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(ABSTRACT) 

Oxygen transfer was studied within the arterioles and venules (40 to 100 um in diameter) of a 

hamster cheek pouch retractor muscle. Previously obtained transluminal oxygen saturation, red 

blood cell velocity and hemoglobin concentration were used for the analysis. Because of branching 

and transfer to the tissue, the measured oxygen profiles across the vessels were nonuniform. At each 

axial location the profiles were converted to radial distributions using a convolution algorithm. The 

results were modeled using a numerical solution of the convective mass transport equation assum- 

ing the blood to be a homogenous mixture. Effective diffusion coefficients were found by matching 

the axial development of the radial oxygen distribution predicted by the analytical model with the 

experimental data. The resulting oxygen diffusion coefficients were an order of magnitude higher 

than have been measured in vitro. This appears to support other evidence relating to the higher 

than expected oxygen transport in the microcirculation
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Chapter I 

Introduction 

Continuous oxygen transport to living tissue in the body is essential for the sustenance of life. The 

fact that oxygen is delivered from the alveoli to the body by the blood has been known for a long 

time. A working model of how this transport takes place is still the subject of much work. It was 

thought that the capillaries, the smallest blood vessels, were responsible for the most if not all the 

oxygen transport that occurs in the body. In recent years however, it has been shown that most 

of the oxygen diffusion that occurs in resting muscle tissue does not take place in the capillaries. 

Duling and Berne (1970) were the first researchers to document significant oxygen diffusion in the 

pre-capillary blood vessels, known as the arterioles. Since that time a number of models have been 

developed to analyze oxygen diffusion from the microcirculation, in both the arterioles and the 

post-capillary blood vessels known as the venules. (Arterioles and venules range in size from 40 to 

200 um in diameter. Figure 1 shows a photomicrograph and a schematic diagram of the micro- 

circulation (Popel and Johnson, 1986.)) A great number of models have been developed to predict 

oxygen mass transfer in the capillaries, some of which are documented by Popel (1989). However, 

much work remains to be done to understand the oxygen transport system in both the vessels and 
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the tissue of the microcirculation. This thesis attempts to further the knowledge of oxygen mass 

transport in this area. 

1.1 Rationale for Research 

An understanding of oxygen transfer processes in the body was in much greater demand during the 

mid-1970’s than it is today. During that time a great deal a research was being conducted to de- 

velop blood oxygenators for patients with chronic lung failure (Diller, 1977.) Because these devices 

met with little success the research funding was cut off in the same way that funding for the artificial 

heart has been almost cut off because of its’ poor success rate. As a result the need for information 

about in vitro (“in glass”) oxygen transfer is not as great as it was a decade ago. 

This thesis is presented as basic research. Its’ purpose is to to gather more information about basic 

biological processes. There are some present applications, and more applications may develop in 

the future. One possible application of the results of this study is use of hemodilution as a 

therapeutic tool for microcirculatory disorders as discussed by Kuo and Pittman (1988). Isovolemic 

hemodilution entails diluting whole blood with plasma and then reinjecting the blood into the 

body. Kuo and Pittman showed that by decreasing the number of red blood cells (RBCs) in the 

body actually increased oxygen delivery to the capillaries because of the higher flow rates. (The 

fewer RBCs lowered the viscosity of the blood which in turn increased the velocity.) The infor- 

mation found from this study may help to understand the factors leading to this increase in oxygen 

transfer. 

In studying biological systems, there is always an important rationale for conducting a particular 

research topic. Greater knowledge of how individual processes work within the human body are 

always an asset. 
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1.2 Research Objective 

The main research objective is to develop a better understanding of oxygen transport in the 

arterioles and venules. Recent work has been presented attempting to model oxygen transport in 

the tissue surrounding the arterioles (Popel, Pittman, and Ellsworth, 1989). By investigating oxygen 

transport in the blood vessels themselves this work is meant to compliment the work done by Popel 

et al. 

The model that is used here is a convective mass transport equation of oxygen in blood. This 

equation is solved by standard finite difference techniques. The model is used to determine the 

oxygen diffusion coefficient in blood from experimental data that was taken at the Medical College 

of Virginia in Richmond. 

The diffusion coefficient has been shown to be a function of, among other things, the shear rate that 

it experiences. Diller and Mikic (1983) developed a model showing this dependence. The diffusion 

coefficient is also known as the effective diffusivity because it is situation dependent. The effective 

diffusivity values from this study will be compared with the results presented by Diller and Mikic. 

1.3 Scope of Research 

The analysis, as mentioned before, is primanly computer based. The first objective was to verify 

the the programs used. The verification is performed by comparing the oxygen transport model 

with that of the several variations of the classic Graetz problem. (The oxygen transfer model is 

essentially a nonlinear Graetz problem.) The program is also verified by performing a mass balance 
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of the oxygen to ensure that the amount of oxygen that is transferred through the walls of the vessel 

is present at the end of the vessel. 

The experimental data consists of several sections of blood vessels for which the oxygen saturation, 

red blood cell velocity, and hemoglobin concentration are determined in vivo (“in tissue”.) The 

parameters listed above are found at different radial locations across the lumen. These radial dis- 

tributions are determined at different axial locations. The computer model uses the upstream lo- 

cation as its initial condition and then attempts to simulate the data at the downstream location. 

The involved mass flux is also determined. 

From this analysis the effective diffusivities can be determined. These diffusion values are analyzed 

to determine if a relation exists between the diffusion value and any other parameter (i.e. shear rate 

etc.) The results should also point towards the appropriateness of using this model. 

1.4 Literature review 

Pioneering work in oxygen transport to the body tissue was first presented by August Krogh in 1919 

(Weerappuli and Popel, 1989.) Krogh developed a model of oxygen diffusion from the capillary 

to the surrounding tissue. His model assumed that all the oxygen requirements of the tissue were 

met by the the capillary that it surrounded. Since that time it has been shown that pre-capillary 

blood vessels also make a significant contribution to oxygen transport. 

Krogh’s model was not questioned until 1970. In that year Duling and Berne (1970) showed that 

significant oxygen transfer occurred before the blood ever reached the capillaries. This experimental 

data was taken from the cheek pouch of hamsters and the cremaster muscle of hamsters and rats. 

Duling used an oxygen microcathode with a tip diameter of 2 to 6 ym, that was applied to the wall 
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of the arteriole. This probe was able to accurately measure the oxygen partial pressure in the blood 

within the vessel. He documented significant drops in pre-capillary oxygen pressure. 

Since that time the oxygen loss from the arterioles, and the importance of pre- and post-capillary 

oxygen losses have been well documented. A number of researchers have found that the amount 

of oxygen leaving the vessels cannot be fully accounted for. (Swain and Pittman, 1989.) One 

possibility is that the oxygen is simply transferred from the arterioles directly to the venules without 

passing through the capillaries. (Arterioles and venules are often in close proximity with each other 

in the microcirculation.) Although this seems reasonable, it has not yet been detected (Swain and 

Pittman, 1989), and Popel and Gross (1979) do not believe diffusional shunting will have a serious 

effect on the arteriolar losses. 

Swain and Pittman have shown that two thirds of the oxygen transfer that occurs in the microcir- 

culation occurs in the arterioles. They also suggest the diffusive role of the capillaries may only be 

employed when the animal is not at rest. During exercise the blood velocity increases so the transit 

time of the RBCs decreases, limiting oxygen transfer in the arterioles. It appears that the transit 

time of the RBCs in capillaries would not be as greatly affected so more transfer could occur there. 

The study of oxygen diffusion on a larger scale was performed by Diller and Mikic (1983) who 

developed a phenomenlogical model of blood in shear flow. The model showed a strong correlation 

between the slope of the oxyhemoglobin reaction curve and the shear rate with the oxygen diffusion 

coefficient. A good comparison was found with experimental data. Since the effective diffusivity 

of a species in a fluid can not be measured directly, Diller used a technique presented by Colton 

and Drake (1971.) This procedure used a convective mass transport equation of oxygen in blood 

(the same equation is used for this study) and the effective diffusivity is backed out from compar- 

isons with measured saturation changes. The same type of technique is used for this study. 
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1.4.1 Recent Models and Results 

Popel and Gross (1979) developed a model to predict oxygen transfer from the arterioles to the 

venules. Their model assumes that a uniform oxygen pressure exists in the arterioles and that ox- 

ygen diffuses into the surrounding tissue through simple conduction. 

Weerappuli and Popel (1989) developed a more sophisticated model that included not only the 

conduction of oxygen from the vessel but also the transport of oxygen by the hemoglobin in the 

surrounding capillary bed. From the results of their mathematical model the authors developed a 

correlation for the Sherwood number of the blood vessel (based on the transfer from the vessel) 

with the Peclet number based on the velocity of the RBCs in the capillaries. Popel, Pittman and 

Ellsworth (1989) then used this model to predict mass transfer from the arterioles and compare it 

with experimental values taken from a hamster cheek pouch retractor muscle. From the longi- 

tudinal gradients measured experimentally, they determined the involved mass flux. The results 

were compared with predictions from the computer model. It was found that the computer model 

underestimated the oxygen flux by an order of magnitude. Since the computer model seems to 

correctly represent the flux of hemoglobin of the surrounding capillary bed, it was not believed that 

this was the source of discrepancy. The results seem to imply that the permeability of oxygen in 

perfused (i.e. with blood) tissue is higher than was originally thought. (Previous permeability 

measurements were taken with restricted blood flow, a situation referred to as unperfused tissue.) 

The conjecture is also put forth that the permeability may be a controlled parameter. 

The tissue permeability is a product of solubility coefficient of oxygen in the tissue and the diffusion 

coefficient of oxygen in the tissue. If the solubility is a fixed value, then the parameter that varies 

when the tissue is perfused or unperfused is the diffusion coefficient. Thus, the tissue diffusion 

coefficient of oxygen may be an order of magnitude higher than has been measured before in vitro. 
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Most models, including those by Popel and Gross (1979) and Weerappuli and Popel (1989), as- 

sumed that there was no transfer resistance within the blood vessel. Hellums (1977), however, 

showed analytically that in capillaries (4 to 8 um in diameter) the transfer resistance within the 

blood vessels and the transfer resistance in the tissue is of equal magnitude. It would stand to rea- 

son that if transfer resistance within the vessel is important in small vessels it would also be im- 

portant in the larger vessels that Weerappuli and Popel (1989) analyzed. 

Boland et al. (1987) conducted in vitro experiments of oxygen diffusion in blood in channels 27 

pm in diameter. They used spectrophotometric methods to measure the oxygen content along the 

axis of the channel. (Radial distributions were not measured.) They found a good correlation with 

numerical results presented by Lemon et al. (1987) who used a slightly different transport model 

than the one used by Diller (1977.) These experiments performed by Boland et al. used both 

hemoglobin solutions and whole blood (with RBCs intact.) It was found that the oxygen transfer 

from the hemoglobin solution was 5 times larger than that from the whole blood. From this study 

Boland et al. determined that the transfer resistance within the vessel was at least as large as the 

transfer resistance outside the vessel. This adds supports to Hellums’ proposition 

In review of the work presented thus far, it has been shown that in vivo experiments, assuming no 

transfer resistance in the vessels, have shown higher than expected oxygen transfer. It is believed 

that this deviation was caused by using the tissue permeability that was determined in vitro and 

applying it to an in vivo set of data. If Weerappuli and Popel (1989) had considered vessel resist- 

ance to transfer the predicted mass flux would have been less, causing an even larger deviation be- 

tween expected and experimental results. Good correlations were found for in vitro experiments 

when compared to an analytical model that assumed transfer resistance within the vessel. These 

studies imply that the experimental parameters that are determined in vitro are not applicable to in 

vivo systems. 
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This thesis develops a model to analyze in vivo data from the microcirculation and determine the 

involved diffusion coefficient. This appears to be the first study to model in vivo data on this scale 

assuming that there is transfer resistance within the blood vessel 

Models have not considered transfer resistance in the vessel in part because there was insufficient 

data concerning the oxygen gradients across the vessel. A data acquisition system capable of 

producing enough data to conduct transfer analysis within the vessel has recently been developed. 

The development of spectrophotometric data acquisition methods as described by Pittman (1986) 

and Duling et al. (1983) allows the detection of blood parameters on an extremely small scale. 

Using these techniques a sensing region on the order of 5 microns is used to gather data. This al- 

lows the determination of transluminal measurements despite the fact that the blood vessels are on 

the order of a 100 microns in diameter. The parameters measured are the hemoglobin concen- 

tration, the RBC velocity and the oxygen saturation of the blood (which can be used to determine 

the oxygen partial pressure through empirical relations.) Ellsworth and Pittman (1986) document 

transluminal variations of these parameters (further supporting Hellums (1977) analysis and 

Bolands’ et al. (1987) work) while all previous models assume the oxygen content within the blood 

vessel does not vary with the radius. This study is the first to conduct oxygen mass transport 

analysis on this scale assuming that the saturation profile is not uniform. 

Because of the nature of the data acquisition the transluminal data values are averaged values 

through the portion of the vessel that its sensing beam “sees”. Algorithms have been developed to 

back out the original distribution from which that average came. This convolution technique is 

used to determine the radial distribution of the oxygen saturation. Although this technique has 

been used before in a number of applications including combustion research (Emmererman et al. 

1980) it has never been used before for oxygen content readings. 
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Chapter IT 

Experimental Data 

The data that is analyzed in this thesis was taken from the arterioles and venules of the hamster 

cheek pouch retractor muscle. The data acquisition was performed at the Medical College of 

Virginia by Mary L. Ellsworth. The venular data was recorded in November of 1986 and the 

arteriolar data was recorded in August of 1989. Spectrophotometric methods are used to determine 

important oxygen transfer parameters. These parameters include the RBC velocity, the hemoglobin 

concentration, and the oxygen saturation. Relevant dimensions in the microvasculature are also 

determined. 

This chapter presents an overview of the data acquisition and the involved experimental equipment. 

The animal preparation techniques are also reviewed. Since the data was recorded by other inves- 

tigators the presentation here is brief. The reader is referred to other publications, including papers 

by Lipowsky et al. (1982), Duling et al. (1983), Ellsworth and Pittman (1986), and Pittman (1986.) 

Duling et al (1983) have developed a data acquisition system to analyze oxygen transfer, and other 

phenomena in the microcirculation. Their system has the ability to: simultaneously measure the 

vessel parameters mentioned above, move the region of interest to within lym of a specified lo- 
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cation, and complete required computations quickly through the use of real time algorithms. A 

schematic diagram of this apparatus is shown in Figure 2 on page 12. Specially fabricated optical 

fibers are used to conduct the measurements. The optic fibers view the animal muscle through a 

microscope. This method reduces the effective sensing region of the fibers to the order of Sym. 

All of the techniques are calibrated by in vitro experiments. Small glass tubes with diameters similar 

to the blood vessels are used for this purpose. 

2.1 The Data Acquisition System 

Any spectrophotometric method relies on the use of a light source and a receiver to detect the 

presence and magnitude of a given parameter. A light source of known intensity is shown through 

a media and a light sensitive device, in this case a photomultiplier tube, measures the attenuation 

of the beam. Both the hemoglobin measurement and the oxygen saturation measurements are de- 

termined in this way. The change in intensity of the light after it passes through the vessel can be 

expressed in terms of the following relation which is known as the Lambert-Beer-Bouguer law. 

1, = 1,107 "4 

Where, /, is the transmitted intensity, J, is the incident light intensity, c is the concentration of the 

species and d is the optical path length through the vessel (Pittman, 1986) The frequency of the 

light is chosen to achieve the most accurate measurement of c. 

It is important to note that the concentration, c, is the integral over the path length of the beam. 

It is the integral of all the concentrations it passes through. So if a quantity is measured at the 

center line, for example, that value is not the true center line value but rather is the integral of all 

the values through the blood vessel. Likewise, a concentration c, taken off the center line at posi- 
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tion r, is not the value at the that radial location r, but is the integral of all the concentration the 

sensor beam passes through. 

Because the radial distributions of the oxygen saturation are needed for the computer modeling 

program and not the integrated values, an algorithm is used to back out the original radial distrib- 

utions from the experimental measurements across the blood vessel. This algorithm is called the 

convolution routine and is further discussed in Appendix C. 

2.1.1 Oxygen saturation measurement. 

Because of the nature of oxygen measurements in the microcirculation multiple wave-lengths are 

used to compensate for light scattering losses. Three photomultiplier tubes are used and each uses 

a different optical interference filter. The three photomultipliers operate in tandem to determine the 

oxygen saturation in the blood. 

The accuracy of the SO, value is approximately +3% and the data acquisition system requires 0.8s 

to determine the oxygen saturation. 

This method was validated by measuring the oxygen saturation in micropipettes which were sub- 

merged in immersion oil to avoid light scattering by the glass. It was found the SO, cou!d be ac- 

curately measured within 16+7ym of the inside wall of the pipette. Because the refractive index 

mismatch is less for the blood vessels than it is for the glass, it is believed that in vivo measurements 

are accurate closer to the wall. None-the-less there exists a region close to the wall where meas- 

urements are not reliable. This fact will have a great impact on the computer analysis. 
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2.1.2 Velocity Measurement 

The velocity measurement probe utilizes two photomultiplier tubes, each with its own optical fiber. 

Both light conduits are housed side by side in the same probe. The velocity is measured by deter- 

mining that time that is required for a RBC to pass from one detection point to the other (Duling 

et al., 1983.) This velocity value is known as the dual sensor velocity. The dual sensor velocity is 

converted to the real average velocity for the blood according to the methods described by Pittman 

and Ellsworth (1986.) This technique accounts for the spatial averaging discussed above. The 

precision of this technique is +1 mm/s 

2.1.3 Hemoglobin Concentration Measurement 

The methods for determining the hemoglobin concentration were the same as those presented by 

Lipowsky et al. (1982). This method uses two distinct wavelengths to take advantage of the optical 

properties of the hemoglobin. It was determined that hemoglobin concentrations can be measure 

with a precision of +3.2g/100smZ. And during in vitro calibration, this value could be measured to 

within 10+4y/n of the wall of the glass tubes. (Pittman and Ellsworth, 1986) 

2.1.4 Distance Measurement 

The image seen through the microscope is shown on a large screen television. This allows easy 

viewing of the blood vessels and allows the researchers to determine the length and diameters of the 

vessels. A pair of cursor lines shown on the screen can be positioned at the borders of the object 

to be measured. An analog voltage is measured that is proportional to the separation of the two 

lines. This method has an accuracy of +lum (Duling et al., 1983) 
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2.1.5 General Comments 

Although the data acquisition of any one parameter can be taken quickly, it requires a few minutes 

to acquire the needed number of transluminal measurements at a location. It also requires a few 

minutes to move the microscope stage to find a suitable location on the vessel to take measure- 

ments. Since the blood flow is not truly a steady state system, it is not uncommon for the retractor 

microcirculation to experience changes in some if not all flow parameters. Using non-steady flow 

data for a steady model (developed in Chapter 3) will have some inherent inaccuracies. More of 

this topic is discussed in Chapter 5. 

2.2 The Animal Preparation 

The data that is used in this study was taken with the same techniques, apparatus and individuals 

as reported by Ellsworth and Pittman (1986.) This section presents an overview of the animal 

preparation. 

The study uses male golden hamsters that are approximately 55 days old and weighing approxti- 

mately 88 grams. The animal is anesthetized with sodium pentobarbital and the femoral vein is 

cannulated to allow a continuous infusion of anesthetic. The femoral artery is cannulated to allow 

the continuous monitoring of blood pressure and the experiment is stopped if the pressure drops 

below a thresh hold value. The trachea is also cannulated to ensure a clear airway and the animal 

is allowed to breath room air. 

The cheek pouch retractor muscle is cut at the spinal end and is spread over the Plexiglass of the 

experimental apparatus and is secured at its in situ length. The muscle is covered with thin plastic 

Experimental Data 15



wrap to minimize tissue desiccation and gas exchange with the atmosphere. The muscle was 

transilluminated with a Xenon lamp and the vessel was viewed with a microscope. 

Various bifurcations of the microvasculature are used. A schematic of the vessels and its branches 

was drawn to accompany the data. With this data available a model can be generated to simulate 

the important processes in oxygen transport. This model is developed in the following chapter. 
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Chapter III 

The Computer Model 

3.1 Introduction 

Whole blood is composed of red blood cells, platelets and white blood cells held in suspension in 

the plasma. The plasma makes up 54% of the volume, while the red blood cells make up 45% 

(Caro et al. 1978.) It would be incredibly difficult if not impossible to accurately model all of the 

involved processes that occur in flowing blood. The work presented in this study attempts only to 

model the interaction between the hemoglobin and the oxygen. The hemoglobin and the plasma 

is assumed to be a homogenous mixture so that the blood can be modeled as a continuum. This 

assumption greatly simplifies the model. It changes the problem from a fluid-particulate problem 

to a single phase fluid problem involving a single chemical reaction. That chemical reaction is the 

reversible binding of the oxygen on the hemoglobin. 
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This chapter presents the theoretical development used for the computer model and the necessary 

background needed to understand the involved algorithm. The reader is referred to Appendix B for 

the development of the numerical solution. 

3.2 Overview 

Oxygen is carried through the cardiovascular system through the use of the hemoglobin molecules 

contained in the red blood cells. The oxygen is bound to the hemoglobin in a manner that is re- 

presented in the equation below. 

= 

Hb +0,  Hb0, 
yo 

The hemoglobin acts as a local source or sink for the oxygen. The model that is to be developed 

here must address this effect. 

Oxygen may be dissolved in whole blood via two mechanisms. The first is the simple dissolution 

in the plasma and the second is by bonding with the hemoglobin. The total amount of the oxygen 

dissolved in the blood can be represented as: 

Cr= C+ Cyoo, (3.1) 

where C; is the total concentration of oxygen dissolved in blood, C is the concentration of the ox- 

ygen dissolved in the plasma, and Ciyo, is the oxygen bound to the hemoglobin. 

The concentration of the oxygen bound to the hemoglobin Cio, can be expressed in terms of the 

oxygen saturation and the concentration of the hemoglobin C,, 
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Con = 5(1.39)( <2 \e 3.2 HbO, = S(1.39) zHb )“# (3.2) 

The saturation, S, is a fractional value that represents the amount of oxygen that is bonded to the 

hemoglobin with respect to its total bonding capacity. The 1.39(ccO,/g Hb) term represents the 

total bonding capacity of 1 gram of hemoglobin as given by Diller (1977). The C,, term represents 

the amount of hemoglobin in grams present in 100 ml of whole blood. 

The concentration of the oxygen present in the plasma can be represented by the relation: 

ccO; 
where a, is the solubility coefficient and is equal to 0.0223 < blood —atm at 37°C (Diller, 1977) 

and Po, is the partial pressure of oxygen. 

