of 20°C to 40°C. The experiments were 

used to determine the power output values based on the thermal conductivity of the 

materials.

It was found that the non-invasive thermistor bead method could measure changes 

in perfusion (changes in effective thermal conductivity). The sensitivity with which the 

probe could measure changes in perfusion would be better determined with "in vivo" 

experiments with a perfused vs. a non-perfused kidney. The additional "in vivo" 

experiments would prove valuable in further analyzing the experimental apparatus. "In 

vivo" studies are planned in Sprague Dawley rats. The experimental procedure to 

determine a perfused or non-perfused case of the kidney of these animals was discussed 

in a preceding chapter. It is thought that this validation will prove the practicality of 

using this stand alone experimental apparatus in the determination of blood perfusion in 

the kidney after it has been transplanted.
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APPENDIX

Program Perfusion Model

double precision 7(0:2000,0:2000) 
double precision TP(0:2000,0:2000) 
double precision Ta(0:2000,0:2000) 
double precision Tt(0:2000,0:2000) 
double precision q(0:2000,0:2000)

real fodra,fodrab,rhoa,cpa,alphaab,dt,qmet,qper,alpha,Tinf
real dr,dtheta,r,ka,kb,iprint,rhob,cpb
real mtotal,ntotal,nodemax,ttime,qa
real timea,timeb,area,timeheat,ttimeheat
real alphaa,alphab,rt
real sum,qaa,deltaT
double precision pi, theta,p
parameter (r=0.01,ro=(0.0002413),rhoa=1050.0,rhob=1050.0)
parameter (ka=(0.42),kb=(0.42))
parameter (cpa=3787.76,cpb=3787.76)
parameter (qmet=0.0,qper=0.0,theta=(3.141592653589793))
parameter (mtotal=60.0,ntotal=60.0)
parameter (pi=3.141592653589793)
parameter (deltaX=0.5)

r= complete radius of the region 
ro= radius of thermistor 
rhoa= density of material a 
rhob= density of material b 
ka= thermal conductivity of material a 
kb= thermal conductivity of material b 
cpa= specific heat of material a 
cpb- specific heat of material b 
qmet= metabolic heat flow rate 
qper= perfusion heat flow rate 
theta= angle

(m)
(m)
(kg/m3)
(kg/m3)
(W/m C)
(W/m C)
(J/kgC)
(J/kgC)
(W)
(W)
(C)

* mtotal= total number of divisions in the m-direction (radians)
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* Tinf= temperature as the media approach infinite (C)
* ntotal= total number of divisions in the n-direction

open(unit= 1 ,file-FILE.daf ,STATUS='new')
dr = ((r-ro)Zmtotal)
write(l,*) 'The value for dr is: ',dr
dtheta = ((theta)/(ntotal))
write(l,*) 'The value for dtheta is: ',dtheta
alphaa=ka/(rhoa*cpa)
write(l,*) 'The value for alphaa is: ',alphaa
alphab= kb/(rhob*cpb)
write(l,*) 'The value for alphab is: ',alphab
alphaab=(ka+kb)/(rhoa*cpa+rhob*cpb)

write(l,*) 'The value for alphaab is: ',alphaab 
write(l ,*) 'The value for ka is: ',ka 
write(l,*) 'The value for kb is: ',kb 
write(l,*) 'The value for rhoa is: ',rhoa 
write(l,*) 'The value for rhob is: ',rhob 
write(l,*)'The value for cpa is: ',cpa 
write(l,*) 'The value for cpb is: ',cpb 
write(l,*) 'The value for mtotal is: ',mtotal 
write(l,*) 'The value for ntotal is: ',ntotal 
write(l,*) 'The value for deltaT is: ',deltaT
* calculate time step 
rt=ro+l *dr
* surface area of thermistor 
area=4.0*pi*(ro*ro)
timea=l/((4*alphaa/((dr**2)*(rt**2)))*(((rt+dr/2)**2)+((rt-dr/2)**2 

+ ))+8*alphaa/((rt*dtheta)**2))
timeb-l/((4*alphaa/((dr**2)*(rt* *2)))*(((rt+dr/2)* *2)+((rt-dr/2)* *2 