Because of the chemical interaction between the oxygen and the hemoglobin in blood, correlation 

between the oxygen saturation and the oxygen partial pressure is highly non-linear. Further, this 

relation is dependent on the temperature and pH of the blood. A number of correlations have been 

presented giving the saturation/ partial pressure relation. The relation that is most often used for 

hamster blood is the Hill equation. The relation can be represented as: 

(P/Pso)" = —___—_—_ 3.4 
1 + (P/Pso)" ee 

where n is an experimentally determined value and P,, represents the oxygen tension that exists at 

50% saturation. For a pH of 7.40 and a temperature of 37°C, Ellsworth, Popel, and Pittman (1988) 

found the following values for hamster blood: n = 2.2, and P,, = 29.3 mm Hg. 

Another correlation that is often used is the Margaria equation. The relation is most often used for 

human blood but it will be used in this study to show how sensitive the results are to the shape of 

the saturation curve. The Margaria equation is given by: 
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Where k= 0.0121 and m= 125 for a pH of 7.4 and a temperature of 37°C as was presented by Diller 

(1977.) Both the Hill and Margaria equation are plotted in Figure 3. 

3.2.1 Mechanics of the Circulation 

This study centers on oxygen transport in the pre- and post-capillary blood vessels known as 

arterioles and venules, respectively. At this distance from the heart the blood flow can be consid- 

ered steady. All pulsatile effects are assumed to be damped out by the compliance and resistance 

of the blood vessels. Further, the Reynolds number for the blood was found to be always less than 

1 (from the experimental data) and so the flow is known to be laminar. The blood vessels are also 

assumed to be cylindrical in shape. 

3.3 The Model 

Using all the information presented here is it possible to develop a model of oxygen transport in 

flowing blood. The resulting equation is similar to that of the Graetz problem and can be solved 

using conventional numerical techniques. 

The convective mass transport of laminar blood flow in a tube can be modeled as, 
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assuming no axial conduction and fully developed flow (Diller, 1977.) Equation (3.6) shows the 

balance of convective and conductive forces. The left hand side of the equation represents the 

convective mass transport of both the dissolved oxygen and that attached to the hemoglobin. Since 

it is assumed that the hemoglobin only moves along streamlines in the axial direction it is not re- 

presented in the radial conduction terms which make up the right hand side of the equation. The 

magnitude of the radial conduction is determined by the effective diffusivity which is denoted by 

Diy . 

Equation (3.6) is parabolic in nature and requires three defined boundaries to solve it. The up- 

stream experimental oxygen values are used for one boundary and the symmetry about the x-axis 

provides the second boundary condition. For the third boundary, the wall value is specified as a 

constant. These boundary conditions can be expressed as: 

x=0; C=fir) 

=-9. 2C. r=0; ar 9 

r=r,, C=C, 

Equation (3.6) can be rewritten as: 

oC ( 8r\ _p f PC, 1 a 
u9E ( aC ) = Pal we | 

Substituting for C; with the relation (3.1) gives 

ac ( AC+ C0) 

" YN. art ’ Or 

ac , 12 
ax 6C 
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The partial of C with respect to C is of course 1, and the partial of Cio, with respect to C can be 

found from equation (3.3). This is found to be: 

OCHvo, as 
se. 30 (1.39)Cpp (3.7) 

Finally by using the solubility relation (3.4) the equation can be expressed as: 

1.39Ci, aS \ ac lac. ac 
(1+ ap oP |“ ax = Dey Tar t 42 (3.8)   

The $2 term is found by taking the partial derivative of the oxygen saturation with respect to the 

oxygen pressure. Both the Hill and Margaria equations are differentiable and are continuous. The 

Hill Equation can be differentiated as: 

as 1 npr! = (3.9) 
OP PS (1 + (P/Pso)") 

The Margaria equation can be differentiated as: 

  

as (1#? )s kim m—1)] 4 (i (| 

= (3.10). 
oP al ( 1+kP 2 KP Tae + a 

Equations (3.9) and (3.10) are plotted on Figure 4. 

The only remaining term needed to solve equation (3.8) is the velocity, u. It has been found by 

Pittman et al. (1986) that velocity profile of the red blood cells is not parabolic in shape. By using 

simple flow conservation analysis, they show that a Poiseuille profile will not correctly predict the 

flow of blood in these small vessels. An alternate profile is proposed which yields greatly improved 

results. This velocity profile can be expressed as: 
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real“) en 
where B is a dimensionless parameter that varies between 0 and 1. Normal Poiseuille flow exists 

when B=! and plug flow exists when B=0. Pittman et al. also give an experimental correlation 

to find B which was found to be a function of the dual-sensor velocity and the diameter of the blood 

vessel. This correlation was found to be: 

B = —0.014 + 0.015(s/rum)v,,(0) + 0.0080(um™')d (3.12) 

Vnax can be found with respect to V by using the relation: 

Q=Var? = | udA (3.13) 

By substituting equation (3.11) into equation (3.13) and performing the integral, the relation is 

found to be: 

This result can be verified that in its limits it satisfies the relation for plug and Poiseuille flow. 

(When B = 0, V= V,,,, and when B = 1, V.. = 2V.) 

The experimentally determined dual sensor velocity, v,,(0) at the center line, is corrected to give the 

true average velocity. Pittman found the average velocity to be a function of B and v,,(0) . This 

relation can be wnitten as: 

[(1 — (1/3)B)(1 — (1/2)B)] 
[(1 — (2/3)B + (1/5)B?)] 
  V = v,,(0) (3.14) 
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This defines all the terms in the convective mass transport equation which can now be expressed 

as: 

  

1.39Cr aS \ 2V r_\2\ 8C 1 ac , &c 
(1+ a op ) aw ('-8(4)) Fem Ped ar + 52 (3.15) 

To simplify this equation it is non-dimensionalized using the following relations: 

  

  

The transport relation can then be written as: 

    

1.39C 1—Brn* \ ap P tp (1+ He 2) ( " oP__ 1 aP | #P 3.16) 
a) 2 2-B faxt 1 On ay? 

This is the equation that is modeled for this study. Appendix B discusses the development of the 

program and the reader is referred to that section for details of how this solution is developed. The 

total oxygen content of the blood, of the mixed mean value is calculated with the following 

equation: 

  

_4f'| CaS S+a(P-P) | ( 1-Bn’ 
ann 4 [| cae |( 2-8 Jn 6) 

The Computer Model 26



3.4 Assumptions 

While simplifications of a physical system are almost always needed to generate mathematical 

model it is important to to keep in mind which aspects of the model are exact representations and 

which are approximations. This section discusses the discrepancies between equation (3.16) and 

the true physical system. 

The oxygen equation uses a single value for the concentration of the hemoglobin, C,,, while the 

experimental data shows that this value varies across the lumen. Although it is possible to develop 

a solution that considers a variable C,,, (in the same way that a heat transfer problem can be de- 

veloped using a variable specific heat.) it was decided not to include this. It would prove difficult 

to verify such a program and it was determined that the results of the simpler model should be in- 

vestigated first before more sophisticated models are developed. 

The model assumes that the blood is flowing in a straight tube. From inspecting the experimental 

data used in this study, few of the blood vessels had a constant diameter. However, it is believed 

that any effect caused by the non-uniformity of the vessel walls would not be significant. 

For all of the experimental parameters considered; C,, , v,,(0), and SO, the experimental data is 

assumed to be axisymmetric. Some of the cases that were investigated for this study had reasonably 

symmetric profiles and while others did not. No statistical analysis was performed to quantitatively 

assess the symmetry. Symmetry may not be as important for the hemoglobin concentration and 

the velocity since only the center line value was needed. However, it is important that the oxygen 

saturation profile be close to symmetric. 

When the convolution routine is used it assumes an axisymmetric distribution. If a significant 

gradient exists in the oxygen data at the center line (something that is unlikely to happen if the data 

is truly symmetric) the convolution will automatically screen out this case. This is because in trying 
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to reconstruct the profile the routine will return unrealistic values for the oxygen saturation profiles. 

In this way the routine will prevent grossly asymmetric profiles from being used. 

The blood flow is assumed to be fully developed. In the lumen there are a number of irregularities 

that may upset the uniform fluid flow. If the flow were Newtonian in nature, it would be easy to 

show the entrance required to ensure fully developed flow. The hydrodynamic entry length can 

be expressed as (White, 1986.) 

L. 
D = 0.05Rep 

Since all of the cases considered experienced a Reynolds number less than 1, the velocity profile 

would develop quite quickly. However, because blood is a non-Newtonian fluid with a particulate 

and fluid phase, it may take much longer to become fully developed. Ellsworth and Pittman (1986) 

state that it takes between 1,000 to 5,000 microns to develop a stable velocity profile. Most of the 

cases used for this study had sections of 300 to 400 microns. Therefore the assumption of fully 

developed flow may be a source of error. 

3.5 Convolution Routine 

Spectrophotometric techniques determine experimental parameters by measuring the attenuation 

of a light beam as it passes through a medium. The resulting quantity is an integrated value over 

the entire path of the beam. As a result, all of the expermmentally measured parameters, v,,(0) , 

Cy,, and SO, are integrated values. While only a single value for each location is required for Cy, 

and v,,(0), the radial SO, distribution is required for the model. 

To back out the original function from the integrated one, the convolution routine is used. The 

derivation and verification of the convolution algorithm is presented in Appendix C. The derivation 
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employs the use of the Fourier transform and results in a series solution. The convolution routine 

is verified by integrating and then reconstructing analytic functions. The accuracy of the algorithm 

is also discussed. 
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Chapter IV 

Methods of Analysis 

This chapter presents the methods used to perform the analysis on the experimental data. Although 

most of the analysis is done by two computer programs, a degree of judgement is needed to analyze 

the data. How these judgements are made will be presented here. Sample data is presented to 

better illustrate the techniques used to set up the two programs. The manner in which the programs 

are used is also discussed. 

The two programs that are used for the analysis, “blood” and “data” are listed in Appendix D. The 

program called data is used to convert the experimental data into input data for the blood program. 

The blood program solves the convective mass transport equation that was developed in the pre- 

vious chapter. The data program includes the convolution routine that was also mentioned in the 

previous chapter. 

The main purpose of this work is to model convective mass transport of oxygen in the microcir- 

culation. The experimental data is used to determine the accuracy of the model and the effective 

diffusivity value. Since this value has been measured by many other researchers in the past, the 

values that are found from the data can be compared against the accepted values. Another calcu- 
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lation performed on the data is the mass flux that leaves or enters the lumen between the two points 

of analysis. These mass transfer values can be used to predict oxygen transfer to the tissue. This 

analysis of tissue transfer is not done as part this thesis, but is present for other investigators to use 

in their analyses. 

4.1 Determination of Experimental Parameters 

As is explained in Chapter 2, data is taken from the microcirculation of the cheek pouch retractor 

muscle of an adult hamster. The experimental parameters recorded for this study are the red blood 

cell velocity, hemoglobin concentration, and oxygen saturation. These parameters are determined 

at different locations across the the lumen and at different locations along its length. Knowing the 

upstream oxygen saturation profile, the model attempts to simulate the profile at the downstream 

location. Figure 5 on page 32 shows a typical microvessel and where the data is taken (locations 

3, and 5.) 

It is important to note that because of the nature of the data acquisition, all of the values taken are 

spatial averages across the lumen. This is sufficient for the hemoglobin concentration and the red 

blood cell velocity because only a single average value for a particular location is needed for these 

values. For the oxygen saturation value, however, the radial values are needed and the convolution 

routine is employed to find these. 

The average value of the red blood cell velocity or hemoglobin concentration should occur at the 

center line (if it is axisymmetric) because the optical detection beam has passed through the entire 

vessel. If it is decided that the center line value would not be a good approximation (because of 

the shape of the distribution) of the parameter in question, the value is inferred from the data. The 

data for a particular location is presented next to illustrate this process. 
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The data that is recorded from location 3 of the vessel shown in Figure 5 is presented in the fol- 

lowing table. 

Table 1. Sample Data from location 3 

Vay Cin 
Wim) $ gm Hb | 100mL 

6.4 5.14 

13.9 8.05 

22.7 9.22 

31.1 9.51 

33.1 9.34 

43.0 9.40 

51.4 8.61 

58.6 7.68 

64.5 6.60 

  

4.1.1 Velocity determination 

The first value that must be taken from the data is the mean red cell velocity. The red blood cell 

velocity values are plotted with respect to the radius in Figure 6. This plot shows that the center 

line velocity is approximately 24.90 mm/s. By inspecting the plot it appears as though a value of 

26 mm/s would be a better approximation of the average velocity of the red blood cells in the 

lumen. Therefore at location 3 the average velocity is assumed to be 26 mm/s. (It should be noted 

the the important parameter is the red blood cell velocity and not the velocity of the plasma because 

the red blood cells contain the hemoglobin which in turn carries the oxygen.) The same qualitative 

assessment is done at the downstream location and these two values are averaged because only one 

velocity value is needed for the analysis. 

This velocity value is known as the dual-sensor velocity and is not the true velocity of the red blood 

cells. By the equations presented in the previous chapter, the v,, term is converted to the mean 

velocity by using equation (3.14) which is reprinted here for convenience. 
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[C1 — (1/3)B)(1 — (1/2)B)] 
  V =v,,(0) (3.14) 
(1 — (2/3)B + (1/5)B7)] 

B is determine through use of equation (3.12) which is also reprinted here for convenience. 

= —0.014 + 0.015(s/mm)vg5(0) + 0.0080(um™')d (3.12) 

For the case presented here, the bluntness parameter is found to be 0.968 and this results in a true 

average velocity of 16.8 mm/s. This velocity value, V is used in calculating the other parameters 

including the effective diffusivity, the Reynolds number and the Peclet number. 

4.1.2 Hemoglobin concentration determination 

The same procedure that is used to determine the average velocity is used to find the average 

hemoglobin concentration. The hemoglobin distribution for location 3 is in plotted in Figure 7 

on page 36. For location 3 the hemoglobin concentration is approximated as 9.5 gm Hk / ( 100 

mL ). The hemoglobin concentration value is determined at the downstream location and the two 

values are averaged to determine the value that will be used in the analysis. 

The radius of the blood vessel and the up- and downstream locations are also averaged and this 

parameter is used to calculate the effective diffusivity and the volume flow rate. 

All of these values, V, C,,, and the radius are input into the blood program via the input file 

“NONDIM DATA.’ 
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4.2 Performing the Analysis 

The saturation data for half of the lumen are input into the data program to be processed for the 

blood program. The saturation data is plotted in Figure 8 on page 38. (Half of the data is used 

because the model assumes that the saturation profile is axisymmetric.) The data program contains 

a series of subroutines that each perform one step in the process. First the experimental data is used 

to generate the oxygen saturation profile. This is done by using a linear interpolation routine that 

generates the number of desired, evenly spaced data points from the data. This data is then given 

to the convolution routine. It processes the data and gives an approximation of the original radial 

distribution from which the data came. 

As mentioned in Chapter 2 saturation data is not available near the wall. However, the analysis 

cannot be performed without the entire distribution. An assumption must be made as to what the 

oxygen saturation value is at the wall. It is assumed that the saturation value at the wall is equal 

to the nearest experimentally determined data point. 

A choice is also made for the values of P, and P,. The value of P, determines the outside pressure 

of the lumen. P, is another pressure value used to non-dimensionalize the data. P, is chosen so that 

most of the experimental data lies between it and P,. How P, is chosen is not critical but it does 

effect M (from Appendix B) and M effects the shear-induced augmentation model which will be 

compared with the effective diffusivity results. P, , however, has a large effect on the resulting 

diffusivity values. More is discussed about this in Chapter 5. 
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4.2.1 Using the programs 

The experimental data is input to the programs through use of a data file. The format of this file 

is presented in Appendix E along with all the data files themselves. 

The convolution routine is performed on the data to determine the saturation profiles. The up- 

and downstream saturation profiles are then printed out to be used as input for the blood program. 

This input file is inspected to make an educated guess as to what value of P, would best model the 

data. The upstream location is used as the initial condition for the blood program. The program 

determines the developing saturation profile until the mixed mean oxygen value, 8,, of the model 

is eqaul to that of the downstream location. 

The three partial pressure curves are plotted: the upstream and downstream locations along with 

the blood program profile. This plot is studied to see how well the blood program modeled the 

downstream location. If it appears as though another outside pressure value would better model 

the downstream data, it is changed and the blood program is run again. It is important to note that 

the choice of P, has a significant effect on the profile shape and that the value is chosen with only 

the intent of matching the data in mind (i.e. the selection of P, is, to a degree, arbitrary.) 

The blood program prints important information including the Reynolds number, the Peclet 

number, the mass flux and the effective diffusivity for the data case being considered. An explana- 

tion of how these values are determined is presented in the next section. 
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4.3 Calculation of Effective Diffusivities and Mass Flux 

The effective diffusivity, D,, is calculated by using the same relation that was used to non- 

dimensionalize the mass transport equation, 

2xtVR? 
Deg = x 

The value of x+ shows how far the saturation profile was allowed to develop and is taken from the 

output of the blood program. The value of x is the real distance between the upstream and 

downstream location. 

The Peclet number is found by using the relation 

  

The Reynolds number is calculated using the viscosity of blood as p = 0.04g/crms , at 37°C. The 

density of blood is assumed to be approximately the same as that of water. (This is sufficient be- 

cause the Reynolds number is only reported as a reference value.) The density of water at 37°C is 

given as 993kg/m . The Reynolds number is calculated using the standard equation with the length 

parameter being the diameter of the lumen. These values are calculated by the blood program and 

output along with the other information. 

The overall] mass flux is found by using the relation developed in Appendix B: 

. xt A 

=~ taAP | OP | axt 
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(A negative sign on the mass flux denotes transfer out of the vessel.) As mentioned before the mass 

flux is presented so the other investigators may use it to determine tissue mass flux. It is simply 

presented in this thesis. 

The results of the analysis that is described in this chapter are presented in the next chapter. 
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Chapter V 

Results and Discussion 

The effective diffusivity value of oxygen in flowing blood is a measure of how readily the oxygen 

is transferred from the hemoglobin to the blood vessel wall. The higher the diffusion coefficient the 

greater the mass transfer. The effective diffusivity for 11 data cases along with other information 

is presented in this chapter. Eight of the data cases are from the venules and three are from the 

arterioles. Preferably, more cases could have been examined to give more certainty to the results, 

but a limited amount of usable data was available. Cases were not used if a particular location 

lacked a sufficient number of data points across the lumen (three was considered a minimum for 

half the lumen.) Cases were also not used if the oxygen saturation profiles were grossly asymmetric 

(which were screened out by the convolution routine.) 

The diffusion coefficient of oxygen in stagnant blood is 1.5 x 10-5 cpm?/s . Because of the shearing 

effect between RBCs during normal flow conditions, the effective diffusivity can increase to 

9 x 10-5 cm/s as determined by Diller and Mikic (1983.) The diffusion coefficients calculated for 

the hamster retractor muscle microcirculation are compared against this shear augmentation model. 
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It should be noted that the shear augmentation model is not directly applicable to the results pre- 

sented here. Diller (1977) verified the augmentation model through the use of in vitro experiments 

and in tubes that were much larger than the vessels studied here. Because of the particulate nature 

of blood the difference in size of the flow channel may have a significant impact in the diffusion 

coefficient. Also, in vitro verification of a model does not make it applicable for an in vivo system. 

The variation of in vivo and in vitro oxygen permeability in tissue was found to be significant by 

Popel, Pittman and Ellsworth (1989.) 

5.1 Results 

The experimental data that was analized is presented in Appendix E. The effective diffusivity for 

the eight venular and the three arteriolar cases were found for vessels ranging in diameter of 40.6 

to 96.5 um. The saturation profile was allowed to develop over a distance of 225 to 500 um with 

average RBC velocities of 0.88 to 16.83 mm/s. The P, values chosen ranged in value from 11.5 to 

30.0. These parameters are presented in Table 2. 

Table 2. Flow parameters used for analysis 

  

  

  

  

  

  

  

  

  

  

  

  

Case Ave. Vessel Vv Distance between P, 
Diameter data sites 

Ce) (mm/s) pm mm Hg 
Venule | 40.6 0.88 267 26.5 

Venule 2 96.5 2.65 364 20.0 

Venule 3 56.0 1.49 450 12.0 

Venule 4 56.0 1.49 450 16.0 

Venule 5 79.0 0.91 300 22.5 

Venule 6 74.5 0.26 225 17.0 

Venule 7 74.5 0.19 475 11.5 

Venule 8 70.0 0.23 250 11.5 

Arteriole | 49.5 4.65 480 25.0 

Arteriole 2 69.5 16.83 500 25.0 

Arteriole 3 69.5 16.83 500 30.0               
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5.1.1 The saturation profiles 

The saturation profiles for all 11 cases appear in Appendix D. Three of these cases are presented 

and explained in this section. (The oxygen profiles referred to here have already been processed 

by the the convoluted routine.) Using the upstream location as the initial condition the model at- 

tempts to simulate both the total oxygen content (analogous to the mixing cup temperature) and 

the saturation profile of the downstream location. All of the 11 cases presented here were analyzed 

using a constant pressure value at the boundary. The plots show both the up- and downstream 

distributions and the model profile. The results for Venules 5 and 7 and Arteriole | are plotted in 

Figure 9, Figure 10, and Figure 11, respectively. The non-dimensional radial distance is plotted 

along the x-axis and the oxygen partial pressure is plotted along the y-axis. 

If the blood program were to perfectly model the downstream profile, the downstream data, marked 

as line 2, and the model data, marked as B, would be identical. Arteriole | and Venule 7 show a 

good correlation between the model and the downstream data. The results for Venule 5 are not 

as good. 

All of the saturation distributions for both the up- and downstream data show large gradients near 

the center line. It is unlikely that such a large gradient would exist in a real system. This gradient 

was created by the convolution routine as it attempts to reconstruct the original profile. Because 

the experimental data was not precisely symmetric there may have been a small gradient at the 

center line. If the integral of axisymmetric data were to show a slope at the center line, then the 

original radial distribution would show an even greater slope. The oxygen transfer model is 

axisymmetric and produces radial profiles with zero slope at the center line. Therefore, the com- 

puter model and reconstructed data do not usually match well near the center line. 
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It can be seen from all of the saturation profile plots that there is a flat region near the wall of the 

blood vessel. Because data is not available at locations near the wall, it is assumed that the profile 

has a constant oxygen saturation from that point to the wall. This fact is taken into consideration 

when attempting to match the profiles. For most of the cases, P, was set to approximately the same 

value as the flat section of the downstream profile. If this did not yield good results, P, was changed 

so that the model would correspond well with the middle portion of the profile. This is considered 

acceptable since the oxygen profile in the region was unknown. 

The value of P, has a large effect on the profile and the ensuing effective diffusivity value. It is 

chosen so that the downstream oxygen saturation profiles are as much alike a possible. For cases 

' such as Venule 7 and Arteriole | it was relatively easy to make that choice because the downstream 

data was easily modeled. However, there were some cases that, regardless of the choice of P, could 

not be modeled well. Venule 5 is an example of this. There are some cases that showed an even 

greater mismatch. 