+ ))+8*alphaa/((rt*dtheta)**2))
write(l,*) 'The value for timeb is: ',timeb 
if  (timea.lt. timeb) then 
dt = timea 
else
dt = timeb 
endif
write(l,*) 'The value for dt is: ',dt
fodra=alphaa*dt/((dr)**2)
write(l,*) 'The value for fodra is: ',fodra
fodrb=alphab*dt/((dr)**2)
write(l,*) 'The value for fodrb is: ',fodrb
fodrab=alphaab*dt/((dr)* *2)
write(l,*) 'The value for fodrab is: ',fodra
diva-(dt/(rhoa* cpa))
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write(l,*) 'The value for diva is: ',diva
divb=(dt/(rhob*cpb))
write(l,*)'The vdue for divb is: ',divb
divab=dt/((rhoa*cpa+rhob*cpb)/2)
write(l ,*) 'The value for divab is: ',divab

time=0
ttime^O
setpoint=1.0
count=0
iprint^O.O
ssetpoinf=20.0
timeheat=0
ttimeheat=0
endtime=0
finaltime=21.1

do 20 m = 0,mtotal, 1 
do 10 n -  O,ntotal,l 
Ta(m,n)=32.0 
T(m,n)=Ta(m,n)
10 continue
20 continue
60 iprint=iprint+dt
ttime==ttime+dt
time=time+dt
count=count+l
endtime=endtime+dt

do 70 m = O,mtotal,l 
rm=ro+m*dr 
diffl=rm+dr/2 
diff2=rm-dr/2
fodthetaa=alphaa*dt/((rm*dtheta)* *2) 
fodthetab=alphab*dt/((rm*dtheta)* *2) 
do 65 n = O,ntotal,l 
angle3=SlN(n*dtheta) 
angle4=SlN(n*dtheta+(dtheta/2)) 
angle5=SlN(n*dtheta-(dtheta/2))

if (m.eq.O) then 
TP(m,n)=T a(m,n) 
else
if (m.eq.mtotal) then 
TP(m,n)=Ta(m,n) 
else
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if ((n.eq.O)) then
TP(m,n)=(l .0-fodra*((dififl **2)/(rm**2))
+ -fodra*((diff2**2)/(rm**2))
+ -4*fodthetaa)*T(m,n)
+ +(fodra*(diffl **2)/((rai**2)))*T(m+l ,n)
+ +(fodra* (diff2* *2)/((rm* *2)))*T (m-1 ,n)
+ +(4*fodthetaa)*T(m,n+l)
+ +qmet*diva-qper*diva
else
if(n.eq.((ntotal/2))) then 
TP(m,n)=(1.0-
+ fbdrab*((difFl**2)/(rm**2))
+ -fodrab*((diff2**2)/(rm**2))
+ -fodthetaa* angle5 -fodthetab * angle4) * T(m,n)
+ +fodrab*((diffl**2)/(mi**2))*T(ni+l,n)
+ +fodrab*((diff2* *2)/(rm* *2))*T(m-1 ,n)
+ +fodthetab*angle4*T(m,n+l)
+ +fodthetaa*angle5*T(m,n-l)
+ +qmet*divab-qper* divab
else
if  (n.lt.((ntotal/2))) then 
TP(m,n)=(1.0-fodra*(diffl **2)*(1/
+ (rm**2))-fbdra*(diff2**2)*
+ (l/(rm**2))-fodÀetaa*(angle4/angle3)-fodthetaa*
+ (angle5/angle3))*T(m,n)
+ +(fodra*(diffl **2)*(l/(nn**2)))*T(m+l ,n)
+ +(fodra*(difif2**2)*(l/(rai**2)))*T(m-l,n)
+ +fodthetaa*(angle4/angle3)*T(m,n+l )
+ +fodthetaa*(angle5/angle3)*T(m,n-l)
+ +qmet* di va-qper * diva

else
if (n.eq.ntotal) then
TP(m,n)=( 1.0-fodrb*((diffl * *2)/(rm* *2))
+ -fbdrb*(difl2**2)/((rm**2))
+ -4*fodthetab)*T(m,n)
+ +(fodrb*(diffl **2)/((rm**2)))*T(m+l ,n)
+ +(fodrb*(difif2**2)/((rm**2)))*T(m-l ,n)
+ +(4*fodthetab)*T(m,n-l)
+ +qmet*divb-qper*divb
else
if (n.gt.((ntotal/2))) then 
TP(m ,nH l .0-fodrb*(dififl **2)*(1/
+ (rai**2))-fodrb*(difE2**2)*
+ (1 /(rm* *2))-fodthetab*(angle4/angle3)-
+ fodthetab*(angle5/angle3))*T(m,n)
+ +(fodrb*(diffl **2)*(l/(rm**2)))*T(m+l,n)
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+ +(fodrb*(diffî**2)*(l/(mi* *2)))*T(m-1 ,n)
+ +fodthetab*(angle4/angle3)*T(m,n+l)
+ +fodthetab*(angle5/angle3)*T(m,n-l)
+ +qmet*divb-qper*divb
endif
endif
endif
endif
endif
endif
endif
65 continue 
70 continue 
do 90 m=0,mtotal,l 
do 80 n=0,ntotal,!
T(m,n)=TP(m,n)
80 continue 
90 continue 
do 100 n=0,ntotal,l 
m=0
q(m,n)=0.0 
100 continue 
do 110 n=0,ntotal,l 

m=0

rm=TO+m*dr 
if (n.eq.O) then
q(m,n)=ka*(pi*(((nn+dr/2)*SlN(dtheta/2))**2))*

+((T (m+1 ,n)-T (m,n))/dr) 
else

if  (n.It.((ntotal/2))) then
q(m,n)=ka* (2 *pi* dtheta* (((rai+dr/2)) **2))*((T (m+1 ,n)-T(m,n))
+/dr)*angle4
else
if (n.eq.((ntotal/2)))then
q(m,n)=kb*(pi*(((rm+dr/2)*SlN(dtheta/2))**2))*
+((T (m+1 ,n)-T (m,n))/dr) 
else
if (n.eq.ntotal) then
q(m,n)=kb*(pi*(((rm+dr/2)*SIN(dtheta/2))**2))*
+((T(m+l ,n)-T(m,n))/dr) 
else
if (n.gt.((ntotal/2))) then
q(m,n)==kb*(2*pi*dtheta*(((rm+dr/2))* *2))*((T(m+l ,n)-T(m,n))
+/dr)*angle4
endif
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endif
endif
endif
endif
110 continue
sum=0.0
sum 1=0.0
do 115 n=0,ntotal, 1
m=0
sum= sum + q(m,n)
115 continue 
if (time.lt.setpoint) then 
goto 60 
else
write(l,*)'heating' 
time=0 
goto 180 
endif
if (endtime.ge.fïnaltime) then 
write(l,*)'Time elapsed' 
write (1,150) (m,m=0,mtotal, 1 )
15 0 format( 1 x, 10(6x,i2))
do 170 n=0,ntotal,l 
write (1,160) n,(T(m,n),m=0,mtotal,l) 
160 format (i2,10(2x,f6.3))
170 continue

write (1 ,*)'The value of q is: ', sum
stop 
endif
180 iprint=iprint+dt
j= l
ttime=ttime+dt
count=count+l
timeheat==timeheat+dt
ttimeheat=ttimeheat+dt
endtime=endtime+dt
do 200 m = O,mtotal,l
rm=ro+m*dr
difFl=rm+dr/2
diff2=rm-dr/2
fodthetaa=alphaa*dt/((rm*dtheta)**2) 
fodthetab=alphab*dt/((rm*dtheta)**2) 
do 190 n = O,ntotal,l 
angle3=SlN(n*dtheta) 
angle4=SlN(n* dtheta+(dtheta/2)) 
angle5=SlN(n*dtheta-(dtheta/2))
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if (m.eq.O) then 
TP(m,n)=T a(m,n)+deltaT 
else
if (m.eq.mtotal) then 
TP(m,n)=T a(m,n) 
else
if  (n.eq.O) then
TP(m,n)=(l .0-fodra*((difTl **2)/(rm**2))
+ -fodra*(diff2**2)/((rm**2))
+ -4*fodthetaa)*T(m,n)
+ +(fodra*(diffl * *2)/((nn**2)))*T(m+l ,n)
+ +(fodra*(difl2**2)/((rm**2)))*T(m-l,n)
+ +(4*fodthetaa)*T(m,n+l)
+ +qmet*diva-qper*diva
else
if(n.eq.((ntotal/2))) then 
TP(m,n)=(1.0-
+ fodrab* ((diffl * *2)/(rm* *2))
+ -fodrab*((diff2**2)/(rm**2))
+ -fodthetaa*angle5-fodthetab*angle4)*T(m,n)
+ +fodrab*((diffl **2)/(rm**2))*T(m+l ,n)
+ +fodrab*((diff2**2)/(rm**2))*T(m-l ,n)
+ +fodthetaa*angle5*T(m,n+l)
+ +fodthetab*angle4*T(m,n-l)
+ +qmet*divab-qper* divab
else
if  (n.lt.((ntotal/2))) then 
TP(m,n)=(l .0-fodra*(diffl **2)*(1/
+ (rm**2))-fodra*(difE2**2)*
+ (l/(rm**2))-fodthetaa*(angle4/angle3)-fodthetaa*
+ angle5/angle3)*T(m,n)
+ +(fodra* (diffl * *2)* ( 1 /(rm**2)))*T (m+1 ,n)
+ +(fodra*(difl2**2)*(l/(rm**2)))*T(m-l,n)
+ +fodthetaa*(angle4/angle3)*T(m,n+l)
+ +fodthetaa*(angle5/angle3)*T(m,n-l)
+ +qmet*di va-qper* diva
else
if (n.eq.ntotal) then
TP(m,n)=(l .0-fodrb*((dififl **2)/(rm**2))
+ -fodrb*(diff2**2)/((rm**2))
+ -4*fodthetab)*T(m,n)
+ +(fodrb* (difh * *2)/((rm* * 2)))* T (m+1 ,n)
+ +(fodrb*(diff2* *2)/((rm* *2)))*T (m-1 ,n)
+ +(4*fodthetab)*T(m,n-l)
+ +qmet*divb-qper*divb
else
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if (n.gt.((ntotal/2))) then 
TP(m,n)=(l .0-fodrb*(diffl **2)*(1/
+ (rm**2))-fodrb*(difi£2**2)*
+ (1 /(rm* *2))-fodthetab* (angle4/angle3)-fodthetab*
+ (angle5/angle3))*T(m,n)
+ +(fodrb*(diffl **2)*(l/(rm**2)))*T(m+l,n)
+ +(fodrb*(difiE2* *2)*(l/(rm* *2)))*T(m-1 ,n)
+ +fodthetab* (angle4/angle3)*T(m,n+1 )
+ +fodthetab*(angle5/angle3)*T(m,n-1 )
+ +qmet*divb-qper*divb
endif
endif
endif
endif
endif
endif
endif
190 continue
200 continue