Elisworth and Pittman (1986) state that the accuracy of the oxygen saturation value is +3%. For 

the Hill equation this corresponds to approximately +1.5 to 3.0/um Hg for saturation values rang- 

ing from 13 to 70% respectively. Some of the model and downstream profiles would fit well within 

this margin of error. A majority of the downstream profiles and the blood profiles seemed to match 

well but not all did. Appendix D includes a list of which profiles were considered good matches 

and which were considered poor matches. 

5.1.2 Effective Diffusivity 

Once the profiles are satisfactorily matched the effective diffusivity can be calculated. Seven of the 

effective diffusivity values were found to be an order of magnitude higher than the results of the 

shear augmentation model. Three diffusivity values were two orders of magnitude higher than the 
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augmentation results. One was of the same order of magnitude. These results are tabulated on 

Table 3. From these results it can be inferred that the diffusivity is an order of magnitude higher 

than the expected results. (The shear augmentation model was developed based on data with shear 

rates greater than 220 (1/s). Six of the cases presented have shear rates less than that but the results 

are compared none-the-less.) 

The analysis was performed using the blunt velocity profile described in earlier sections. To deter- 

mune the effect of the modeled velocity profile had on the diffusivity value, the analysis was also 

done using a Poiseuille velocity profile, where B= 1. As would be expected the required diffusivity 

is larger because the oxygen transfer occurs more slowly. These results are also tabulated in 

Table 3. 

Table 3. Diffusivity results from the blood model, and the shear augmentation model 

  

  

  

  

  

  

  

  

  

  

  

                

Case B Dy Dy Dey y 
B = fiv,,, D) (augment.) B=1 
x 10° cm/s x 10°cm?/s x 10° cm?/s (1/s) 

Venule 1 0.325 5.21 4.45 15.2 174 

Venule 2 0.812 431.0 5.97 513.4 220 

Venule 3 0.459 19.2 4.69 20.9 213 

Venule 4 0.459 12.4 4.96 19.5 213 

Venule 5 0.635 21.5 3.43 20.6 93 

Venule 6 0.587 26.3 2.20 26.5 28 

Venule 7 0.585 14.8 2.01 16.2 20 

Venule 8 0.550 40.9 2.18 46.4 26 

Arteriole | 0.461 47.1 7.02 81.2 751 

Arsteriole 2 0.917 153.4 8.07 171.4 1938 

Arteriole 3 0.917 383.9 7.95 425.1 1938 
  

The results of the shear augmentation model are presented for comparison with the present exper- 

imental results. In an attempt to explain the observed high diffusion coefficients, they are plotted 

as a function of various parameters. The shear augmentation model results are plotted against the 

blood output results in Figure 12. (Because the diffusivity value is determined from experimental 

data it is hence forth called the experimental diffusivity to distinguish it from the theoretical shear 
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augmentation model.) There is no apparent relation between the shear augmentation and the 

model presented in this thesis. 

The effective diffusivity is plotted against the shear rate in Figure 13 on page 52. While the shear 

augmentation model expectedly shows a strong dependence on the shear rate, the results presented 

do not appear to show a clear trend. 

The experimental diffusion coefficient was plotted against a number of different parameters: P,, the 

hemoglobin concentration, the vessel diameter, the bluntness parameter B, the Peclet number, and 

the Reynolds number. Only the bluntness parameter B and the Reynolds number showed any ef- 

fect on the diffusion coefficient. The B parameter and the Reynolds number effects are discussed 

here and the plots of the diffusivity as a function of other parameters are included at the end of this 

chapter. These figures show: The diffusivity as function of diameter ( Figure 19 on page 69), the 

diffusivity as a function of the hemoglobin concentration ( Figure 20 on page 70), and the 

diffusivity as a function of P, ( Figure 21 on page 71.) chapter. 

5.1.2.1 Effect of the bluntness parameter, B 

The computer model uses a blunt velocity profile as shown by the equations presented in Chapter 

3. The diffusivity is shown in Figure 14 on page 53 as a function of the B parameter. This figure 

shows that the diffusivity is smaller for cases with a blunt velocity profile, as was expected. The 

blunt profile causes higher transfer rates, resulting in a smaller diffusivity. The blunter the profile, 

the smaller the diffusivity as Figure 14 on page 53 shows. Performing a linear regression analysis 

on the data in Figure 14 gives a correlation coefficient, R, of 0.879. 

To quantify what effect the B value has on the diffusivity, the D,, value was calculated with B being 

a function of the dual-sensor velocity and with B set equal to one. The ratio of the two effective 

diffusivity values versus the B value are plotted on Figure 15. This figure tells more about the ac- 
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tual mathematical model than about the physical system. It shows that there is a correlation with 

the ratio of the two diffusivity values and with the bluntness parameter. For the cases were B was 

close to one the ratio is likewise close to one because the two cases (blunt and Poiseuille) are almost 

identical. The smaller the B value the more the diffusivity increases when a Poiseuille velocity 

profile is used. 

5.1.2.2 Reynolds number 

The Reynolds number was calculated for all eleven cases and these values are plotted in Table 4 

along with the mass flux and the M value. The diffusivity results are plotted,on a log-log scale as 

a function of Reynolds number in Figure 16. There appears to be a weak trend of the increasing 

oxygen diffusion with increasing Reynolds number (R = 0.735.) If the diffusivity were a function 

of shear, it is expected that the diffusivity would increase with decreasing Reynolds number. This, 

however, is not the case. Figure 16 on page 56 seems to support earlier statements that the dif- 

fusion of oxygen in the microcirculation is not shear dependent. 

Table 4. Mass flux, Reynolds number and M value results 

  

  

  

  

  

  

  

  

  

  

  

          

Case Re m M 
ccO,](ce — blood) 

x 16 

Venule | 0.009 -3.874 65.35 

Venule 2 0.064 3.573 121.0 

Venule 3 0.021 -11.235 75.47 

Venule 4 0.021 -9.758 81.71 

Venule 5 0.018 -2.025 104.7 

Venule 6 0.005 4.749 124.7 

Venule 7 0.003 -8.447 126.9 

Venule 8 0.004 -13.85 132.1 

Arteriole 1 0.057 -1.740 64.87 

Arteriole 2 0.290 - 10.745 76.38 

Arteriole 3 0.290 -17.688 69.33     
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5.1.2.3 Effect of the oxygen saturation curve. 

For the sake of comparison, the effective diffusivity was calculated by using a different oxygen sat- 

uration curve, namely the Margaria relation. For a given saturation value, each equation yields a 

slightly different partial pressure value. Therefore this analysis was run using different partial pres- 

sure values at the wall, P, . The results are contained in Table 5 

Table 5. Comparison of Hill and Margaria equation results. 

  

  

  

    

Case D, P, Duy P, 

(Hil mm Hg (Margaria) mm Hg 
x 10°crm?/s x 10crn?/s 

Venule 7 14.8 115 10.5 9.3 

Venule 8 40.9 11.5 30.3 9,3 

Arteriole | 47.1 25.0 55.4 24.1             

The results from the Margaria equation are slightly different from the results of the Hill equation. 

This shows that the oxygen saturation curve effects the diffusivity value. However, the variation 

of the results because of the different saturation curve is small compared to the variation of the 

effective diffusivity value between the different cases. Again it should be noted that the Margaria 

equation results are only presented here for comparison purposes. The results that are relevant here 

are those with the Hill equation since that correlation is most appropriate for hamster blood. 

5.1.2.4 Effect of the precision of the hemoglobin concentration 

Pittman and Ellsworth (1986) state that the precision of the hemoglobin concentration is 

+3.22/100 mL. This value is approximately 30% of typical hemoglobin concentrations used for 

the study. This is considered to be quite large. To test the effect of the hemoglobin concentration 

on the effective diffusivity, the model was run with different hemoglobin values for the Venule 7 

case. The original value of the hemoglobin concentration is 12.0 gm/100 mL, with a corresponding 

diffusivity of 14.8 x 10-5 crm?/s . Hemoglobin concentrations of 8.8 and 15.2 gm/100 mL yielded 
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diffusivity values of 10.9 x 10-5 and 18.7 x 10-Se7m?/s . Thus, a 30% precision in the hemoglobin 

translates into 30% precision of the resulting diffusivity value. 

5.1.2.5 Effect of the convolution routine 

To determine the effect of the convolution routine on the diffusivity values, the analysis was per- 

formed on Arteriole 1 with the experimentally determined oxygen profiles (without using the con- 

volution routine.) The oxygen partial pressure profile is shown in Figure 17 on page 59. From 

this figure it can be seen the downstream profile is not matched well with the model. (It can not 

be stated conclusively from this case that the use of the convolution routine will always result in a 

better match.) The effective diffusivity for Arteriole 1 is 47.1 x 10-Scmm?/s with the convolution and 

is 33.1 x 10-Scm?/s without the convolution. This deviation is considered small in context of the 

spread of the diffusivity values From this analysis, it does not appear that the use of the convolution 

will greatly effect the results. 

5.1.2.6 Effect of the outside pressure 

As was discussed earlier, P, has a large a effect on the profile shape. This effect can be quantified 

by varying P, and comparing the resulting diffusion coefficient for different cases. A P, of 25 mm 

Hg was used for Arteriole | and this resulted in an effective diffusivity of 47.1 x 10-5 cym?/s and a 

good profile match. Using a P, value of 23 mm Hg resulted in an effective diffusivity of 

19.1 x 10-5 crm?/s and the resulting profile did not match the downstream data well. Using a P, 

value of 27 mm Hg resulted in an effective diffusivity of 148._x 10-5 cm?/s The model profile for this 

case showed little variation across the radius and did not model the downstream data well. (For 

all of the cases discussed in the section, the model was stopped when the total oxygen content of 

the model equaled that of the downstream data, as with the other cases.) From this analysis it can 

be seen that varying P, by only a few mm Hg greatly effects the diffusivity value. For cases where 
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the model did not match the downstream data well, the diffusion coefficient may vary over an entire 

order of magnitude. This is considered quite large. 

5.1.2.7 Using a finite wall resistance 

All the the cases presented here were analyzed using an infinite wall Sherwood number. This cor- 

responds to no transfer resistance in the tube wall. To determine what effect a finite SA, would have 

on the diffusion coefficient, Arteriole 1 was analyzed using Sh, values of 100, 50 and 10. (These 

values appeared to be typical values based on inspecting the work performed by Tuck (1985).) 

Using a Sh, value of 100 and 50 the diffusion coefficient was found to be 49.2 x 10-5 cmm?/s and 

51.3 x 10-5 cm?/s respectively. The analysis of both these cases showed a good profile match using 

the same P, value (25 mm Hg) as was used for the infinite Sherwood number case. When the blood 

program was run using a SA, of 10, the outside pressure was reduced to 24.5 for a better profile 

match. This resulted in an effective diffusivity value of 54.3 x 10-5 cm?/s . 

As expected, the increase in transfer resistance caused an increase in the diffusion coefficient. This 

effect was found to be quite small, however, as the diffusivity changed very little. The presence of 

transfer resistance in the wall causes the partial pressure just inside the wall to vary slightly along 

the length of the tube. This variance has a negligible affect on the diffusivity value. This analysis 

shows that specifying a constant pressure along with no transfer resistance 1s a reasonable boundary 

condition for the system. 

5.1.3 Calculation of the local mass flux 

The local mass flux distribution for one case, Venule 4 1s plotted in Figure 18. The results are as 

would be expected. Because of the singularity experienced at the entrance (because P, is not the 

same value as the blood nearest the wall) the flux is greatest. Farther from the entrance the flux 
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drops off and slowly decreases. If the analysis was allowed to run long enough the mass flux would 

eventually go to zero. This trend is demonstrated in the graph. 

5.2 Discussion 

The diffusivity values from the hamster retractor muscle were found to be an order of magnitude 

higher than would be expected when comparing it to the model presented by Diller and Mikic 

(1983.) The results were found not to correlate with the shear rate but they did show a weak cor- 

relation with the Reynolds number. There was a noticeable effect from using the bluntness pa- 

rameter. This trend showed that with increasing B (more Poiseuille profile) the diffusivity 

increased. The other parameters that were checked for their influence on the effective diffusivity 

showed little or no correlation. 

The higher diffusion values imply higher oxygen transfer rates from the arterioles and venules which 

would match well with the results by Popel, Pittman and Ellsworth (1989). Before it can be as- 

sumed that this higher transfer is in fact occurring in the microcirculation, the accuracy of the results 

of this study must be investigated. This is discussed in the following sections. 

5.2.1 Experimental errors 

The experiments are conducted on an extremely small scale and it may seem at first that this is the 

cause of the discrepancy in the results with accepted values. The diffusivity results are an order of 

magnitude larger than that of the augmentation model. If the experimental results were inaccurate 

then the diffusivity values would have been both larger and smaller than the accepted value, how- 

ever. All of the experimental values were verified in vitro and several were verified in vivo (Pittman 
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and Ellsworth, 1986.) The precision of the hemoglobin concentration, the oxygen saturation and 

the oxygen saturation curve all have a relatively small effect on the results. Therefore, it assumed 

that the experimental values are not responsible for the high effective diffusivity values. 

5.2.2 The Convolution routine 

The convolution routine does magnify experimental error while preforming the reconstruction of 

any function. This is especially true for functions that contain several changes in slope across the 

lumen. Several of the cases for the saturation data showed this. If the convolution routine Is re- 

sponsible for the results then the same question arises from the previous section. Why are all the 

diffusivity values consistently larger than the in vitro values? The convolution routine is not con- 

sidered to be causing the discrepancy between the shear augmentation model and the results of this 

study. 

Despite the added level of error inherent in the convolution routine it does cause the model to be 

more like the physical system. Using the convolution routine is considered better than using the 

spatially averaged data that was taken directly from Ellsworth data and assuming that it was the 

radial distnbution. 

5.2.3 Profile Matches 

It was demonstrated earlier that for cases where the blood program was unable to model the ex- 

perimental data, the choice of an appropriate model shape was arbitrary. Because of this, the re- 

sulting diffusivity value is held with little confidence. However, for the data presented here, there 

is no correlation between the diffusivity values of poor matches and good matches. Large and small 

diffusion coefficients were found for both types. 
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A cause for the the blood programs inability to model the data may be the changing conditions in 

the retractor muscle. The model assumes a steady state system, but, as was discussed in Chapter 

3, the blood flow parameters may change between the measurements of different locations in the 

vessel. If this unsteady effect is the cause of the poor profile matches, it would be quite appropriate 

the disregard these results. Another cause for poor matches may be an asymmetry in any or all of 

the flow parameters. Since data from the arterioles has been found to be more symmetric, they 

_May give more conclusive results. 

5.2.4 Axial Conduction 

In developing the model for this analysis, it was assumed that axial conduction would not be an 

important mechanism for transfer. Because the Peclet number, which determines the magnitude 

of axial conduction in a system, is a function of the effective diffusivity which was originally sought, 

this assumption could not be verified until the analysis was completed. Shah and London (1978) 

present a thorough investigation of the effects of axial conduction on the overall transfer. They 

state that for Peclet numbers greater than 50, axial conduction has a negligible affect on transfer for 

the classic Graetz problem. Because the system studied here differs from the Graetz problem, this 

value of 50 is not directly applicable. For this reason a modified Peclet number is developed. 

The oxygen transport equation, including the axial conduction term, is written below: 

    

A A A A 
(1+ 1.39 Cup as )( 1 — Br’ oP__1 ap, #P 1 oP 

7 + 

In Appendix B a saline/ blood comparison was made through the use of the M term. It was shown 

that the axial development of the blood and the saline solutions differ by approximately a factor 

of M. This may be expressed as: 
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Where x+ is the nondimensional axial distance for the blood transport equation, M is the approxi- 

mation of the nonlinear term and X is introduced here to represent the nondimensional axial dis- 

tance for the saline transport equation. (By discussing the equivalent axial distances represented 

by the term x*+/M, this X term was used before in Appendix B, but not presented explicitly as 

such.) This new parameter, X, develops the modified Peclet number. The linearized transport can 

be expressed in terms of the saline of Graetz nondimensional axial distance as: 

A A A A 1- Bn’ \ oP 1 oP OP 1 oP (53) 
2-B ] 0X " On — ay* = (MPe)* ax? 

The modified Peclet number is the product of the Peclet number and the M term. This can be 

expressed as: 

Modified Pe = M   

The modified Peclet number is tabulated for all eleven cases in Table 6. 

Table 6. Modified Peclet number 

  

  

  

  

  

  

  

  

  

  

  

  

Case Modified 
Peclet number 

Venule | 449 

Venule 2 71.4 

Venule 3 328 

Venule 4 552 

Venule 5 352 

Venule 6 92.3 

Venule 7 121 

Venule 8 51.5 

Arteriole | 317 

Arteriole 2 583 

Arteriole 3 211         
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The modified Peclet number ranges in value from 51.5 to 583 for the cases presented here. These 

values are equivalent to the Peclet number of the Graetz solution. Shah and London (1978) present 

a thorough analysis of the the effect of different Peclet numbers has on transfer. As was mentioned 

earlier, Shah and London report that for a Peclet number of 50 or greater that axial conduction can 

be considered to be negligible. All of the results presented here are greater than 50. 

To demonstrate the effect of axial conduction, Shah and London present a dimensional energy 

content value for different Peclet numbers at various axial locations. For a Peclet number of 50 

and a axial distance of 0.1 (which was a typical X value for the analysis presented here) it was found 

that the energy content was on the order of 20% higher when axial conduction was considered 

compared to when it was not considered. 

Since some of the cases analyzed were close to 50, it 1s believed the for these cases, axial conduction 

would have a minor effect on the effective diffusivity value. To approximate the effect of axial 

conduction on the effective diffusivity values, an order of magnitude analysis was performed. The 

magnitude of the axial conduction term was compared to the magnitude of the other conduction 

terms on the nght hand side of equation (5.1). This analysis was performed at different axial lo- 

cations of the profile development for the Venule 8 case. (This case was chosen because it had the 

smallest modified Peclet number.) At an X value of 0.0008 it was found that the inclusion of the 

axial conduction term would increase the right hand side of equation (5.1) by 30%. At an axial 

location of 0.008 this reduced to 20% and at a X value of 0.04 the axial conduction term would 

have a negligible effect. (For Venule 8 the profile was stopped at X=0.13.) The increase on the 

right hand side of this equation would cause an decrease in the diffusivity value (to balance the 

equation) and it is believed that this decrease in on the order of 10 to 20%. 

For the results presented here, a 10-20% present variation in the diffusion coefficient would be 

considered quite small. Therefore the exclusion of the axial conduction from the solution is con- 

sidered to be appropriate. 
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5.2.5 Interpretation of results 

The larger than expected effective diffusivity values would seem to match well with recently pub- 

lished results of oxygen transfer rate to the tissue. It would seem likely that a high diffusion coef- 

ficient is necessary to permit the transfer to the tissue. 

As was mentioned in Chapter 1, Boland et al. (1987) found a good correlation between exper- 

imental and numerical results of oxygen transfer in vitro. In conducting their analysis, they assumed 

no shear induced augmentation of the hemoglobin solution and used the oxygen diffusivity value 

of that in stagnant blood. The accurate numerical modeling of the experimental results verified that 

this was appropriate. Since diffusivity values were found to be an order of magnitude larger in this 

study, it appears that the diffusion coefficient of oxygen in blood is an order of magnitude larger in 

vivo than has been measured in vitro. This corresponds well to the finding of Popel, Pittman and 

Elisworth (1989) that the tissue permeability to oxygen can vary by an order of magnitude when 

comparing in vitro and in vivo systems. This implies that the oxygen transfer in the arterioles and 

venules can not be accurately predicted by in vitro experiments. To verify this statement, more 

work is needed. 

5.3 Future work 

To learn more about the transfer that occurs in the microcirculation the present model can be im- 

proved to more closely simulate the real system. These improvements are presented in the fol- 

lowing paragraphs. 

This analysis could be repeated using only the larger arterioles. It appears that the arterioles would 

give more reliable results because the flow parameters are more symmetric in these vessels than the 
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venules. (Although the three arteriolar cases analyzed here did not suggest this.) This analysis 

might lead to diffusivity values with a smaller data spread which would aid in the development of 

a theoretical model similar to that of the augmentation model. The arteriolar analysis could be 

completed with new data using the same model presented here. 

This work appears to be the first time a model was used to simulate a radial profile of oxygen sat- 

uration. A radially lumped method was used to verify the shear augmentation model which was 

done in vitro. It appears that this study has used techniques on a complicated system for which 

little is known, i.e. the microcirculation. It would be prudent to step back and verify the techniques 

used here before trying to gain additional information about an unknown system. 

The first step would to be simulate the experiments by Diller (1977) to correlate the shear aug- 

mentation model with experiments and to compare the radial profile with that of the blood model. 

Since the same model was used to match the total oxygen content of blood in a permeable tube, 

it would be interesting to see if the radial profiles would also match. The second step would be to 

repeat the experiments to see if the augmentation model will correctly predict oxygen diffusion in 

glass tubes on the same order of magnitude as the blood vessels. The radial profiles would also be 

matched. Although the work described here would take several years and expensive experimental 

apparatus, it would verify the techniques presented here. 
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Chapter VI 

Conclusions and Recommendations 

6.1 Conclusions 

From the results presented in this study it can be concluded that: 

1. The computer model presented here was capable of modeling the dynamics of oxygen 

diffusion within blood vessels in the microcirculation. 

2. The resulting effecting diffusivities based on experimental measurements were an order 

of magnitude higher than would be expected from previous in vitro experiments. 

3. The large effective diffusivities support other evidence of high oxygen transfer in the 

surrounding tissue. 
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6.2 Recommendations 

The following courses of action are recommended 

1. The analysis should be repeated with more appropriate data from the arterioles. This 

may give more conclusive results. 

2. This model could be used to determine diffusion coefficients from saturation profiles 

for experimental cases where the augmentation model is known to give good results. This 

would give more credibility to the model and its results on the scale of the 

microvasculature. 

3. This model could be used to determine in vitro results on the same scale as the 

microcirculation. This would delineate the effects of the size scale from that of in vivo/ 

in vitro effects. 
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Appendix A 

The Saline Program 

The purpose of this appendix is to verify the results of the saline program so that it in turn can be 

used to verify the results of the blood program. The saline program is a model for the convective 

mass transfer of a non-reacting species in a fluid and is therefore the linear version of the blood 

program. The saline program was also used to develop subroutines and external functions that are 

then transported into the blood program. Consequently, the organization and many of the features 

of the blood program are similar to those of the saline program. Because the blood program is 

described in detail in the next appendix the development of the saline program is not presented here. 

What is presented here is the verification of the saline program in reference to the Graetz solution 

and against itself. Four comparisons are made with the Graetz solution. The first is a mixed mean 

using a Poiseuille velocity profile comparison. The mixed mean values are also compared for plug 

flow. The other two comparisons involve the radial distribution. The radial distributions of the 

Graetz and the saline solutions are compared at different axial locations beginning first with a uni- 

form initial condition and then using a superposition technique. The saline program is also com- 

pared against itself through the use of an energy balance. 
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A critical parameter in determining the accuracy of a finite difference code is the choice of step size. 

All the verifications mentioned above are used to show that a particular step size scheme will pro- 

vide adequate accuracy for analysis. These choices for step size selection are then directiy intro- 

duced into the blood program. 

A.1 Comparison with the Graetz Solution 

The Graetz solution is a closed form solution of thermally developing flow in a tube. It is assumed 

that the flow is laminar, fully developed, steady, Newtonian, and is exposed to a constant wall 

temperature. This situation can also occur in a mass transfer problem. For a non-reacting species 

in a fluid and with the same flow situation mentioned above, the exact same equation will be de- 

veloped. (For the mass transfer case, the Schmidt number is used as opposed to the Prandtl 

number which is used for the heat transfer case.) Therefore, the solution from the Graetz problem 

can be used to verify the results from the saline program because they solve the same equation. 

By comparing the results of the closed form Graetz solution and the output of the saline program, 

the accuracy of the saline program can be obtained. 

A.1.1 Mixed Mean Comparison, Poiseuille flow 

The first way that the saline program is verified is by comparing the mixed mean values at different 

axial locations. The saline program determines the developing profile as it steps forward in the axial 

direction. This profile is then integrated (using a cubic spline method) with the proper weighting 

function to determine the mixed mean value. The mixed mean values for the Graetz solution are 

taken from Shah and London (1978). By comparing these two values at different axial positions 

the saline program can be checked for accuracy. These values are listed in Table 7. 
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These results show that the saline program is quite accurate. All of the values differ by less than 

0.05%. This is considered more than accurate enough for the work that it is used for here. 

Table 7. Mixed Mean Comparison of the Saline and Graetz solutions 

  

  

  

  

  

  

  

  

        

xt Graetz Saline 

0.0004 0.97888 0.97908 
0.0010 0.96175 0.96191 
0.0040 0.90736 0.90747 
0.0100 0.83622 0.83629 
0.0400 0.62803 0.62805 
0.0800 0.45901 0.45904 
0.1000 0.39530 0.39534 
0.2000 0.18971 0.18980     

It should be noted that the accuracy of any numerical method is dependent on the choice of step 

sizes used. For the results in Table 7, 30 even radial steps were used. In the axial direction the step 

sizes were varied to ensure a high degree of accuracy close to the beginning of the solution and to 

ensure that computational time was not wasted further down the tube. The saline program was run 

for this case with variable axial increments as shown below: 

Ax* = 0.000005 for 0.00000< x* < 0.00005 

Ax+ = 0.000010 for 0.00005< xt < 0.00100 

Ax* = 0.000050 for 0.00100< x* < 0.01000 

Axt = 0.000100 for xt >0.01 

While these results are quite accurate, it is interesting to see what affect varying the radial and axially 

steps will have on the accuracy of the results. In Table 8 twelve different cases were run for three 

different axial increments and four different radial steps sizes. The different axial steps are written 

out below. Note that the second case is the one listed above and was the one used for calculations 

for the mixed mean comparisons. 
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Case [1]: 

Case [2]: 

Case [3]: 

Ax* =0.000010 for 0.00000< x* < 0.00006 

Axt = 0.000020 for 0.00006< xt < 0.00100 

Ax*t = 0.000100 for 0.00100< xt < 0.01000 

Ax*t = 0.000200 for x* >0.01 

Ax* = 0.000005 for 0.00000< x* < 0.00005 

Ax* = 0.000010 for 0.00005< x* < 0.00100 

Ax* = 0.000050 for 0.00100< x* < 0.01000 

Ax* = 0.000100 for x* >0.01 

Ax* = 0.000003 for 0.00000< x* < 0.00006 

Ax* = 0.000006 for 0.00006< x* < 0.00099 

Ax* = 0.000030 for 0.00099< x* < 0.03000 

Ax? = 0.000050 for x* >0.03000 

The analysis was conducted at x+ = 0.01 and the value printed in Table 8 is: 6, saine — Om.Greetz at 

x* = 0.01. (At this location 8,, ¢rasgq = 0.83622.) 
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Table 8. Variation of Radial and Axial Step Sizes: 

+ 
On, saline ~~ Om, Graetz at x* = 0.01 

  

  

  

  

            
  

Radial 

Steps [1] [2] [3] 
10 0.00044 0.00042 0.00041 

20 0.00015 0.00012 0.00011 

30 0.00009 0.00007 0.00006 

40 0.00007 0.00005 0.00004 

Although all of these values are reasonably accurate it is interesting o examine the trends. For all 

three axial step schemes a great deal of accuracy is gained when going from 10 to 20 radial steps. 

When moving from 20 to 30 radial steps the solution is still more accurate but the change is not 

quite as large. The improvement in going from 30 to 40 steps is quite small. Based on this infor- 

mation it was decided that 30 radial steps would be used for the analysis. By examining the in- 

creasing accuracy of the mixed mean value by changing the axial steps, a slight increase can be 

found going from case [1] to case [2] and a smaller increase moving from case [2] to case [3]. 

Therefore the axial step scheme that is used is case [2]. 

These choices should provide the desired accuracy for this model. 

A.1.2 Mixed mean comparison, plug flow 

The Graetz and saline solutions are compared for using uniform velocity profile which is commonly 

referred to as plug flow. This is performed to verify the variable velocity profile of the model has 

been implemented correctly. The mixed mean values are, as before, compared at different axial 

locations. The Graetz values are taken from Burmeister (1983) and are presented in Table 9. 
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Table 9. Graetz and saline plug flow solutions 

  

  

  

  

  

  

  

  

xt Graetz saline 

0.002 0.856 0.867 

0.005 0.784 0.789 

0.010 0.701 0.706 

0.020 0.59 0.595 

0.050 0.394 0.398 

0.100 0.218 0.221 

0.200 0.0684 0.0725           
The difference between these two solution for the plug flow case is larger than that of the Poiseuille 

case. It is believed that the results from the saline program are correct and the differences between 

the two results are caused by the difficulty involved in the Graetz solution. This difficulty is evident 

in the few significant figures that Burmiester presents. None-the-less, based on the comparison of 

the Graetz and saline solutions for the plug flow case, the saline program is considered accurate and 

capable of handling a variable profile. (The remaining comparisons were performed using the 

Poiseuille profile.) 

A.1.3. A Comparison of the Radial Distribution 

For a more detailed comparison, the saline program and the Graetz solution were compared by 

examining the radial distribution. The Graetz solution that most heat transfer texts present is a 

radially lumped solution that yields a mixed mean temperature at specified axial locations. This 

solution was used in the previous analysis. What is needed is a solution that contains temperature 

variations in both axial and radial directions. The solution that is used is presented by Jakob (1949) 

and is summarized here. 

The energy equation pertaining to the Graetz problem is shown below. 
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OT oT , 1 6T sLae( 224120) any 

Where the velocity ‘u’ is a simple parabolic profile, 

u = 2V(1 —(r/r,)*) (4.2) 

and V is the mean velocity. 

Although the solution to equation (A.1) may not appear difficult at first glance, it is in fact quite 

involved. The solution is in the form of a Fourier series solution. Numerous transformations and 

variable substitutions are made to achieve the final answer. A copy of the computer code is in- 

cluded in Appendix E. 

For the solution the temperature is first non-dimensionalized in the following manner. 

T-T, 

Where, 

T = the local temperature 

T, = the inlet temperature 

T, = the wall temperature 

The energy equation (A.1) is then subject to the following boundary conditions: 

@x=0,T=T; 0=1 

@r=r,,T=T,, @=0 
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-9 2F.9 @.W 
@r=0-5-=% |= 

To begin the solution, the variables are separated into x and r equations. 

8 = X(x)R(r) (A.4) 

The energy equation is written again with the inclusion of the non-dimensionalized temperatures. 

2) 06 ( #0, 1 ao 2V(1 — (r/r,)°) ax -«( ay? += ar (A.5) 

This equation separates into: 

2VxX _ (R"+7 8) ae 
aX (1-(ir,))R oe 
  

2 

where — = is an arbitrary constant. (The equation is set equal to this value and not J? to allow 

the formation of a dimensionless group.) 

First the X(x) equation is solved. Rearranging terms it becomes, 

aX (x4? 
X"(x) =-—— 

ar5V 

Integrating this equation gives, 

_ ( ox 
X(x) = Ne \ 22 (4.6) 

Where N is an arbitrary constant. A dimensionless group can be formed by the terms in the ex- 

ponent to give a non-dimensional axial distance. This is written as: 
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vr? 
  x 

x* is also known as the Graetz number. It can be worked into a form containing the Reynolds and 

Prandtl number as shown below: 

  

+ x/%> 

+= RepPr (4-7) 

Equation (A.6) can be now written as, 

2 

X(x) = New **" (A.8) 

The R equation can be reduced with the transformation: 

ra 

tty 

which gives, 

e’R . 1 OR ue \ att ou +( -7 Jaa (A.9) 

Equation (A.9) is of the Sturm-Louiville type. There are an infinite number of solutions to this 

equation each pertaining to a different eigenvalue, 4, . The eigenvalues will be given later. The 

series solution to equation (A.9) is: 

Rw) = >) Bagi”. (4.10) 
n=) 

Where, 

The Saline Program 85



B, = —1/4 

  

l l Bo, = Bo, 4 — Bop (A.11) 2n ( yo ( 2 2n—4 2n ) 

The values of A, are the eigenvalues of the solution equation (A.11). 

R(A,) = 0 (4.12) 

Graetz first approximated the first three eigenvalues to equation (A.11) in 1855 and the solution 

has become much more accurate since then. The most accurate solution of the eigenvalues is 

probably that reported by Shah and London (1978) and their values are listed in the table below. 

Table 10. List of Eigenvalues for Graetz solution 

  

  

  

  

  

  

  

  

  

  

  

    

Ay 2.7043644199 
A, 6.67903 14493 

Ay 10.6733795381 

Ay 14.6710784627 

Ms 18.66987 18645 

A; 22.669 1433588 

As 26.66866 19960 

A, 30.6683233409 

As 34.6680738224 

1, 38.6678833469 
Ato 42.6677338055 

An>i0 4, = 4n + 8/3       
As derived thus far, the solution can be written as: 

= 2 + 

A(u, x*) =) Nye 2 Ry (us, a) (A.13) 
n=O 

The last term to be found from equation (A.13) is N,. This is done by applying the non- 

homogenous boundary condition. 
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@x=0, @=1 

oo 

8,= > NyRp 
n=Q 

The radial term is non-dimensionalized in traditional fashion 9 = 7/r, Equation (A.9) can now be 

rewritten as 

OR? | 1 AR 27) _ yp on? +1 Oy +A°(1—n°)R=0 (4.14) 

By employing the orthogonality condition and performing the needed integrals the following re- 

lation can be found. 

2 

GR 

in( OA, Voce 

(For more details of this aspect, or any other, of the solution the reader should consult Jakob 

an Als 6, —— ( . ) 

  

(1949).) Sellars et al. (1955) give the numerical value of equation (A.15) to be: 

N 2.6771 (2/3 
C= Go a(- yr EP) 28 (4.16) 

This completes the Graetz solution which gives the non-dimensional temperature at any x* and ». 

This solution is repeated in its entirety for convenience: 

— 2+ 
A(n, x*) = Y CaRnlt Ane” Ant (A.17) 

n=0 

2.6°3r(2/3 
————— GI) 4,7! (4.18) C, = (- 1)" 
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Ron, A) = > Bon(Agn)”. (4.19) 
n=Q 

  

Where, 

B,=1 

B, = —1/4 

Bon = 2 (+ Bon—4— Ban) (A.20) 
(2n)" \ An 

A.1.3.1 Notes on the Graetz program 

Although the Graetz solution is an exact, closed form solution, determining actual values is more 

difficult than it may appear. The solution will not give results for certain parameters, specifically 

for x+ < 0.01 at r values close to the wall because the program encountered data underflows (i.e. a 

particular value in the calculation went below the lowest possible number that the computer can 

store.) This occurred when calculating values for equation (A.20). In particular the + Bs 

term caused the data underflows on the IBM 3090 (VI'VM1) It would be possible to circumvent 

this problem by running the program on the VAX which has a much greater capacity to handle 

large and small numbers. However, this was considered not to be necessary. The actual method 

that was used for this verification will be described in the next section. 

A.1,3.2. Comparison of Radial Distributions 

Using this Graetz solution the radial profiles can be compared with the radial distributions of the 

saline program. The solutions are compared for three different axial locations: x+ = 0.01, 0.05, 
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0.10. One minus the non-dimensionalized temperature value (1 — @) is plotted versus the non- 

dimensional radial distance 7. These plots are presented on the following pages. 

By inspecting Figure 22, Figure 23 and Figure 24 it is obvious that while the solutions are quite 

similar they are not exactly alike. The small discrepancy may be due to inaccuracies in the saline 

program or in the Graetz solution or a combination of the two. It cannot not be known for certain 

which is true. Although the Graetz solution is an ‘exact’ closed form solution, there are some in- 

accuracies in developing its solution, especially in determining the eigenvalues. There are also 

discretization errors in the saline program. None-the-less the discrepancy is small and is not con- 

sidered to be significant. From these results the saline program is assumed to be working correctly. 

A.1.3.3 Superposition Technique. 

As a further check of the saline program (and a further use of the two dimensional Graetz solution), 

it was checked using a superposition scheme. The physical analogy for this technique can be de- 

scribed as follows: A fluid with a fully developed velocity profile and a uniform temperature profile 

(T,) flows into a section of pipe which has a different temperature (7,) than the fluid. After the fluid 

has traveled some distance down the tube, say, a non-dimensional distance of 0.1, the temperature 

of the pipe walls suddenly returns to 7,. The fluid would then slowly return to its uniform profile 

that it had before. This is the physical situation that was modeled in the superposition technique. 

To model this, the Graetz program is used to create a temperature profile at x+ = 0.1. This is given 

as an initial condition for the saline program. The saline program is then run to three different axial 

locations; x+ = 0.01, 0.02 0.05. This was then compared to the Graetz solution in the following 

manner. For the first case the Graetz solution was evaluated at 0.11 and 0.01. These solutions 

were then subtracted from each other to model the case where the saline solution was stopped at 

0.01. This was repeated for the other two cases. These plots are shown on the following pages. 
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    Figure 23. Comparison of Radial Distribution of the Graetz and Saline Solution, x* = 0.01   
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n   Figure 26. Superposition Analysis of the Graetz and Saline Solution at x*+ = 0.11 
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Figure 27. Superposition Analysis of the Graetz and Saline Solution at x* = 0.12 
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Figure 28. Superposition Analysis of the Graetz and Saline Solution at x* = 0.15     
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The small discrepancy that was detected between these two solutions does grow when the super- 

position technique is used. However, this discrepancy is still small enough that it can be assumed 

that the saline program is working correctly. This comparison was used because it simulates the 

type of analysis that was done with the non-linear blood program where an oxygen partial pressure 

profile is given as input and the program is stopped somewhere to model a downstream profile. 

A.2_ Energy balance on saline program 

After this rather rigorous verification of the saline solution, one more analysis is still required. This 

section explains the use of an energy balance on the saline program to verify that the number of 

axial and radial steps sizes are in good proportion to each other. The saline program is used to 

determine the nondimensional transfer in terms of the average Nusselt number. The average 

Nusselt number was calculated using two different methods. One Nusselt number was calculated 

from the flux through the walls of the tube and the other was calculated from the change in total 

energy content of the fluid over the length of the tube. The derivations of these equations can be 

found in Kays and Crawford (1980.) These equations are given below. 

The average Nusselt number based on flux through the walls is 

— x* 
Nup=—- | _ 2. 68 dxt (A.15) 

xt Jo Om On yal 

The average Nusselt number base on the change in convected energy is 

Q_. 
Nup=>y (se) (A.16) 

Om our 
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Both these equations were used to calculate Nup. This technique is a measure of how well the 

solution conserves energy. Ideally these values should be exactly the same and the discrepancies 

should be due only to the discretization error in the program. In the table below, these values are 

listed for different axial locations. The solution presented here is for 30 radial steps and axial step 

scheme [2]. 

Table 11. Average Nusselt Number Comparison for 30 radial steps and axial step scheme [2] 

xt Flux Convected 

0.001 19.9011 19.4188 _ 

0.005 15.5907 15.3498 

0.010 8.9874 8.9392 

0.050 5.4777 5.4679 

0.100 4.6454 4.6400 

0.200 4.1578 4.1545 

  

The greatest error found in the energy balance is at the axial position of 0.001. This is due to the 

singularity that is applied as an initial condition at the entrance of the tube. As the solution pro- 

ceeds from the entrance the discrepancy becomes smaller until it can be considered insignificant at 

the non-dimensional location of 0.2. From the results the axial and radial step sizes can be con- 

sidered in good proportion to each other. 

Based on the information presented in this appendix, the saline program has been shown to be 

working properly and its results are accurate. This program is used to determine the accuracy of 

the blood program which will be discussed in the next appendix. A few of the subroutines that 

were developed for the saline program, in particular, the cubic spline integration scheme and the 

step size generator were transported directly into the blood program. 
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Appendix B 

The Blood Program 

The convective mass transport equation that was developed in Chapter 3 is solved by using nu- 

merical techniques. This appendix presents the development of this solution and its verification. 

The solution is programmed in FORTRAN. 

Because there is no closed form solution of the transport equation it is necessary to verify the blood 

program through an approximate means by comparing to a linear transport program known as the 

saline program. The method and reasons for this verification are presented later in this section. 

The saline program was also verified and this is presented in Appendix A. 

B.l Program Development 

The convective mass transport equation to be modeled is a nonlinear parabolic differential equation 

and is shown below: 
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This equation is subject to the following boundary conditions: 

A 
xt =0; P =0 

aP 
» = 0; “ano 

ap A, Shy 
=|; 7 7 (iP) 

This defines three boundaries and is enough information to solve the problem. 

The solution scheme that is used is the Crank-Nicholsen method. It is a second order accurate 

method that is implicit in the radial direction and explicit in the axial direction. The algorithm 

begins at the upstream location with a known partial pressure profile. It then steps forward in space 

to the next axial location and solves the system of unknown partial pressures that is generated at 

the new position. It proceeds in the axial direction until the desired distance is reached. 

The Crank-Nicholsen method centers each partial derivative about a location between the point 

that is known as j and the point to be found, j+1. All of the discretized partial derivatives are 

centered about the same point. This is shown in Figure 28. 

The discretized partial derivatives are as follows: 

A A A A A 

aP — ay Panay — Peay + Pir je — Prep 
On 'ijey 2 2An 2An 
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The placement of the nodes is shown in Figure 28 on page 100. The nodes are evenly spaced 

across the radius and they are offset a half step from the inside of the wall. An imaginary node is 

located just outside the wall. Placing the nodes this way allows the accurate application of a mixed 

boundary condition. 

The boundary conditions at the wall are discretized as shown below. 

1,2 _ P + 12 Pp = | 

2° AnSh, J "I" \ 2 AnSA, J 

For all the analysis that was done for this study, an infinite wall Sherwood number was used. This 

reduces the equation to: 

A A 

Past st Pris =] 
2 

This defines the average of pressures of the node nearest the wall and the node outside the wall to 

be 1. This corresponds to a case where the wall offers no resistance to transfer. 

The solution begins with the pressure values at location j known. The solution then steps forward 

in space to solve for the nodes at j+1. After including the other terms in the equation a system 

of equations is developed. This can be written as: 

A A 
[4] P,+[8)P,,,=1C] 
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A 
Since the components of the one dimensional array or vector, P, , are known and the components 

of matrix [A] are also known, the equation becomes: 

(B] P44 =(D] 

Because of the nature of the solution scheme employed, the matrix [B] is a tridiagonal matrix. 

Consequently , a tridiagonal matrix solver can be used (Carnahan et al., 1969) 

In this way the upstream partial pressures can be found at each axial step. However, because of 

the nature of the nonlinear term, which is denoted as yf, 

_ { 139CHey as 

¥= a OP 

Iterations are required at each axial step. 

B.1.1 Iterative Scheme 

The value of the oxygen partial pressure at the location j/+ % is required to evaluate s. while 

only the value of the partial pressure at j is known. To begin the solution, the pressure value at 

location j + “% is approximated and successive iterations are made at this point until convergence 

is reached. There are a number of methods that can be used to approximate this value. In the blood 

program a truncated Taylor series is used. 

A 
OP Ox ) , can be found by rearranging the original mass transfer equation. The value of ( 
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The program will iterate over the same step until the differences in y is less than 0.001 times the 

approximation of the y term, M. This term can be expressed as: 

1.39C M= (142 4s ) 
a AP 

Where: 

AS = S, — S; 

AP=P,—P, 

The discretization of the derivative is the average slope of the saturation curve. AS and AP are the 

ranges of the saturations and partial pressures for the program. P, and S, are the outside oxygen 

pressure and corresponding saturation, respectively. P, and S, are a second value that is used to 

non-dimensionalize to pressure. If the constant term, M is substituted for y then the equation 

becomes linear. It is the same equation as was solved for the saline solution except for the differ- 

ence in the axial distance. By utilizing this similarity the blood program can be made to approxi- 

mate the saline program. Since the saline program is already verified, this M term substitution can 

be used to verify the blood program. 

B.2. Comparison with the Saline Program 

Using the linearization of the mass transport equation of oxygen in blood the saline program (which 

models the transport of a species in a liquid) can be used to verify the results of the blood program. 
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By dividing the M term by the left hand side of equation (B.1) it becomes similar to the equation 

that is solved for the saline program. (The comparison made here is with B=1, 

Ci = 9.59m Hb/LOOML , P, = 30 mm Hg. and P, = 35 mm Hg..) 

  

A A A (4) oP___ 1 aP , oP 
4 =—+ 2-B } axtiM 6n ar? 

This gives the the blood-saline comparison. If the blood program is run to a particular axial lo- 

cation and that non-dimensional x+ value is divided by M, that value is equivalent to the x+ value 

of the saline program. In Figure 29 on page 105, Figure 30 on page 106 and Figure 31 on page 

107, the saline and blood programs are compared at the non-dimensional axial locations of 0.01 and 

0.5. The value shown in the curves is P and is equal to 1—@. Although the curves do not exactly 

match they are quite close, particularly at axial locations near the entrance. This shows that the 

blood program is working correctly. 