do 220 m=0,mtotal,! 
do 210 n=0,ntotal,l 
T(m,n)=TP(m,n)
210 continue 
220 continue
sum=0.0
do 240 n=0,ntotal,l 
m=0
rm=ro+m*dr
angle3=SlN(n*dtheta)
qaa=(-4.0*pi*((ka+kb)/2)*(T(mtotal, 1 )-T(0,1 ))/((l/(r))- 1/ro)) 
qa=-4.0*pi*ro*((ka+kb)/2)*deltaT-4.0*ro*ro*deltaT 
+ *(l/(timeheat**0.5))*
+ ((pi * ((ka+kb)/2) * ((rhoa* cpa+rhob* cpb)/2))**0.5)
if (n.eq.O) then
q(m,n)=ka* (pi*(((rm+dr/2)* SlN(dtheta/2))* *2))*
+((T(m+l ,n)-T(m,n))/dr) 
else
if (n.lt.((ntotal/2))) then
q(m,n)=ka*(2*pi*dtheta*(((rm+dr/2))**2))*((T(m+l,n)-T(m,n))
+/dr)*angle4
else
if (n.eq.((ntotal/2)))then
q(m,n)=ka*((rm+dr/2)**2)*((T(m+l,n)-T(m,n))/dr)*2*pi+ 
+kb*((rm+dr/2)**2)*((T(m+l ,n)-T(m,n))/dr)*2*pi else 
if (n.eq.ntotal) then
q(m,n)=kb* (pi* (((rm+dr/2)* SlN(dtheta/2))* *2))*
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+((T(m+l,n)-T(m,n))/dr)
else
if (n.gt.((ntotal/2))) then
q(m,n)=kb*(2*pi*dtheta*(((mi+dr/2))**2))*((T(m+l,n)-T(m,n))
+/dr)*angle4
endif
endif
endif
endif
endif
240 continue 
do 245 n=0,ntotal,l 
m=0
sum= sum+q(m,n)

245 continue
if (iprint.ge.0.99) then
do 270 n=0,ntotal,l
write (1,260) (T(m,n),m=0,mtotal,l)
260 format (49(2x,f6.3))
270 continue
write(l,*)'The value of q is: ', sum
write(l,*)'The value of qa is: ',qa
write(l,*) 'The value of qaa is: ', qaa
write(l,*) timeheat
iprint=0
endif
if (endtime.ge.fïnaltime) then 
write (1,*) 'Time elapsed' 
write (1,280) (m,m=0,mtotal,l)
280 format( 1 x, 10(6x,i2))

do 300 n=0,ntotal,l 
write (1,290) n,(T(m,n),m=0,mtotal,l)
290 format (i2,10(2x,f6.3))
300 continue

write (l,*)'The value of q is: ', sum 
write (l,*)'The value of qa is: ',qa 
write(l ,*) 'The value of qaa is: ', qaa 
write(l,*) timeheat 
stop 
endif
if (timeheatge.ssetpoint) then
write (l,*)'cooling'
timeheat=0
goto 60
else
goto 180
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endif
close(unit=l)

END
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