B.2.1 Comparison with saline for plug flow 

A comparison is made for the blood program with the saline program for the case where the 

bluntness parameter, B=0. This analysis is performed to determine if the B value has been cor- 

rectly coded in the blood program. This verification is done by comparing the saline and blood 

solutions at equivalent axial locations. The results of this analysis are presented in Table 12 
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Figure 30. Comparison of blood and saline solutions, x* = 0.01 
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Table 12. Saline and blood comparisons for plug flow 

  

  

  

  

  

  

  

  

xt|M saline blood 
0.002 0.867 0.864 
0.005 0.789 0.785 
0.010 . 0.706 0.700 
0.020 0.595 0.587 
0.050 0.398 0.388 
0.100 0.221 0.209 
0.200 0.0725 0.0661           

The blood results more closely simulate the saline results early in the solution and the difference 

between the two solutions grows with larger axial locations. This result is the same as the radial 

distribution analysis. Because of the linearization approximation used in the saline program, this 

much difference is to be expected. Based on this analysis, the blood program is shown to be 

working correctly for both Poiseuille and plug flow. This analysis demonstrates the blood pro- 

gram’s ability to employ a velocity profile with variable bluntness. 

B.3 Choice of Step Size 

The steps sizes that are chosen for the blood program are based on the saline program. 30 nodes 

are used for the radial direction. Since the axial distance in the two programs differ by approxi- 

mately the M factor the same step sizes that were used for the saline program are used in the blood 

program except they are first multiplied by M. As proof that this choice is satisfactory, a mass 

balance, much like the energy balance in the previous appendix, is employed. This is described in 

the next section. 
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B.4. Mass Balance 

As a way to insure that the step size in the axial and radial directions are of a comparable size, 

conservation laws may be applied to the system. For the blood program a mass balance is em- 

ployed. The total mass that is goes in to the system through the walls of the tube must come out 

at the end. Therefore the discrepancy between these two values, the convected and flux terms will 

show the error caused by the discretization error. The conduction through the walls is given by 

  

A 
C=a,P, P= 

This gives the equation 

Pagar? op 
y= Ron | yet 

The total mass flux is then found by multiplying by the circumference of the tube and integrating 

over the axial distance. The non-dimensional axial distance is also introduced. 

A 

OP dxt 
on 7=1 

tn = —4(VnR?)a,AP j ° 

By dividing by the volume flow rate the final equation is found 
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The convected term is determined by the finding the difference from the amount of oxygen con- 

vected into the control volume and that which is convected out. This is given by the equation: 

% = (8in — Four (apAP + 1.39ASCyp) Convected 

In Table 13 these two mass flux quantities are shown for different axial locations and the values 

are expressed in units of cc O,/cc blood. The discrepancy of the two values is expressed as 

A% = ( Flux — Convected x 100. 
Convected 

Table 13. Mass Balance Analysis 

  

  

  

  

  

  

  

xt/M Flux Convected A% 
cc O, cc O, 

ce blood * 10° ce blood ~ 10 

0.001 0.4823 0.4387 -2.3 

0.005 1.197] 1.2108 -1.13 

0.010 1.8442 1.8618 -0.94 

0.050 4.7598 4.7807 -0.44 

0.100 6.8427 6.8642 -0.31 

0.200 9.1714 9.1932 -0.24           
  

As with the energy balance on the saline program, the mass balance shows the greatest error close 

to the entrance. This is due to the sudden change in boundary conditions, or singularity at 

x+=0. The error in the rest of the axial locations is about 1% or less this degree of accuracy is 

considered to be adequate. 

Both the mass balance and the saline/blood comparison show that the blood program is working 

correctly and that it can be used with confidence. 
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Appendix C 

The Convolution Routine 

The data acquisition system as described in Chapter 2 gathers information regarding the oxygen 

content by measuring the attenuation of a sensor beam as it passes through the blood vessel. The 

value that is read is the integrated value through the vessel. The input for the blood program, 

however, requires the radial distribution. Therefore the measured distributions cannot be directly 

introduced to the blood program. They must first be transformed from spatially averaged data to 

get the radial distribution. The convolution routine described in this appendix was used for this 

transformation. 

C.l Derivation 

There are a number of algorithms that can be implemented to find local values from spatially av- 

eraged data. Each method has its specific strengths and weakness’. One method, as outlined by 

Gordan (1974), is known as the Algebraic Reconstruction Technique. It is an iterative technique 

The Convolution Routine 11



that sets up a matrix of local values. Using the integrated values, the routine finds the local values 

that will generate the original data. 

Another technique, known as the convolution method, that was originally presented by 

Ramachandran and Lakshimarayanan (1971) is used for this study. Their work was further devel- 

oped by Shepp and Logan (1974.) The algorithm uses the Fourier transformation to develop a 

summation equation where spatially averaged data can be processed to find the local values. A 

summary of this derivation is presented below. For more information the reader should consult 

Shepp and Logan (1974.) 

Let P(t, @) represent an integral of the function f along the line L(¢, @). 

P(t, 8) = PAL(, 8) = J 4 fends (C.l) 

The line L(t, 8) is a line whose normal through the origin makes the angle @ with the positive x-axis 

and has the length t, — co < t< oo . Lit, @) can then be represented as 

xcos8 + ysm@=t (C.2) 

The Fourier transform can be expressed as 

P(w, 6) = | elt Dre aydt (C.3) 
—0o 

Using this transformation equation (C.1) and substituting in equation (C.2) the equation can be 

expressed as: 

A oo . 

P(w, 0) = J | fix, y) em cos Oy sin B) a. ay, (C.4) 
—oo 
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Now using the Fourier inversion formula 

* oo A . 

fe, y=He |" ao]™ Pro, 0) ee |e) do (C5) 
0 —0o 

where |«| comes from the Jacobian of the transformation into polar coordinates. The inner in- 

tegral of equation (C.4) can be expressed as 

Ot, 0) = = i Po, é)lal eden (C.6) 
—oo 

A 
|«o| is defined as the function ¢(w) : 

$(«) = lol 

The substitution can be made for || if the original function f(x, y) is assumed to be smooth. 

By performing the convolution, equation (C.6) can be written as: 

Q(t, 6) = => [ Plo, 8) (coe! deo = i P(t, O)P(t — t)dr (C.7) 
~oo —oo 

P(z, 8) , the integrated value, is known for 

t=t,=ka, k=0, +1, +2, +3... 

jr, 
@=6,=—- j=09, 1, 2, 3, ...n— I. 

and a is the spacing between data points and n is the number of views. 
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By discretizing equation (C.7) the reconstruction formula is then found to be 

n—1 oo 

fp D=L DY) DY) Pll 8)b(x 008 8 + y sin 8 — 4) (C.8) 
j=0 k=—00 

The function ¢(d) is the weighting function with respect to the the line L{t,, 9,) where 

d=xcos6,+ ysin@,— 4%. If ¢(2) is assumed to be linear for 

Ip<l< bead, k=0, + 1... 

4 —4 0) = ; ka) = ———+__ 
MOT OORT a1) 

  (C.9) 

k=+1, +2, ... 

Shepp and Logan also developed a weighting function to reduce the amount of noise in the re- 

construction. This weighting function can be expressed as 

H(t) = 0.36(t)41) + 0.4h(t) + 0.36(t_1) (C.10) 

This weighting function is incorporated into the solution. 

Shepp and Logan (1974) also included in their paper a FORTRAN code for the convolution rou- 

tine. This routine is part of the data program. Only a few modifications were required to alter this 

program so that it could be used to find the local values of the oxygen saturation. One of these 

modifications was to apply a weighting function to the saturation values to convert them from the 

average value as reported by Ellsworth to the integrated value. This weighting function, w(7), can 

be expressed as: w(y) =./1—7’. 
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C.2 Verification 

The convolution routine was verified in two steps. The first step was to verify the general accuracy 

of the routine. This was done by using a technique by Emmeraman et al. (1980) who used a 

known three dimensional function that was integrated analytically and then reconstructed with the 

routine. The second step was to simulate a simple case for the saturation data. This profile was 

integrated analytically and the reconstruction was again compared to the original function. This 

second step was also used to determine how fine a mesh would be required to assure the desired 

degree of accuracy. The first step of the verification is used to determine how many “views” are 

required to preform an accurate reconstruction. 

A Guassian distribution is used to perform the first step in the verification. The function is: 

2 

2m e207 +), (C.11) 

This function is plotted in Figure 32. 

Equation C.11 is integrated with respect to the x axis. 

Z= J 79° 2007 ty) 7 
—oo 

This becomes 

—_ {2#,-20y" 

Equation (C.12) is used as input for the convolution routine. By varying ’y’ from -1 to 1 overa 

number of intervals, equation (C.1) can be represented. For the purposes of this analysis 61 data 

points were used along the ’y’ axis. This yields 61 integrated values. This collection of data points 

is what is referred to as a “view*. When looking at the original function along the x-axis, the av- 
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eraged data that one sees are these 61 values. Further, because this particular function is 

axisymmetric each view is identical. So the same data is used to represent each view of the function. 

The number of views used in the algorithm, or in this case how many times the axisymmetric view 

was used, is critical to the accuracy to the convolution routine. The fewer the number of views, the 

greater the noise effect in the reconstruction. Figure 33, Figure 34 and Figure 35show the 

progression of views from 2 to 20. Figure 33 shows that with only two views the error induced 

when reconstructing the original function is quite large. These large “waves” are reduced with six 

views, Figure 34 on page 119, and are barely noticeable with 20 views in Figure 35 on page 120 

Although the convolution routine has the capability of reconstructing both axisymmetric and 

non-symmetric functions only the symmetric case is needed. This is because the blood program 

considers only an axisymmetric model and only one “view” of the blood data is available. This 

same view is used repeatedly by the convolution routine. 

Because of the axisymmetric assumption, an infinite number of views can be used. The only re- 

striction is the required computer time to perform these calculations. Because the program was run 

on the IBM 3090, the investigator can be generous with the number of views. For this reason one 

hundred views is chosen to reconstruct the data. This value is considered more than sufficient for 

this study. 

The next values to be chosen are the number of increments along an axis. As with the number of 

angles, the number of increments is directly related to the accuracy of the reconstruction. (The 

previous plots were shown with 61 increments.) Choosing the number of points is done 

qualitatively by examining the results of a test case. 

The function is shown in Figure 36 on page 122 and is axisymmetric about 7 = 0. This function 

is similar to the saturation profiles that are used for this study. The function is integrated analyt- 

ically and is then reconstructed. In the figures three lines are shown: the orginal function, the 
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convolution reconstruction, and the spatially average original function which is used to simulate the 

saturation profile. This analysis is performed with different radial steps until the desired accuracy 

is achieved. The following figures show the progression in the number of steps along an axis from 

10 to 40. (That is 10 to 40 steps from the center to the boundary which corresponds to 20 to 80 

steps from one boundary to another. 

From inspecting these figures it is obvious that only using 10 data points to perform the recon- 

struction causes gross error. As the number of steps increases the accuracy improves accordingly. 

It is interesting to note that the convolution routine does not reconstruct discontinuities well. At 

both “knee’s” of the original function, the convolution reconstruction exhibits its greatest error. 

This is because in the derivation of the algorithm the assumption was made that the onginal func- 

tion was smooth. If the number of steps is increased, the accuracy near the first knee at » = 0.7 

improves but the reconstruction near the second knee does not improve. It remains as large as it 

is in Figure 39 on page 125 with 40 points. Based on these plots it was decided to use 30 points 

to perform the analysis because this appears to be the incremental number at which an increase in 

the number of points has a small effect on the accuracy of the reconstruction. 

The oxygen saturation values have a precision of +3% and from inspecting Figure 38 on page 124 

the errors in the reconstruction have approximately the same magnitude as the saturation data. It 

should be noted that the saturation profiles from the vessels are a lot more complex than the sample 

function that was presented earlier. In reconstructing a function with more changes in slope,the 

reconstruction becomes less accurate. The reconstructed profiles must be examined with this in 

mind. 

The reconstructed profiles are judged as fairly accurate approximations of the original functions but 

are not considered to be exact. None-the-less this routine is believed to provide adequate accuracy 

for its purpose. 
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Figure 37. convolution Reconstruction 20 points, 100 views. 
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Appendix D 

Profile Comparison Results 

This appendix presents the partial pressure profiles for all 11 cases presented in Chapter 5. The 

following cases are considered “good” matches: Venule 1, Venule 7, Venule 8, Arteriole 1 and 

Arteriole 2. The remaining cases are considered to be “poor” matches. 
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Appendix E 

Experimental Data 

This appendix presents the experimental data and the input files used for the analysis. The exper- 

imental data, recorded by Mary L. Ellsworth, includes the dual sensor velocity, the hemoglobin 

concentration, and the oxygen saturation at locations across the lumen. This information along 

with a schematic diagram of each vessel is presented for reference. 

The input files are of the following format 

F 
THB PINT POUT 
XDIST 
VDS1 VDS2 
H CENTER RADI 
Y S02 
Y SO2 
Y SO2 
CASE AND LOCATION ~~. 
H CENTER RAD2 
Y S02 
Y SO2 
Y SO2 
CASE AND LOCATION 

Experimental Data 138



Where: F is the number of steps across the radius. THB is the hemoglobin concentration. PINT 

is P,, POUT is P,. XDIST is the distance between locations. VDS1 and VDS2 are the dual sensor 

velocity values for the up- and downstream location, respectively. H is the number of data points 

for that location. CENTER is used as a flag to state whether the data is from the top or bottom 

half of the vessel. It is equal to 0 if the data is from the top half of the vessel or it is equal to 

RADIUS if from the bottom half of the vessel. RADIUS is the radius of the vessel at that location. 

Y is the distance from the top edge of the vessel. SO2 is the oxygen saturation value. (Three data 

points are shown here for the SO2 data as an example.) CASE AND LOCATION is the identifi- 

cation name given to identify the case and the location number as shown on the schematic of the 

blood vessel, i.e. WVENULE 1, LOC 3. Since the data for the up- and downstream location are 

included in the same input file, the oxygen saturation data for the second location immediately 

follows that of the first location. 

On the following pages, the experimental data is presented, along with the input file and the vessel 

diagram. The average hemoglobin concentration and the dual sensor velocity that was determined 

for each location and the vessel diameter at that location is presented with the experimental data. 

The flow directions and relevant distances are shown in the figures. 

E.l = Venule 1 

The data for Venule | is taken from Locations 3 and 4 which are the up- and downstream locations, 

respectively, for Bifurcation 1. A schematic diagram of this Bifurcation is shown in Figure 51 on 

page 140. The top half of the locations were analyzed for this case. 
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Table 14. Bifurcation 1, Location 3 

  

  

  

  

            

y Vas Cus SO; 
(um) mms gm Hb | 100mL % 

8.3 0.71 11.0 45.0 

14.6 0.94 10.0 56.1 

26.9 0.97 8.4 51.9 

Diameter = 35.1 um Vas, Ave = 1.0 Cus, ave = 10.0 
  

Table 15. Bifurcation 1, Location 4 

Jy , Vas Cup 
(um) mm|s gm Hb] \00mL 

7.9 0.71 11.0 

16.2 0.96 10.7 

24.1 0.83 9.98 

30.8 0.80 10.0 

39.9 0.78 12.7 

Diameter = 46.1 ym Vis Ave = 0.9 Cus. ave = 10.0 

  

Input file VEN! DATA 

30 
10.0 50.00 26.5 
267.0 
1.0 0.9 
4 0.0 17.55 
0.0 0.450 
8.3 0.450 
14.6 0.561 
26.9 0.519 
“VENULE 1, LOC 3’ 
4 0.0 23.05 
0.0 0.482 
7.9 0.482 
16.2 0.521 
24.1 0.508 
‘VENULE 1, LOC 4’ 

Experimental Data 14!



E.2 Venule 2 

The data for Venule 2 is taken from Locations 3 and 5 which are the up- and downstream locations, 

respectively, for Bifurcation 2. A schematic diagram of this bifurcation is shown in Figure 52 on 

page 143. The top half of the locations were analyzed for this case. 

Table 16. Bifurcation 2, Location 3 

y Vas Cry 
(um) mm|s gm Hb | \00mL 

11.0 1.95 12.1 

20.0 1.88 11.8 

33.3 4.33 11.7 

45.5 4.24 11.9 

59.6 2.19 10.7 

74.1 0.76 9.29 

85.1 0.94 7.13 

Diameter = 98 um Vis. Ave = 4.29 Cus. ave = 12.0 

  

Table 17. Bifurcation 2, Location 5 

y Vas Cis 
(um) min|{s gmHb{ 100mL 

12.2 2.30 11.7 

22.0 3.88 10.2 

34.9 2.83 11.4 

45.1 2.43 10.6 

72.5 4.20 8.78 

Diameter = 95 um Vig sve = 3.0 Cus. Ave = 11.5 

  

Input file VEN2 DATA 

30 
11.75 10.00 20.0 
364.0 
4.25 3.0 
6 0.0 49 
0.0 0.302 
11.0 0.302 
20.0 0.293 
33.3 0.258 
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45.5 0.250 
59.6 0.308 
“VENULE 2, LOC 3’ 
6 0.0 47.50 
0.0 0.292 
12.2 0.292 
22.0 0.298 
34.9 0.261 
45.1 0.295 
72.5 0.259 
“VENULE 2, LOC S’ 

E.3 = Venule 3 

The data for Venule 3 is taken from Locations | and 2 which are the up- and downstream locations, 

respectively, for Bifurcation 3. A schematic diagram of this bifurcation is shown in Figure 53 on 

page 145. The top half of the locations were analyzed for this case. 

Table 18. 

y 
(ym) 
15.3 

19.7 

33.7 

42.0 

Diameter = 53 um v 

Table 19. 

(urn) 

16.1 

19.7 

32.5 

39.4 

46.6 

Diameter = 59 pum v 

Experimental Data 

Bifurcation 3, Location | 

Vas 
mms 

1.69 
1.85 
2.09 
1.13 
te = 21 C 

Cis 

gm Hb | 100mL 

7.27 

8.25 

8.09 

5.93 

Ave = 8.5 

  

Bifurcation 3, Location 2 

Cis 

gm Hb] 100mL 

4.59 

5.40 

6.58 

7.61 

3.85 

Ave = 6.6 

Vas 
mm|s 

0.60 
1.18 
1.26 
0.97 
1.12 

te = 1.26 C 
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Input file VEN3 DATA 

30 
7.55 34.00 12.0 
450.0 
2.1 1.26 
4 0.0 26.5 
0.0 0.314 
15.3 0.314 
19.7 0.359 
33.7 0.406 
‘VENULE 3, LOC I’ 
4 0.0 29.50 
0.0 0.162 
16.1 0.162 
19.7 0.271 
32.5 0.296 
“VENULE 3, LOC 2’ 

E.4 Venule 4 

The data for Venule 4 is taken from Locations | and 2 which are the up- and downstream locations, 

respectively, for Bifurcation 3. A schematic diagram of this bifurcation is shown in Figure 53 on 

page 145. The bottom half of the locations were analyzed for this case. The data for Location 1 

can be found in Table 18 on page 144 and the data for Location 2 can be found in Table 19 on 

page 144 

Input fille VEN4 DATA 

30 
7.55 26.00 16.0 
450.0 
2.1 1.26 
4 26.5 26.5 
19.7 0.359 
33.7 0.406 
42.0 0.433 
53.0 0.433 
‘VENULE 4, LOC I’ 
5 29.50 29.50 
19.7 0.271 
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32.5 0.296 
39.4 0.338 
49.9 0.314 
59.0 0.314 
“VENULE 4, LOC 2’ 

E.S Venule 5 

The data for Venule 5 is taken from Locations 11 and 10 which are the up- and downstream lo- 

cations, respectively, for Bifurcation 4. A schematic diagram of this bifurcation is shown in 

Figure 54 on page 148. The top half of the locations were analyzed for this case. 

Table 20. Bifurcation 4, Location 11 

Vas Cus y 
(umm) mmls gm Hb | 100mL 

11.2 0.96 11.4 

24.5 1.07 10.0 

37.8 1.39 9.49 

54.2 0.58 9.16 

Diameter = 78 um Vis. Ave = 1.39 Cus. Ave = 9-9 

  

Table 21. Bifurcation 4, Location 10 

y Vas Cus 
(un) mm|s gm Hb | 100mL 

14.5 0.48 9.40 

19.3 0.56 8.91 

35.3 0.84 9.34 

47.0 0.66 9.44 

53.0 0.72 10.1 

61.4 0.49 9.66 

Diameter = 80 um Vie Ave = 0.84 Cus. ave = 9-5 

  

Input file VENS DATA 
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30 
9.5 16.00 22.5 
300.0 
1.39 0.84 
5 0.00 39.0 
0.0 0.412 
11.2 0.412 
24.5 0.390 
37.8 0.349 
54.2 0.309 
“VENULE 5, LOC 11’ 
5. 0.00 40.0 
0.0 0.386 
14.5 0.386 
19.3 0.355 
35.3 0.364 
47.0 0.321 
“VENULE 5, LOC 10’ 

E.6 Venule 6 

The data for Venule 6 is taken from Locations 7 and 4 which are the up- and downstream locations, 

respectively, for Bifurcation 4. A schematic diagram of this bifurcation is shown in Figure 54 on 

page 148. The top half of the locations were analyzed for this case. 

Table 22. Bifurcation 4, Location 7 

y Vas Cry 
(um) mms gm Hb] 100mL 

12.0 0.18 12.8 

21.3 0.17 11.8 

32.5 0.22 11.3 

42.2 0.27 10.9 

$2.2 0.24 10.5 

59.8 0.19 10.2 

Diameter = 79 um Vis Ave = 0.27 Cus ave = 11.5 
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Table 23. Bifurcation 4, Location 4 

J Vas Crs 
(um) mm|s gm Hb] 100mL 

10.0 0.38 14.6 

18.9 0.37 12.9 

34,1 0.31 11.7 

45.4 0.34 9.50 

54.2 0.21 9.05 

Diameter = 70 um Vie Ave = 0.35 Cus. ave = 11S 

  

Input fle VEN6 DATA 

30 
12.0 12.00 17.0 
225.0 
0.27 0.35 
5 0.00 39.5 

0.0 0.204 
12.0 0.204 
21.3 0.170 
32.5 0.175 
42.2 0.190 
‘VENULE 6, LOC 7’ 
5 0.00 35.0 
0.0 0.238 
10.0 0.238 
18.9 0.205 
34.1 0.202 
45.4 0.295 
‘VENULE 6, LOC 4’ 

E.7 = Venule 7 

The data for Venule 7 is taken from Locations 7 and 3 which are the up- and downstream Lo- 

cations, respectively, for Bifurcation 4. A schematic diagram for this bifurcation is shown in 

Figure 54 on page 148. The top half of the locations were analyzed for this case. The data for 

Location 7 can be found in Table 22 on page 149. 
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Table 24. Bifurcation 4, Location 3 

J Vas Cus 
) mms gm Hb | 100mL 

11.6 0.14 14.5 

20.9 0.17 12.6 

38.2 0.18 11.2 

47.8 0.16 9.89 

Diameter = 70 pm Vis Ave = 0.18 Crp, ave = 12.5 

  

Input file VEN7 DATA 

30 
12.0 20.00 11.5 
475.0 
0.27 0.18 
5 0.00 39.5 
0.0 0.204 
12.0 0.204 
21.3 0.170 
32.5 0.175 
42.2 0.190 
“VENULE 7, LOC 7’ 
4 0.00 35.0 
0.0 0.115 
11.6 0.115 
20.9 0.129 
38.2 0.131 
“VENULE 7, LOC 3’ 

E.8 Venule 8 

The data for Venule 8 is taken from Locations 4 and 3 which are the up- and downstream locations, 

respectively, for Bifurcation 4. A schematic diagram of this bifurcation is shown in Figure 54 on 

page 148. The top half of the locations were analyzed for this case. The data for Location 3 can 

be found in Table 24 and the data for Location 4 can be found in Table 23 on page 150. 
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Input file VEN8 DATA 

30 
12.5 20.00 11.5 
25.0 
0.35 0.18 
5 0.00 35.0 
0.0 0.238 
10.0 0.238 
18.9 0.205 
34.1 0.202 
45.4 0.295 
‘VENULE 8, LOC 4’ 
4 0.0 35.0 
0.0 0.115 
11.6 0.115 
20.9 0.129 
38.2 0.131 
‘VENULE 8, LOC 3’ 

E.9 Arteriole I 

The data for Arteriole | is taken from Locations | and 2 which are the up- and downstream Lo- 

cations, respectively, for Bifurcation 5. A schematic diagram of this bifurcation is shown in 

Figure 55 on page 153. The top half of the locations were analyzed for this case 

Table 25. Bifurcation 5, Location | 

y Vas Cup 
(um) mm|s gm Hb] 100mL 

8.3 §.45 3.29 

16.3 6.43 6.24 

22.2 5.43 7.24 

31.3 7.52 6.74 

35.3 5.58 5.99 

Diameter = 49 um Vis. Ave = 9-90 Cys ave 13 
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Table 26. Bifurcation 5, Location 2 

  

  

  

  

  

y Vas Cys SO, 
(um) mms gm Hb | 100mL % 

9.1 3.93 6.06 45.0 

19.4 4.70 8.74 48.0 

36.5 3.52 6.92 44,3 

Diameter = 50 um Vas. Ave = 9-00 Cus, ave = 8.8           

Input file ART! DATA 

30 
8.05 40.00 27.5 
480.0 
5.50 5.00 
3 0.00 24.5 
0.0 0.401 
8.3 0.401 
16.3 0.491 
22.2 0.526 
31.3 0.480 
‘ARTERIOLE 1, LOC 1’ 
4 0.00 25.0 
0.0 0.450 
9.1 0.450 
19.4 0.480 
36.5 0.443 
‘ARTERIOLE 1, LOC 2’ 

E.10 = =Arteritole 2 

The data for Arteriole 2 is taken from Locations 3 and 5 which are the up- and downstream Lo- 

cations, respectively, for Bifurcation 6. A schematic diagram of this bifurcation is shown in 

Figure 56 on page 155. The top half of the locations were analyzed for this case. 
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Table 27. Bifurcation 6, Location 3 

y Vas Cus 
(ym) mm|s Hb | 100mL 

6.4 12.36 5.14 

13.9 20.11 8.05 

22.7 23.65 9.22 

31.1 22.80 9.51 

33.1 26.00 9.34 

43.0 24.90 9.40 

51.4 22.10 8.61 

58.6 20.27 7.68 

64.5 18.71 6.60 

Diameter = 74 um Var Ave = 20.0 Cus. ave = 9-9   
Table 28. Bifurcation 6, Location 5 

J Vas Cup 
(um) mms Hb | 100mL 

9.2 12.45 6.53 

15.9 20.92 8.09 

24.7 25.34 8.76 

29.9 25.34 9.26 

32.3 23.37 9.48 

39.0 20.79 9.50 

44.6 23.03 8.24 

50.6 18.89 7.55 

Diameter = 65 pm Var ave = 24.0 Cus. ave = 95 

  

Input file ART2 DATA 

30 
9.5 40.00 25.0 
500.0 
26.0 24.0 
7 0.00 37.0 
0.0 0.544 
6.4 0.544 
13.9 0.672 
22.7 0.705 
31.1 0.748 
33.1 0.781 
43.0 0.734 
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‘ARTERIOLE 2, LOC 3’ 
7 0.00 32.5 
0.0 0.587 
9.2 0.587 
15.9 0.644 
24.7 0.673 
29.9 0.688 
32.3 0.650 
39.0 0.619 
‘ARTERIOLE 2, LOC 5’ 

E.1I1_ Artertole 3 

The data for Arteriole 3 is taken from Locations 3 and 5 which are the up- and downstream Lo- 

cations, respectively, for Bifurcation 6.. A schematic diagram of this bifurcation is shown in 

Figure 56 on page 155. The bottom half of the locations were analyzed for this case. The data for 

Location 3 can be found in Table 27 on page 156 and the data for Location 5 can be found in 

Table 28 on page 156. 

Input file ART3 DATA 

30 
9.5 40.00 30.0 
500.0 
26.0 24.0 
6 37.0 37.0 
33.1 0.781 
43.0 0.734 
51.4 0.781 
58.6 0.759 
64.5 0.710 
74.0 0.710 
‘ARTERIOLE 3, LOC 3’ 
5 32.5 32.5 
32.3 0.650 
39.0 0.619 
44.6 0.627 
50.6 0.634 
65.0 0.634 
"ARTERIOLE 3, LOC 5’ 
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Appendix F 
The Programs 

This appendix contains a listing of the four main computer programs used for this this thesis. 

F.I The Graetz program 

CPSAASSASSSASSSESARSHSSAASAERSAESASAASSHSSESSSSSSSAS SSE SHREK AES SEES ETES 

A
A
Q
A
A
A
A
N
A
A
N
 

a
a
n
 

A
A
a
A
N
 

a
a
A
A
a
A
N
 

THOMAS MANCUSO, FALL 1988 
THIS PROGRAM SOLVES THE CLOSED FORM SOLUTION TO THE CLASSICAL 
GRAETZ PROBLEM. THE SOLUTION IS TAKEN FROM MAX JAKOB'S TEXT 
“HEAT TRANSFER’ 1949. THE SOLUTION GIVES NON-DIMENSIONAL 
TEMPERATURE VALUES FOR ANY SPECIFIED AXAIL OR RADIAL LOCATION. 

PKSEKATSSSSESKESESSASTAASCSSKSKHSSACCASRSESSAASSTSEARSESSEHSESESSSSSEKSSERAKESTSE 

IMPLICIT REAL*8 (A-H) 
REAL*8 LAMDA(200),SIGN,C,X,B(100),Z(5), SERIES, RSERIES,RSUBN,R 

/AB,F(110),SUM,THETAM,H,IF,F1(100),F2(100),SUPER(100) 
,ERR(4), THETA 

INTEGER FILE 
EXTERNAL DGAMMA 
CALL ERRSET(207,256,-1,0,0) 
CALL ERRSET(208,256,-1,0,0) 
CALL ERRSET(263,256,-1,0,0) 

CONVERGENCE CRITERIA FOR THE SERIES SOLUTION 

ERR(1)= 1.D-3 
ERR(2)=1.D-4 
ERR(3) = 1.D-5 
ERR(4) = 1.D-3 

READS IN A NUMBER OF AXIAL LOCATIONS THAT CAN ALL BE SOLVED 
WITH 1 PROGRAM RUN 

Z(1)=0.01D0 
Z(2) = 0.05D0 
Z(3)=0.10D0 
Z(4)=0.2D0 
B(1)=1.D0 
B(2)=-1.D0/4.D0 
PI = DACOS(-1.D0) 

THE EIGENVALUES ARE TAKEN BY SHAH AND LONDONS TEXT ON LAMINAR 
CONVECTION IN DUCTS. 

LAMDA(1) = 2.7043644199 

‘ 
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LAMDA(2) = 6.6790314493 
LAMDA(3) = 10.6733795381 
LAMDA(4) = 14.6710784627 
LAMDA(S5) = 18.6698718645 
LAMDA(6) = 22.6691433588 
LAMDA(7) = 26.6686619960 
LAMDA(8) = 30.6683233409 
LAMDA(9) = 34.6680738224 
LAMDA(10) = 38.6678833469 
LAMDA(11) =42.6677338055 
FILE=9 
DO 100 K=1,1 
FILE=FILE+1 
WRITE(FILE,1020)Z(K),ERR(K) 

c WRITE(FILE,1030) 
WRITE(FILE,2010) 

N=16 
DO 20 J=5,5 
SIGN =-1.D0 
I=1 
THETA =0.D0 
R= DFLOAT(J-1)/DFLOAT(N-1) + 1.D0/(2.D0* DFLOAT(N-1)) 

10 CONTINUE 
IF(I.GE.12)THEN 

LAMDA(I) =(DFLOAT(I-1)*4.D0) + 8.D0/3.D0 
ENDIF 
SIGN =-SIGN 
COEFF = 2.D0*6.D0**(2.D0/3.D0)* DGAMMA(2.D0/3.D0)/PI 
C =SIGN*COEFF*(LAMDA(I))**{-2.D0/3.D0) 

c 
C DETERMINE THE R SUB N COEFF. 
Cc 

IB=1 
RSUBN =0.D0 

15 CONTINUE 
Cc 
Cc DETERMINE B'S 
Cc 

IF(IB.GE.3)THEN 
AB = B(IB-2)/(LAMDA(I)**2.D0) 

B(IB) = (AB-B(IB-1))/((2.D0* DFLOAT(IB-1))**2.D0) 
ENDIF 
IF(IB.EQ.1)THEN 
RSERIES = 1.D0 

ELSE 
IF(FLAG.EQ.1)THEN 
RSERIES =0.D0 

ELSE 
Al =(R*LAMDA(I))** DFLOAT(IB-1) 
A2 = B(IB)*Al 
RSERIES = A2*Al 

ENDIF 
ENDIF 
RSUBN = RSUBN + RSERIES 
IB=IB+1 
IF(DABS(RSERIES).GT.1.D-4) GOTO 15 
SERIES = C* RSUBN* DEXP(-(LAMDA(I)**2)*Z(K)) 
THETA = THETA + SERIES 

1=1+1 
IF(ILLT.4}GOTO 10 

ERROR = DABS(THETA-1.D0)**0.7D0* ERR(K) 
IF(ILGT.9) GOTO 60 
IF(DABS(SERIES).GT.ERROR) GOTO 10 

60 CONTINUE 
THETA = 1.D0-THETA 
WRITE(6,*)R, THETA,SERIES 
IF(K.EQ.2)THEN 

F2(J)= THETA 
SUPER(J)= F1(J}-THETA 

ELSE 
F1(J)=THETA 

ENDIF 
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20 
Cc 

CONTINUE 
WRITE(FILE,1040) 

100 CONTINUE 
DO 200 J=1,N-1 

Cc 
200 
C200 
1000 
1005 
1020 

$ 
1030 
1040 
1100 
1200 
2000 
2010 

R= DFLOAT(J-1)/DFLOAT(N-1)+ 1.D0/(2.D0* DFLOAT(N-1)) 
WRITE(9,1000)J,R,F1(J),F2(J) 
WRITE(FILE,2000)F1(J) 
WRITE(10,2000)SUPER(J) 
FORMAT(T6,13,714,F9.5,124,F12.8,T39,F12.8,154,F12.8) 
FORMAT(T6,13,714,14,124,F12.8,139,F12.8,T54,F 12.8) 
FORMAT(TS, THETA’S FOR THE AXIAL POSITION OF ‘,F5.3,/,T6, 

“CONVERGENCE CRITERA: SERIES > ‘,F8.6) 
FORMAT(T3, ITERATION ’,T14,,RADIUS’,T28, THETA) 
FORMAT(TI// {IHEP 
FORMAT(T3,' MIXED MEAN TEMPERATURE = ’,F10.6) 
CORMATIT?, ‘PERTSHEE RES’) 

FORMAT(TI,F7.5,T12,F7.5.127,F10.8,142,F10.8) 
FORMAT(T1,’RADIUS’,T13, THETA’,T27,'CONV. CRIT.’, 

$ 142,'LAST SUM’) 
STOP 
END 

F.2. The Saline Program 

Cee aESSERESERSEREASESSESEELERSSSRESHLEHESASHSSHESSHSAASSSSSEHE SESE EEES 
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SALINE PROGRAM 
THOMAS MANCUSO FALL 1988 

THIS PROGRAM SOLVES THE DEVEOLPING PROFILE OF A SPECIES 
IN A FLUID. THIS SOLUITON IS COMPLETELY ANALOGOUS TO 
THE CLASSIC GRAETZ SOLUTION. 

FTRKTKKATHAKAAKSSSSTCKSSKESSTARSKASHRASCSKASSSRASCSSSASTASSSSSSARAASAAKSKSESSEAS 

VARIABLE TYPE SPECIFICATION ... 

se @ ts ee eee ee He SehUh TCU HUM FhUM}RhmhUCUM HMhUh}H CU SF FH SF HF 

VARIABLE DICTIONAIRY 

= => INTEGERS VARIABLES... 
F = = NUMBER OF NODES ACROSS THE FLOW FIELD IN THE RADAIAL DIR. 
H == F+l 

P 
DX = = INCREMENTAL STEP IN AXIAL DIRECTION 
HS1 = =COEFF. FOR BOUNDRY EQUATION 
HS2 = = COEFF. FOR BOUNDRY EQUATION 
X = = DISTANCE ALONG THE TUBE 
THET. = = NON-DIMENSIONAL VARIABLE, REPRESENTS TOTAL GAS EXCH. 

= > DOUBLE PRECISION ARRAYS. 
Al(100) = = ROW IN A TRIDIAGONAL MATRIX ’A’ 
A2(100) = = ROW IN A TRIDIAGONAL MATRIX ‘A’ 
A3(100) = = ROW IN A TRIDIAGONAL MATRIX ’A’ 
B1(101) = = ROW IN A TRIDIAGONAL MATRIX ‘B’ 
B2(101) = = ROW IN A TRIDIAGONAL MATRIX ‘B’ 
B3(101) = = ROW IN A TRIDIAGONAL MATRIX ‘B’ 
D(101) = = USED TO SOLVE FOR P1(100) 
PO(101) = = PARTIAL PRESSURE AT KNOWN LOCATION 
P1(101) = = PARTIAL PRESSURE AT UNKNOWN LOCATION 
GAMMA(I01) = = USED TO CALCULATE P1() IN TRIDAG. SOLVER 
BETA(101) = = USED TO CALCULATE PI() IN TRIDAG. SOLVER 
TH(100) = = E(I)*(1-E(I)**2)) 
E(100) = = NON-DIMENSIONAL RADIAL DIST. FORM CENTER 

seeete#etse*etste ep eee ete be eee 8 e& 8 8 & 
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c 
c 

IMPLICIT REAL*8 (A-H,O-Z) 
INTEGER F, H, J, STEP 
DOUBLE PRECISION M,N,LI,KI,MI,POUT,PINT,PRES,XSTOR,FLUXSUM 
DOUBLE PRECISION A1(50), A2(50), A3(50), B1(50),PIN P(50), 

$ B2(50),B3(50),D(50), P0(50), P1(50), GAMMA(50), 
$ BETA(S0),TH(50), E(50),P00(50), 
$ FLUX(2200),XLOC(2200),TH RAD(100),RLOC(100),OLDDX 

CALL ERRSET(207,256,-1,0,0) 
CALL ERRSET(208,256,-1,0,0) 
CALL ERRSET(263,256,-1,0,0) 
CALL ERRSET(209,256,-1,0,0) 

REEEERETAERHSRESSEAERAEKAERSERARAARERAEKSERSATSSASCAAKASESHASAERESSESSEESERSSRESSS 

INITIAL VALUES... 

B=1.D0 
DX =0,000005D0 
PE = 1000.D0 
WRITE(*,*)'ENTER LOC #’ 
READ(*,*)LOC 

C LOC=106 
F=30 
H=F+1 
DE=1.0D0/DFLOAT(F) 

C OPEN(UNIT=7,FILE= ‘BLOOD’ 
DO 10 1=1,F 

C10 READ(7,*)PO(1) 
C —_ READ(15,*)X1,PO0(I),X2 

PO(I) = 0.D0 
10 CONTINUE 

C DO20I1=1,F 
C20. PO(I) = PINP(I) 

E(1)= DE/2.0D0 
TH(1) =4.D0* E(1)*(1.D0-B* E(1)**2.D0)/(2.D0-B) 
DO 30 1=2,F 

E(I) = E(I-1)+ DE 
30. = TH(1) = 4.D0* E(1)*(1.D0-B* E(I)**2.D0)/(2.D0-B) 

RLOC(1)=0.D0 
RLOC(H + 1)=1.D0 
DO 35 1=2,H 

35: RLOC(I)= B(I-1) 
c 
Cttteeaeeee sees aeesS ee SSSSSSERAESSSAEAHSSASESSESSHASSSESSSSEHSSSHS SSS ARTS SESS 

Q
a
a
N
A
A
a
A
A
N
A
N
 

A 

Cc 
C MATRIX INITIALIZATION 
Cc 

DE! = 1.D0/(4.D0*DE) 
DE2 = 1.D0/(DE**2.D0) 
A3(1)= DE2 
B3(1) = DE2 
DO 40 1=2,F 

Al(I) = DE2/2.0D0-DE! /E(1) 
B1(1)=Al(1) 
A3(1) = DE2/2.0D0 + DE1/E(1) 

40 B3(1) = A3(I) 
HS1 =0.5D0 
HS2 =0.5D0 
X=0.D0 
THETA =0.0 
I=H 
B1(1)=HS1 
B2(1) = HS2 
CH =1.D0 

LOAD AXIAL LOCATION VEXTOR... 

CALL XLOC2(XLOC,LOC) 

SRECSKSHCTSERELSSSAASAK TS SREAKSSKSEKARSEESRAKAKARESSRETASASTSSHSEKRASSASSSSARKRETE 
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c 
C STARTSOLUTION... 

DO 115 J=2,LOC+1 
X= XLOC(J) 
OLDDX = DX 
DX = XLOC(J)-XLOC(J-1) 

SET MATRIX B2,A2 

a
a
n
 

AXIAL = 1.D0/(PE**2.D0*DX*OLDDX) 
DO 60 1=1,F 

AB = (1.0D0-B*E(1)**2.D0)/(DX*(2.D0-B)) 
A2(1) = AB-DE2 

60  B2(I)=-AB-DE2 
c 
C SET MATRIX D 
c 

D(1)= -A2(1)* PO(1)-A3(1)*PO(2) 
DO 70 I 

70 Di Dwre “AI PO(L- 1)-A2(1)* PO(I)-A3(1)* PO(I + 1) 

Ceteteeseee see sees SSAAASSESELASSSSSRHRESASSRSESSSLERERERESVSS SAE SRESSE HESS 

Cc 
Cc TRIDIAGONAL MATRIX SOLVER... 
Cc 

BETA(1)= B2(1) 
GAMMA(1)= D(1)/BETA(1) 
DO 80 1=2,H 

BETA(1) = B2(1)-B1(I)* B3(I-1)/BETA(I-1) 
80 GAMMA(I)=(D(1)-BI(1)}*GAMMA(I-1))/BETA(D 

P1(H)=GAMMA(H) 
DO 90 L=1,F 
1=H-L 

90 P1(I)= GAMMA(I)-B3(I)* PL(I + 1)/BETA(I) 
c 
CPTSASSEKSHSSHSESHESESASSEHAERESTSSESEOHESHSHSESHESRSSESEASSSSAHESSSSHTSEES 

Cc 
C CALCULATE THETA... 
Cc 

THRAD(1)=0.D0 
DO 95 1=2,H 

95 THRAD(I)= PI(I-1)*TH(I-1) 
THRAD(H + t)=1.D0-B 
THRAD(H + 2) = 1.D0-B 
CALL SPLINE(THRAD,RLOCG,H + 1,THETA) 

Cc 
C INTEGRATION STUFF 
c 

THETA = 1-THETA 
FLUX(J) = 2.D0*(P1(H)}-P1(F))/(DE*THETA) 
IF(J.EQ.LOC)THSTOR = THETA 
DO 110 1=1,H 
POO(I) = PO(I) 

110 PO(I)= Pil) 
115 CONTINUE 

Cc 
C PRINT OUT RESULTS... 
Cc 
120 WRITE(6,1000)XLOC(LOC),THSTOR,F 

C DO 1301=1,F 
C PRES =PINT+P1(I)*(POUT-PINT) 
C130 WRITE(10,1010)PRES 
1000 FORMAT(T2,‘AXIAL POSITION = ’,F8.5,T35, THETA = ‘,F8.5,/ 

T5,F= ’13) 
1010 FORMAT(TS,F10.5,T20,F10.5,T35,F10.5) 
1020 FORMAT(TS,’RADIUS’,T20, INPUT (X* = 0)’,T39,,;OUTPUT’) 

Cc 
C IN THIS SECTION OF THE PROGRAM THE FLUX AND MIXED MEAN PARTIAL 
C PRESSURE ARE INTGRATED. 
Cc 
Cc 
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C FIRST VALUES FOR ENERGY BALANCE CALCULATION... 
Cc . 

DO 1025 1=1,F 
1025. WRITE(20,2000)P0(1) 

XSTOR = XLOC(LOC) 
FLUX(1)=4.D0/DE 

C DO 10301=1,LOC 
C1030 WRITE(20,2000)XLOC(I), FLUX(I) 

CALL SPLINE(FLUX,XLOC,LOC,FLUXSUM) 
CONV =-DLOG(THSTOR)/(2.D0* XSTOR) 
FLUXSUM = FLUXSUM/XSTOR 
WRITE(6,2000)F LUXSUM,CONV,FLUXSUM-CONV 

C WRITE(20,2000)FLUXSUM,CONV,FLUXSUM-CONV 
2000 FORMAT(T3,4(5X,F10.6)) 

STOP 
END 

Cc 
C THOMAS MANCUSO 1ST SUMMER 1989 
Cc 

SUBROUTINE SPLINE(Y,XLOC,J,SUM) 
REAL*8 H(2200), Y(2200), ¥ 2(2200),A(2200),B(2200),C(2200),D(2200), 

$  XLOC(2200),BETA(2200),GAMMA(2200), 
$  SUM,TERM1,TERM2,TERM3,X1,X2 
DO 2010 1=1,J 

2010 H(I)=XLOC(I+ 1)-XLOC{(I) 
c 
C LOAD MATRICES 
Cc 

DO 2020 1=2,J 
A(Il)= H(I-1) 
B(1) = 2.D0*(H(I-1) + H(1)) 
C(I) = Hil) 

2020 D(I)=6.D0*((¥(I + 1} Y(1))/H(I}-(¥(1)-¥(I-1))/H(I-1)) 
Cc 
C TRIDAG SOLVER 
Cc 

IF=2 
BETA(IF) = B(IF) 
GAMMA(IF) = D(IF)/BETA(IF) 
IFN =IF+1 
DO 2040 [=IFN,J 

BETA(!) = B(I)-A(1)*C(I-1)/BETA(I-1) 
2040 GAMMA(I)=(D(I)-A(I)*GAMMA(I-1))/BETA() 

Y2(J)=GAMMA(J) 
LAST = J-IF 
DO 2050 L=1,LAST 

1=J-L 
2050 Y2(1I)=GAMMA(I)-C(1)*¥2(I + 1)/BETA(I) 
c 
C DETERMINE THE INTEGRATED VALUE 
c 
c 

Y2(1)= Y2(2) 
Y2(3 + 1) = Y2(J) 
SUM =0.D0 
DO 2060 I=1,J-1 
TERM] = -H(I)**3.D0*(Y2(I) + Y2(1 + 1))/24.D0 + 0.5D0*H(1)*(Y(I+ 1) + Y(D) 

2060 SUM =SUM+TERM1 
RETURN 
END 

c 
C SUBROUTINE LOADS XLOC VECTOR FOR MEDIUM STEP SIZE 
c 

SUBROUTINE XLOC2(XLOC,LOC) 
REAL*8§ XLOC(2300) 
XLOC(1)=0.D0 
DO 4050 1=2,LOC +1 

IF(I.LE.t1)XLOC(I) = XLOC(I-1) + 0.000005 
IF((I.GT.11).AND.(ILLE.106))X LOC(I) = XLOC(I-1) + 0.00001 
1F((1.GT.106).AN D.(1.LE.286))XLOC(1) = XLOC(I-1) + 0.00005 
IF(I.GT.286)XLOC(I) = XLOC(I-1) + 0.0001 
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4050 CONTINUE 
C4050 WRITE(10,4051)I,XLOC(I) 
C4051 FORMAT(TS,I4,2X,F8.6) 

RETURN 
END 

F.3_ The Data Program 

F.3.1 Data exec file 

**FORTVS2 DATA 
** FORTVS2 DATA ( OPT(3) VECTOR(LEVEL(2)) 
GLOBAL TXTLIB VSF2FORT IMSLDP IMSLI IMSL2 CMSLIB 
GLOBAL LOADLIB VSF2LOAD 
FILEDEF 7 DISK VEN8 DATA 
FILEDEF 9 DISK NONDIM DATA 
FILEDEF 18 DISK NONDIM INFO A 
FILEDEF 10 DISK DATA! SAS 
FILEDEF 12 DISK 3D SAS G 
FILEDEF 15 DISK INPUT DATA 
FILEDEF 19 DISK DATA3 SAS 
FILEDEF 20 DISK DATA2 SAS 
LOAD DATA ( NOMAP START 
**WATFOR77 DATA (NOWARN NOEXT 

F.3.2 Data FORTRAN code 

CPtSSeSeesee sso eSeeSOSASASHS THESES SSSASESSSSASSSEHSSEHASHAVSSS SH ASTE TREE 

c 
C THOMAS MANCUSO, SPRING 1989 
C LINEAR INTERPOLATION AND CONVOLUTION PROGRAM FOR BLOOD DATA 

Cessenscnessensscnesanssanssansssenssussausseesanssensssussaussensssens 

Cc 
IMPLICIT REAL*8 (A-H,O-Z) 
REAL*8 R(100),X1(50),X2(50),SAT1(50),SAT2(50),E(50),TH(50), 

$  CONSIT1(50),CONSIT2(50),MI,KI,P(50), TEM P(50),PIT1(50), 
$  SIT1(50),SIT2(50), MARG, THETAI THETA2,PIT2(50), 
$ | CONPIT1(50),CONPIT2(50) 
EXTERNAL INTERP,READ,SPLINE,PRINT,CONVOLUT 
INTEGER F,H,DATA!,DATA2,DUMP,DATA3,FILEFG 
COMMON F 
CALL DATA(PINT,POUT,THB) 
DATAI = 10 
DATA2 = 20 
DATA3 = 19 
DUMP=11 
INPUT = 15 
FILEFG =1 
H=F+1! 

LOAD R VECTOR 

Q
a
0
0
 

DELTAR = 1.D0/(2.D0*REAL(F)) 
R(1)= DELTAR 
DO 10 1=2,F 

0 R(I)=R(I-1)+2.D0*DELTAR 

MANIPULATE DATA FOR FIRST LOCATION 

a
A
0
0
—
 

CALL READ(SAT1,7,X1,FILEFG) 
CALL INTERP(SAT],SIT1,X1,R) 
IF(FILEFG.EQ.0)THEN 
CALL FLIP(SIT1) 
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ENDIF 
CALL CONVOLUT(SIT1,CONSIT1,R) 
CALL FLIP(SIT1) 
CALL SHILL(CONSIT1,CONPIT1) 
CALL SHILL(SIT1,PIT1) 
CALL PRINT(DATAI,R,PIT1,CONPIT1) 
CALL NONDIM(SIT1,7) 

MANIPULATE DATA FOR SECOND LOCATION 

a
a
a
n
a
 

CALL READ(SAT2,7,X2,FILEFG) 
CALL INTERP(SAT2,SIT2,X2,R) 
IF(FILEFG.EQ.0)THEN 
CALL FLIP(SIT2) 

ENDIF 
CALL CONVOLUT(SIT2,CONSIT2,R) 
CALL FLIP(SIT2) 
CALL SHILL(SIT2,PIT2) 
CALL SHILL{CONSIT2,CONPIT2) 
CALL PRINT(DATA2,R,PIT2,CONPIT2) 
CALL NONDIM(SIT2,8) 

PRINT OUT RESULTS 

a
|
A
A
a
A
N
 

CALL PRINT(DATA3,R,CONPIT1,CONPIT2) 
CALL PRINT(INPUT,R,SIT1,SIT2) 
STOP 
END 

CPF ees sSeceSeaeSASSSSSEEARESHSSSAAHSRSSSHESHESSASESAESASRAREEERSE SERIE RS 

Cc 
C >> END MAIN PROGRAM < < 
Cc 
Ctteeaseeneneceaasesecengeeecasesaeeeceeesaceseeseeceeeassseeeteseeeeass 

Cc 
C READS DATA FROM INPUT DATA FOR BIFURCATION AND WRITES 
C THE NONDIM DATA FILE. 
Cc 

SUBROUTINE DATA(PINT,POUT,THB) 
REAL*8 THB,PINT,POUT,XDIST,VDS1,VDS2 
INTEGER F 
COMMON F 
READ(7,*)F 

C  WRITE(9,900)F 
900 FORMAT(TI,I3) 

READ(7,*)THB,PINT,POUT 
C  WRITE(9,910)THB,PINT,POUT 
910 FORMAT(T1,3(F10.3,2X)) 

READ(7,*)XDIST 
WRITE(9,910)XDIST 
READ(7,")VDS1,VDS2 
WRITE(9,910)VDS1,VDS2 
RETURN 
END 

CPtaSe see SSeS SSESESSESESSAAESHSSSSHSERSS SASS HSSSSESESSES SSS SASESKESEES ESE 

Cc 
C READS ORIGINAL DATA FROM FILE 
Cc 

SUBROUTINE READ(SAT,FILE,X,FLAG) 
REAL*8 SAT(S0),X(50), CENTER,RADIUS,P(50) 
CHARACTER®*32 FILENO 
INTEGER FILE,F,FLAG 
COMMON F 
FLAG =! 
DO 1030 1=1,F 

1030 SAT(I)=0.D0 
READ(FILE,*)H,CENTER,RADIUS 
IF(CENTER.EQ.RADIUS)FLAG =0 
DO 1010 J=1,H 
READ(FILE,*)X(J),SAT(J) 

1010. X(J)=(X(J}CENTER)/RADIUS 
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CALL SHILL(SAT,P) 
READ(FILE,*)FILENO 
WRITE(18,*)FILENO 
WRITE(15,1040)FILENO 
WRITE(9,1000)RADIUS 
DO 1020 J=1,H 
WRITE(18,1000)X(J),SAT(J),P(J) 

1020 WRITE(6,1000)X(J),SAT(J),P(J) 
1000 FORMAT(T4,F7.3,4X,F7.3,4X,F7.3) 
1040 FORMAT(T1,",A24,"") 

RETURN 
END 

CPFSSEeSRSEKAESARESEASSRSSASAEKSKS SESH SSAASSSSAESSHSKSASSTHS SAKES ESERES 

c 
C INTERPOLATES DATA USING SIMPLE LINEAR INTERPOLATION 
c 

SUBROUTINE INTERP(SATSIT,X,R) 
REAL*8 SAT(50),SIT(50),X(50),R(100),SLOPE 
INTEGER F,J 
COMMON F 
J=1 
DO 1110 1=1,F 

IF(R(1).GT.X(J + 1))THEN 
J=J+1 

ENDIF 
SLOPE =(SAT(J + 1)-SAT(J))/(X(J + 1)-X(J)) 
SIT(I) = SAT(J) + SLOPE*(R(I)-X(J)) 

1110 CONTINUE 
RETURN 
END 

c 
Cette eSeseSSESASHSSESSESSSERSSKAASASSHSASSSS SESS SSS SSSSKSSKSSAESSSESESE SE 

c 
C SUBROUTINETO FLIP DATA 
c 

SUBROUTINE FLIP(SIT) 
REAL*8 TEMP(50),SIT(S0) 
INTEGER I,F 
COMMON F 
DO 1210 1=1,F 

1210 TEMP(I)=SIT(F-I+1) 
DO 1220 1=1,F 

1220 SIT(I)=TEMP(I) 
SIT(F + 1)=SIT(F) 
RETURN 
END 

CttASSeReSCaSSSESSAESSSSSSS SHS AES SSSAAVATAHS SS SELES SSKSSSSHSEHVSSHST SS 

THOMAS MANCUSO, 1ST SUMMER 1989 
CONVOLUTION PROGRAM 
ADAPTED (STOLEN) FROM “THE FOURIER RECONSTRUCTION OF A HEAD 

SECTION’ L.A. SHEPP AND B.F. LOGAN., 
IEEE TRANSACTIONS ON NUCLEAR SCIENCE. 
VOL NS-21, JUNE 1974. 

a
A
a
a
A
A
N
A
N
a
A
A
A
N
 

SUBROUTINE CONVOLUT(BLDDATA,CONDATA,RAD) 
REAL*8 XPOS,YPOS,P!,AM,A,PIN,C2,DELTA, YX, THETAJ,COSTHTAJ SINTHTAJ 

$  ,COSDELOA,Y1,R,Z1,AX,ALPHA,INT 
REAL*8 PHI(101), PROJ(101), CONV(101), Z(100,100),BLDDATA(50) 

$  ,CONDATA(50),RAD(100), Y LOC(100),ORIG(100),ZLOC(100), 
S R1(100) ,W(100) 
INTEGER I,F,M,M2 
COMMON F 
R=0.D0 
XPOS =0.99D0 
YPOS =0.99D0 
1=2°F 
NY=I 
NX=I 
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PI = DACOS(-1.D0) 
N = 100 
M=I 
AM = REAL({1)/2.D0 
MB=IDINT(AM)+1 
A=2.D0/REAL(M) 
PIN = PI/REAL(N) 
C2 =-1,.D0/(2.D0* PI*A*REAL(N)) 
DELTA = 2.D0*XPOS/REAL(NX) 
DO 1306 [=1,2*F 

DO 1306 J=1,2*F 
Z(J,1) =0.D0 

1306 CONV(I)=0.D0 
Cc 
c 
c 

PHI(1)= 2.D0/(PI*A*REAL(N)) 
DO 1310 K=1,M-1 

1310 PHI(K+1)=C2/(REAL{K**2)-0.25D0) 
c 
c 
c GENERATE OR READ IN INTEGRATED VALUES 
Cc 

DO 1325 1=1,F 
PROJ) = BLDDATA(I) 

c 
c WEIGHTING FACTOR FOR CYLINDRICAL CROSS SECTION 
Cc 

ALPHA = DASIN(1.D0-RAD(I)) 
W(I) = 2.D0* DCOS(ALPHA) 
PROJ(I) = PROJ(I)* W(1) 

c 
c 

RAD(M + 1-1) = RAD(I) 
1325 PROJ(M + 1-1) = PROJ(I) 

Cc 
Cc 
Cc 

DO 1350 J=1,N 
THETAI = REAL(J-1)*PIN 
COSTHTAJ = DCOS(THETAJ) 
SINTHTAJ = DSIN(THETAJ) 
COSDELOA = COSTHTAJ*DELTA/A 

Cc 
Cc 
Cc 

DO 1330 KR=1,M 
CONV(KR)=0.D 
DO 1330 K=1,M 
KABS = IABS(KR-K) +1 
CONV(KR) = CONV(KR)+ PROJ(K)*PHI(KABS) 

1330. CONTINUE 
DO 1350 1Y=1,NY 
Y1=-YPOS + 2.D0* YPOS*REAL{IY)/REAL{NY) 
R =(-XPOS*COSTHTAJ + SINTHTAJ*Y1 + 1.D0)/A-COSDELOA 
DO 1350 1=1,NX 
R=R+COSDELOA 
L=IDINT(R) 
1F((L.LE.0.D0).OR.(L.GE.M)) GOTO 1350 
Z(L,1Y) = Z(,1Y) + (REAL(L) + 1.D0-R)*CONV(L) 

$ + (R-REAL(L))*CONV(L+ 13) 
1350 CONTINUE 

DO 1355 1=1,NX 
DO 1360 J=1,NY 

Z(1,J)= DMAX1(0.D0,Z(I,J)) 
Z(1,J) = DMINI1(1.D0,Z(1,J)) 
X =-1.D0+ REAL(I)/AM-0.5D0/AM 
Y =-1.D0+ REAL(J)/AM-0.5D0/AM 
R=(X*X + Y*Y)**0,5D0 
IF(R.GT.1.01D0) Z(1,J) =0.D0 
WRITE(12,1300)X,Y,Z(I,J) 
YLOC(J)=Y 

0 
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1F(Z(I,J).LT.0.1D0)THEN 
ZLOC(J) =0.D0 

ELSE 
ZLOC(J) = Z(I,J) 

NDIF 
c WRITE(6,*)YLOC(J),ZLOC(J) 
1360 CONTINUE 

ZLOC(NY + 1)=0.D0 
YLOC(NY + 1)= YLOC(NY)+ 1.D0/AM 

Cc WRITE(6,*)YLOC(NY + 1),ZLOC(NY +1) 
CALL SPLINE(ZLOC,YLOC,NY,INT) 
ORIG(I) = INT 

1355 CONTINUE 
Cc CALL PRINT(19,YLOC,ORIG,BLDDATA) 

j= 

DO 1370 1=F+1,M 
1370 CONDATA(I-F) = (Z(1,J)+ Z(I,J + 1))/2.D0 

DO 1357 1=1,F 
IF(DABS(ORIG(I)/W(I)-BLDDATA(I)).GT.0.07D0* BLDDATA(I)) THEN 
WRITE(6,1356) 

ENDIF 
1356 FORMAT(T2,***** POSSIBLE ERROR IN CONVOLUTION ROUTINE*****) 

IF(CONDATA(I).GT.0.95D0)THEN 
WRITE(6,1390)CON DATA(I),RAD(I) 
CONDATA(I) = 0.95D0 

ENDIF 
c WRITE(19,1358)YLOC(I), ORIG(I)/W(1), BLDDATA(I), CONDATA(1) 
1357 CONTINUE 
1358 FORMAT(12,F7.5,3X,F7.5,3X,F7.5,3X,F7.5) 
1300 FORMAT(T3,4(2X,F9.5)) 
1390 FORMAT(T3,,/RECONSTRUCTION DATA = ’,F7.4,, AT ‘,F6.4) 

RETURN 
END 

CtAeeeeASRSKSSSAESEASSSEASERSHESASSSSSKESSESSARESHSEKSSKSERSSSSSESSESSKASH ERS 

Cc 
C THOMAS MANCUSO 1ST SUMMER 1989 
Cc 

SUBROUTINE SPLINE(Y,XLOC,J,SUM) 
REAL*8 H(100),Y(100),¥2(100),A(100),B(100),C(100),D(100), 

$  XLOC(100),BETA(100),GAMMA(100), 
$ SUM,TERM1,TERM2,TERM3,X1,X2 
DO 2010 1=1,J 

H(I) = XLOC(I + 1)-XLOC(1) 
c WRITE(6,*)H(1) 
2010 CONTINUE 

Cc 
C LOAD MATRICES 
Cc 

DO 2020 1=2,J 
A(I)= H(I-1) 
B(1) = 2.D0*(H(I-1) + H(1)) 
C(1)= H(I) 

2020 D(I)=6.D0*((Y(I+ 1} Y(I))/H(1}-(¥ (1 Y(I-1))/H(I-1)) 
c 
C TRIDAG SOLVER 
Cc 

IF=2 
BETA(IF) = B(IF) 
GAMMA(IF) = D(IF)/BETA(IF) 
IFN =IF+! 
DO 2040 1=1FN,J 

BETA(I) = B(I)-A(1)*C(I-1)/BETA(I-1) 
2040 GAMMA(I)=(D(I)-A(1)*GAMMA(I-1))/BETA() 

Y2(J)=GAMMA(J) 
LAST = J-IF 
DO 2050 L=1,LAST 

[=J-L 
2050 Y2(I)= GAMMA(I)-C(I)* Y2(I + 1)/BETA(I) 
c 
C DETERMINE THE INTEGRATED VALUE 
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a
n
 

¥2(1)= ¥2(2) 
Y2(3+ 1)= ¥2(J) 
SUM =0.D0 
DO 2060 I=1,J-1 
TERM] =-H(1)**3.D0*(Y2(1) + Y2(I + 1))/24.D0 + 0.5D0*H(I)*(Y(I+ 1) + ¥(I)) 

2060 SUM =SUM+TERMI 
RETURN 
END 

CAttee esse ee eae SEESERSEHERSHARAAEASRARSESRSESERESSSKETERSASAS SASS EKER TESS 

Cc 
Cc 
Cc 

SUBROUTINE PRINT(FILE,X,LIST1,LIST2) 
REAL*8 X(100),LIST1(50),LIST2(50) 
INTEGER FILE,F 
COMMON F 
WRITE(6,*)FILE 
DO 2410 1=1,F 

2410 WRITE(FILE,2400)X(1),LIST1(I),LIST2(1) 
2400 FORMAT(TS,F10.5,4X,F10.5,4X,F10.5,2X,F3.1) 

RETURN 
END 

C¥PaSSaSSSSSRESESSEERESERSESSSS RSS RSSSSSSHSESSESAASSSSESSESESSASTSASSES SSS 

Cc 
C SUBROUTINE HELPS DETERMINE PINT AND POUT 
Cc 

SUBROUTINE NONDIM(DATA,FILE) 
REAL*8 DATA(50),PDATA(S0), THETA 
INTEGER F,FILE 
CHARACTER®8 FILENO 
COMMON F 
B=1 
CALL SHILL(DATA,PDATA) 
CALL MIXEDMN(10.D0,30.D0,8.D0,PDATA,THETA,B) 
PSMALL = 100.D0 
PLARGE=0.D0 
DO 4210 I=1,F 

IF(PDATA(I).LT.PSMALL)PSMALL = PDATA(I) 
IF(PDATA(I).GT.PLARGE)PLARGE = PDATA(I) 

C  WRITE(6,4230)1,PDATA(I) 
4210 CONTINUE 

WRITE(18,4240)PSMALL,PLARGE,THETA 
4230 FORMAT(T2,13,3X,F10.5) 
4240 FORMAT(T3,’PMIN = ‘,F10.5,, PMAX = ‘,F10.5, 

$ ' THETA = ‘,F7.3,/) 
RETURN 
END 

CtFeAS te SSSeSSSSSESAESSTESHESSESSSESSSOARSASESSHSSSSSASSSHE ASHE LASSE ERS ERE 

c 
C USING THE $O2 CONCENTRATION, THE OXYGEN PARTIAL PRESSURE CAN 
C BE FOUND USING AN INVERTED FORM OF THE HILL EQUATION. 
c 

SUBROUTINE SHILL(SIT,PIT) 
REAL*8 SIT(50),PIT(50), N, P50 
INTEGER F 
COMMON F 
N =2.2D0 
PSO = 29.3D0 
DO 2160 J=1,F 
LF(SIT(J).GE.1.D0)SIT(J) = 0.99D0 

2160 PIT(J) = P50*(SIT(J)/(1.D0 - SIT(J)))**(1.D0/N) 
C CALL MARGARIA(SIT,PIT) 

RETURN 
END 

c 
CFtSeeeeSASERESERSSERESASERAERSAASAAASAESSSESLESAAERASELASSSASSTSSEAS SESE STATES 

Cc 
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C SUBROUTINE MIXEDMN (MIXED MEAN) 
c 

SUBROUTINE MIXEDMN(PINT,POUT,THB,PIT,THETA,B) 
REAL*8 E(50),TH(50),RLOC(4603),PIT(50),C(50),S(50), THRAD(4603) 

$  ,CTE,ALPHAO,SP,SOUT,SINT,CT,DE, THETA,POUT,PINT,HILL,MI,KI 
$ THB 
INTEGER H,F 
COMMON F 
H=F+1 
KI =0.0121D0 
MI=125.D0 
CTE= 1.39D0*THB/100.D0 
ALPHAO = 0.0223D0 
SP = (CTE/ALPHAO0)*760.D0 
SOUT = HILL{POUT) 
SINT = HILL{PINT) 
CT = (SOUT-SINT) + (POUT-PINT)/SP 
DE = 1.D0/REAL(F) 
E(1)= DE/2.D0 
TH(1)= E(1)*(1.D0-B* E(1)**2.D0)"4.D0/(CT*(2.D0-B)) 
DO 2310 1=2,F 

E(I)= E(I-1)+ DE 
2310 TH(I)=E(I)*(1.D0-B* E(1)**2)*4.D0(CT*(2.D0-B)) 

RLOC(1)=0.D0 
RLOC(H + 1)=1.D0 
RLOC(H + 2) = 1.0001D0 
DO 2320 1=2,H 

2320 RLOC(I)=E(I-1) 
DO 2330 1=1,F 

S(I) = HILL(DABS(PIT(I))) 
2330 C(I) =S(I)-SINT + (PIT(I)-PINT)/SP 

THRAD(1)=0.D0 
DO 2340 1=2,H 

2340 THRAD(I)=C(I-1)*TH(I-1) 
THRAD(H + !)=1.D0-B 
THRAD(H + 2)=1.D0-B 
CALL SPLINE(THRAD,RLOC,H + 1,THETA) 
RETURN 
END 

Cetsstst eee esa aSSSSSSSASSSAASSSHA SCS SHISSSLKSSSASSSSSS SAS SSSAAESSS SHES ESS 

Cc 
C OXYGEN SATURATION EQUATION (HILL) 
c 

DOUBLE PRECISION FUNCTION HILL({P) 
REAL*8 P, P50, N, MARG 
P50 = 29.3D0 
N= 2.2D0 
HILL = ((P/P50)**N)/ (1.D0 + (P/P50)**N ) 
RETURN 
END 

CPttSEseeseSSSSeSTSESESKSSSASSSSSASHASSSSSESSSSERESSSSASSSSERESSSSRSSS SES ES 

Cc 
C PARTIAL DERIVATIVE OF OXYGEN SATURATION EQUATION 
c 

DOUBLE PRECISION FUNCTION PRTLHL({P) 
REAL*8 P, P50, N, PRTLMG 
N =2.2D0 
P50 = 29,3 
PRTLHL = (N*P**(N-1))/((P50**N)*(1.D0 + (P/P50)**N)**2,D0) 

C  PRTLHL=PRTLMG(0.0121D0,125.D0,P) 
RETURN 
END 
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F.4 The Blood Program 

F.4.1 Blood exec file 

FORTVS2 BLOOD 
GLOBAL TXTLIB VSF2FORT IMSLDP IMSL1 IMSL2 CMSLIB 
GLOBAL LOADLIB VSF2LOAD 
FILEDEF 8 DISK FILE CONSTANT A 
FILEDEF 9 DISK MASS SAS G 
FILEDEF 10 DISK BLOOD OUTPUT A 
FILEDEF 11 DISK LOC DATA A 
FILEDEF 12 DISK ITDIDNT SAS A 
FILEDEF 13 DISK MASSBAL OUTPUT A 
FILEDEF 14 DISK INPUT DATA A 
FILEDEF 15 DISK NONDIM DATA A 
FILEDEF 17 DISK SALINE OUTPUT A 
FILEDEF 16 DISK BLOOD SAS A 
FILEDEF 18 DISK VEN8 DATA A 
LOAD BLOOD ( NOMAP START CLEAR 
**WATFOR77 BLOOD ( NOWARN NOEXT 

F.4.2 Blood FORTRAN code 

CPFSESSAESSEEAAERAAERAEAASERESHSEHSESSESESESSS SES SESESESSSEASSA ASHE TAS SES 

Q
A
N
|
A
A
N
A
A
N
A
N
N
 

60 

aa
aQ

q 
aA
aA
Nn
 

THOMAS MANCUSO -SPRING 1989 

THIS PROGRAM SOLVES THE DEVELOPING OXYGEN SATURATION PROFILE 
IN BLOOD AND CALCULATES ADDITIONAL PARAMETERS USED IN THE ANALYSIS. 
ITS PURPOSE IS TO DETERMINE THE EFFECTIVE DIFFUSIVITY OF OXYGEN 
IN FLOWING BLOOD. 

SKESAARESSSSESSSESSSSTASSESESKSESSESSESSASASSSSSSSHSSSHSSSESSECKSEKESEHSSASSKHKSSAERE 

IMPLICIT REAL*8 (A-H,O-Z) 
INTEGER F, STEP, J, HOUT,FLAGP,TRIP,FLAGB,FLAGSAT,MASS 
REAL*8 M,N,SH,LI,KI,MI,MF,CO,METHB,PS,TXL,XL,XLO,HD,SHN,AL,PHIM, 

$ DC,SHWN,HD1,ALPHA0, THETAOUT,DELTAS,SSMALL,SLARGE,PINT,POUT, THETA, 
$ A1(50), A2(50), A3(50), B1(51), B2(51), B3(51), 
$ D(51), P0(51), P1(51), GAMMA(S51), BETA(S1), PHI(50), 
$ TH(S0), E(50), F1(S0), $(50), P(52),SIT(51),PIT(51), 
$ SIP(50),DSDP(50),PB(50),FLUX(4603),NLIN X(4603),X LOC(4603), 
$ HILL,PRTLHL,THETAIN,CONV,FLUXSUM SIT1(50),S1T2(50), 
$ P00(50), VEL,RAD,XDIST,PECLET,THB,B,VBAR1,VBAR2,VBAR,RAD1,RAD?2, 
$ BU,BD,VDS1,VDS2,PIT1(50),PIT2(50),RE,MU,RHO 
CHARACTER*32 FILE!,FILE2 
COMMON F,FLAGSAT 
CALL ERRSET(208,256,-1,0,0) 
READ(14,*)FILE1 
READ(14,*)FILE2 
WRITE(6,50)FILE! 
WRITE(10,50)FILEB1 
WRITE(6,60)FILE2 
WRITE(10,60)FILE2 
FORMATI(TS, ‘> > UPSTREAM LOCATION: ',A20,’< <’) 
FORMAT(TS, ‘> > DOWNSTREAM LOCATION: ’,A20, ’< <‘,/) 

INPUT CASE PARAMETERS FROM THE SCREEN 

CALL CASE(FLAGSAT,FLAGB) 

READ DATA FROM FILE NONDIM DATA 

READ(18,")F 
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READ(18,*)THB,PINT,POUT 
WRITE(6,90)THB,PINT,POUT 
WRITE(10,90)THB,PINT,POUT 

90 FORMAT(TS,THB = ‘,F6.3,' PINT = ’,F6.3,’ POUT = ’,F6.3,/) 
READ(I5,*)XDIST 
READ(15,*)VDS1,VDS2 
READ(15,")RAD1 
READ(15,")RAD2 

DETERMINE SHAPE OF VELOCITY PROFILE 

CALL PROFILE(VDS1,RAD!1,BU,VBAR!) 
CALL PROFILE(VDS2,RAD2,BD,VBAR2) 
WRITE(6,100)VBARI,BU 
WRITE(10,100)VBAR!,BU 
WRITE(6,105)VBAR2,BD 
WRITE(10,105)V BAR2,BD 

A
A
A
 

100 FORMAT(/,T5,,AVE V1 = ’,F5.2,, MM/S’,) PROFILE PARAM. B = ’,F6.2) 
105 FORMAT(TS,’AVE V2 = ’,F5.2,, MM/S’,’ PROFILE PARAM. B = ’,F6.2) 

Cc 
C AVERAGE VALUES TO BE USED FOR ANALYSIS 
Cc 

VBAR =(VBAR1 + VBAR2)/2.D0 
RAD =(RADI + RAD2)/2.D0 
B=(BU + BD)/2.D0 
IF(FLAGB.EQ.1)THEN 

B=1.D0 
ENDIF 
WRITE(6,110)VBAR,B,XDIST,RAD 
WRITE(10,110)VBAR,B,XDIST,RAD 

110 FORMAT(T1,/,T5,,AVERAGE VELOCITY = ‘,FS.2,’ MM/S’,T35, 
$ ‘PROFILE SHAPE: ’ 
$ ,F6.3,/,15,'X = ‘,F5.0,’ MICRONS ',735,’RADIUS = ’, 
$ F6.2,, MICRONS’) 
RHO = 0.993D0 
MU = 0.04D0 
RE = RHO*VBAR*(1.D-1)*2.D0*RAD*(1.D-4)/MU 
WRITE(6,115)RE 
WRITE(10,115)RE 

115 FORMAT(TS,,/REYNOLDS # = ‘,F10.7,/) 
c 
C INITIALIZE AND/OR DEFINE VARIABLES 
c 

FLAGP=1 
TRIP=0 
H=F+1 
OUT =10 
DE=1.D0/REAL{F) 
PI = DACOS(-1.D0) 

DEFINE CONSTANTS 

a
a
a
 

ALPHAO = 0.0223D0 
DO=1,5D-5 
CTE = 1.39D0*THB/100.D0 

... INPUT INTIAL CONDITIONS, (FROM INPUT FILE)... 

DO 130 1=1,F 
READ(17,*)PB(I) 
READ(14,*)AX,SIT1(I),SIT2(1 

<< FOR UNIFORM INLET PROFILE > > 
SIT(I) = HILL{PINT) 
PIT(I) = PINT 

30 CONTINUE 
SIT1(H) = SIT1(F) 

=
A
A
A
A
 

A 
A
A
A
 

CONVERT SATURATION VALUES TO PARTIAL PRESSUR VALUES 

a
a
a
 

CALL SHILL{SIT1,PIT) 
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CALL SHILL(SIT2,PB) 

DETERMINE TOTAL OXYGEN VALUES AT EACH LOCATION 

CALL MIXEDMN(PINT,POUT,THB,PIT,THETAIN,B) 
CALL MIXEDMN(PINT,POUT,THB,PB,THETAOUT,B) 

DETERMINE IF THETA IS INCREASING OR DECREASING AND SET 
APPROPIATE FLAG ‘MASS’ 

a
a
n
 

a
n
A
A
 

WRITE(10,131)FILE!,THETAIN, FILE2, THETAOUT 
WRITE(6,131)FILE1 THETAIN,FILE2, THETAOUT 

131 FORMAT(TS,'‘UPSTREAM LOCATION: ‘,A20,4X,THETAIN = ‘,F8.5,/ 
$ TS, ‘DOWNSTREAM LOCATION: ',A20,4X,THETA OUT = ’,F8.5,/) 
IF(THETAIN.LT.THETAOUT)THEN 

MASS =} 
WRITE(6,133) 
WRITE(10,133) 

ELSE 
MASS =-1 
WRITE(6,137) 
WRITE(10,137) 

ENDIF 
133 FORMAT(TS,’> > THETA IS INCREASING < <’,/) 
137 FORMAT(TS,’> > THETA IS DECREASING < <’,/) 

Cc 
C NON-DIMENSIONALIZE PRESSURE VALUES AND DETERMINE M 
Cc 
140 CONTINUE 

SP = (CTE/ALPHAO)*760.D0 
SINT = HILL(PINT) 
SOUT = HILL(POUT) 
PIT(H) = PIT(F) 
DO 150 J=1,H 

PO(J) = (PIT(J)-PINT)/(POUT-PINT) 
150 CONTINUE 

CT =(SOUT-SINT) + (POUT-PINT)/SP 
TERMI! =CTE*(SOUT -SINT) 
TERM2 = ALPHA0*(POUT-PINT)/760.D0 
M =1,.D0+TERM1/TERM2 

MF = M*0.001D0 
E(1)= DE/2.D0 
DO 200 1=2,F 

200 E{I)=E(I-1)+DE 
c 
C MATRIX INITIALIZATION 
c 

DE! = 1.D0/(4.D0* DE) 
DE2 = 1.D0/(DE**2.D0) 
DO 210 J=1,F 

210 PHI(J)= PRTLHL{PIT(J))*SP 
220 CONTINUE 

A3(1) = DE2 
B3(1)= DE2 
DO 230 [=2,F 

Al(1)= DE2/2.D0-DE1/E(I) 
Bi(I)= Al(I) 
A3(1) = DE2/2.D0 + DE1/E(I) 

30 B3(I1)= A3(I) 

BOUNDRY CONDITIONS AT WALL... 

SH=10 
HS1 =0.5D0-2.D0/(SH* DE) 
HS2 = 0.5D0 + 2.D0/(SH* DE) 
HS1=0.5D0 
HS2 =0.5D0 
CH =1.D0 

N
N
 

A
A
A
p
,
n
 

a 
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INITIALIZE COUNTERS 

a
a
 

J= 
K=1 
X=0.D0 
THETA =0.D0 
B1(H)=HSt 
B2(H)= HS2 

LOAD XLOC VECTOR WITH STEP SIZES 

CALL XLOC2(XLOC,4600) 

START SOLUTION 

w
Q
A
A
A
 

A
A
N
 

00 NLINX(J)=XLOC(J)*M 
DX = M*(XLOC(J + 1}XLOC(J)) 
DX1=1.D0/DX 
KOU =0 

310 DO 320 1=1,F 
AB =(1.D0-B*(E(I)**2.D0))*(1.0 + PHI(I))*DX1/(2.D0-B) 
A2(1) = AB-DE2 

320 B2(1)=-AB-DE2 
D(1)= ~A2(1)*PO(1)-A3(1)*PO(2) 
DO 330 1=2,F 

330 D(I)=-Al(1)*PO(I-1)-A2(1)* PO(I)-A3(1)*PO(I + 1) 
D(H)=CH 

c 
C TRIDIAGONAL MATRIX SOLVER 
c 

BETA(1) = B2(1) 
GAMMA(1) = D(1)/BETA(1) 
DO 335 1=2,H 
BETA(1) = B2(I)-B1(1)*B3(I-1)/BETA(I-1) 

335. GAMMA(I)=(D(I)-B1(I)*GAMMA(I-1))/BETA(]) 
P1(H)=GAMMA(H) 
DO 340 L=1,F 
1=H-L 
P1(1)= GAMMA(I)-B3(I)*P1(I + 1)/BETA(I) 

340 CONTINUE 
Cc 
C CHECK PHI 
Cc 

DO 350 1=1,F 
P(I) = PINT + (POUT-PINT)*(P0(1) + P1(I))/2.D0 

350 —- FI(I)=SP*PRTLHL(P(1)) 
DO 360 1=1,F 

IF (ABS(PHI(I)-FI(1))-MF) 360,360,370 
360 CONTINUE 

GO TO 500 
370 DO 380 1=1,F 
380 PHI(1) = FI(1) 

KOU=KOU+1 
IF (KOU-20) 310,1000,1000 

c 
C CALCULATE THETA 
Cc 
500 THOLD=THETA 

DO 510 1=1,F 
$10 P(I)= PINT +(POUT-PINT)*P1(I) 

CALL MIXEDMN(PINT,POUT,THB,P,THETA,B) 
535 CONTINUE 

RADIAL FLUX 

FLUX(J)=(P1(H)}-P1(F))/DE 

END CONDITIONS... 

IF(J.GT.100)THEN 
IF(XLOC(J).GE.0.05D0)THEN 
1F((THETA.GE.THETAOUT).AND.(MASS.EQ.1))THEN 

a
a
g
a
a
a
q
 

a
a
a
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FLAGP = FLAGP +1 
ELSEIF((THETA.LE.THETAOUT).AND.(MASS.EQ.-1)) THEN 
FLAGP = FLAGP +1 

ENDIF 
IF(FLAGP.GE.2)THEN 
WRITE(10,560)XLOC(J-1), NLINX(J-1), THOLD,M 
WRITE(6,560)XLOC(J-1),NLINX(J-1), THOLD,M 

560, FORMAT(TS,'X+/M = ‘,F8.5,° X= ',F8.4,3X,’ THETA= ’,F10.5,3X, 
‘M = ’,F7.2,/) 

CALL SPLINE(FLUX,NLINX,J-1,FLUXSUM) 
FLUXIN =4.D0* ALPHA0*(POUT-PINT)* FLUXSUM/760.D0 
CONVOUT = (THOLD-THETAIN)*(TERM1 + TERM2) 
DELTA = ((FLUXIN-CONVOUT)/CONVOUT*100.D0) 
WRITE(6,570)FLUXIN,CONVOUT,DELTA 
WRITE(10,570)FLUXIN,CONVOUT,DELTA 

570 FORMAT(/,TS,'FLUX THRU WALLS ’,F10.7,2X,'CC 02 (STP)/ CC BLOOD’ 
s /,TS,‘;CHANGE IN MASS ‘,F10.7,2X,’CC 02 (STP)/ CC BLOOD’ 
s /,TS,((FLUX-CONV)/CONV*100 = ’,F7.2) 

PRINT OUT EFFECTIVE DIFFUSIVITY AND PECLET NUMBER 

a
a
n
g
 

DEFF =(1.D-5)*NLINX(J-1)*2.D0"VBAR*RAD*RAD/XDIST 
PECLET = (1.D-5)*VBAR*2.D0*RAD/DEFF 
WRITE(10,590)DEFF,PECLET 
WRITE(6,590)DEFF,PECLET 

590 FORMAT(TI,/,T5,'EFFECTIVE DIFFUSIVITY = ’,E9.4,' CM**2/S’, 
$ ° PECLET # = ‘,F9.4,/) 

DETERMINE SHEAR INDUCED AUGMENTATION EFFECTIVE DIFFUSIVITY 

1F(B.EQ.1.D0)THEN 
SHEAR = 4.D0* VBAR"1000.D0((RAD) 
CALL AUGMENT(SHEAR,M,DEFFSH) 
WRITE(6,595)SHEAR,DEFFSH 
WRITE(10,595)SHEAR, DEFFSH 

595 FORMAT(TS, SHEAR RATE (1/S) = ',F7.2,3X,,SSHEAR INDUCED’ 
s  DEFF = ',D9.4,’ CM**2/S’) 

ENDIF 
Cc 
C PRINT OUT MASS FLUX DATA 
Cc 

a
a
A
A
 

DO 445 1=1,J 
445 WRITE(9,546)NLIN X(T), 

$ -1.D6* DEFF*2.D0* PI* ALPHA0*(POUT-PINT)* FLUX(1)/760.D0 
546 FORMAT(TS,F11.8,3X,F10.5) 

Cc 
Cc PRINT OUT RADIAL DISTRIBUTIONS 
Cc 

DO 540 1=1,F 
WRITE(13,550)E(1),P0(I) 
S(1) = HILL{P(1)) 

c WRITE(16,550)E(I),P1(1),PB(1) 
WRITE(16,550)E(1),P(1),PIT(1),PB(I) 
WRITE(10,550)E(1),P(1),PIT(1),PB(I) 

c WRITE(16,550)E(1),S(1),SIT1(1),SIT2(1) 
540 CONTINUE 
550 FORMAT(T3,F6.4,T10,F9.5,T20,F9.5,T30,F9.5) 

GOTO 1100 
ENDIF 
K=0 

600 CONTINUE 
Cc 
C RESET PO & PHI FOR NEXT STEP IN SPACE 
Cc 

1=1 
PO(I) = P1(I) + DX*(P1 (1+ 1)-P1(1))*(1.0/(2.0* DE*E(1)) + DE2)/ 

$ — (2.0*(1.0-B* E(1)**2)/(2.D0-B))*(1.0 + PHI(I)) 
DO 630 1=2,F 

630 PO(I)= P1(I)+ DX*((P1(1+ 1)}-P1(I-1))/(2.0* DE* E(1)) + (P1(I + 1)-2.D0 
$ *P1(I)+ P1(I-1))*DE2)/(2.0°(1.0-B* E(1)**2)/(2.D0-B))*(1.0 + PHI(1)) 
DO 640 1=1,F 

P(I) = PINT + (POUT-PINT)* PO(1) 
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640 PHI(I)=SP*PRTLHL(P(1)) 
650 DO 670 1=1,H 
670  PO(I)=PI(I) 

COUNTER 

a
a
a
 

J=J+1 
K=K+1 

END PROGRAM IF PHI APPEARS TO BE DIVERGING OR IF THAT LIMIT OF 
OF 4600 AXAIL STEPS IS REACHED 

aa
AA
aA
AN
 

IF(J.GT.4600)GO TO 1100 
GO TO 300 

1000 WRITE(9,1010) 
WRITE(6,1010) 

1010 FORMAT(5X,’PHI IS UNSTABLE’) 
Cc : 

C IF THE PROGRAM IS NOT STOPPED BY THE MIXED MEAN COMPARISONS OF THE 
C PREVIOUS SECTION, THE RADIAL DISTRBUTIONS ARE PRINTED OUT. 
c 
1100 IF(FLAGP.EQ.1)THEN 
WRITE(12,560)X LOC(J), NLINX(J), THOLD,M 
WRITE(12,131)FILE1, THETAIN, FILE2, THETAOUT 
DO 1120 1=1,F 

1120» WRITE(12,550)E(1),P(1),PIT(1),PB(I) 
ENDIF 

1300 STOP 
END 

CAtseeeSKSSESSSSSSAREESESAELSSAHSSSSRSSSSSSEKSSSSSSAERESSSERSSSSSSEREERESE 

Cc 
C >> END MAIN PROGRAM < < 

CPFSseSeSeSSSSeeSTESSSSSSSHSSASSSSSSSSSSERESSASSSHSSSSSSSSASESARSESHKESSESSS 

Cc 
C PRINT OUT 1 DIMENSIONAL ARRAYS 
Cc 

SUBROUTINE PRINT(FILE,X,LIST1,LIST2) 
REAL*8 X(100),LIST1(100),LIST2(100) 
INTEGER FILE,F 
COMMON F 
DO 2410 1=1,F 

2410 WRITE(FILE,2400)X(1),LIST1(1),LIST2(1) 
2400 FORMAT(TS,F10.5,4X,F10.5,4X,F10.5) 

RETURN 
END 

CPt Sse eSSSSHKS STA SSSSSSERSESSASSASSSRSAKSSHSSSSESSASSSSAASSASHSSSSESS ES 

Cc 
C THOMAS MANCUSO 1ST SUMMER 1989 
c 

SUBROUTINE SPLINE(Y,XLOC,J,SUM) 
REAL*"8 H(4603), Y(4603), Y2(4603),A(4603),B(4603),C(4603),D(4603), 

$  XLOC(4603),BETA(4603),GAMMA(4603), 
$  SUM,TERM1,TERM2,TERM3,X1,X2 
DO 2010 1=1,J 

2010 H(I)=XLOC(I+1)-XLOC(I) 
Cc 
C LOAD MATRICES 
Cc 

DO 2020 1=2,J 
A(l) = H(I-1) 
B(I) = 2.D0*(H(I-1)+ H(D)) 
C(1)= H(1) 

2020 D(l)=6.D0*((Y(I + 1)-¥(1))/H(1)-(Y(1)-Y(I-1))/H(I-1)) 
c 
C TRIDAG SOLVER 
c 

IF =2 
BETA(IF) = B(IF) 
GAMMA(IF) = D(IF)/BETA(IF) 
IFN =IF +1 

The Programs 176



DO 2040 1=IFN,J 
BETA(I) = B(I)-A(1)*C(I-1)/BETA(I-1) 

2040 GAMMA(I)=(D(I)-A(I)*GAMMA(I-1))/BETA(I) 
Y2(J)= GAMMA(J) 
LAST = J-IF 
DO 2050 L=1,LAST 

1=J-L 
2050 Y2(I)=GAMMA(I)-C(I)* Y2(1 + 1)/BETA(I) 
c 
C DETERMINE THE INTEGRATED VALUE 
Cc 

¥2(1) = Y2(2) 
Y2(5 + 1)= Y2(J) 
SUM =0.D0 
DO 2060 1=1,J-1 
TERM! = -H(I)**3.D0*(Y2(I) + Y2(I + 1))/24.D0 + 0.SD0* H(1)*(Y¥(I + 1) + Y¥(I) 

2060 SUM =SUM+TERMI 
RETURN 
END 

CFS AHS SSeS SSESEAESAAKESERARETSSAESSELESSRAAAAESESESSSKASASSSHSERAKSEHSSESS 

Cc 
C SUBROUTINE MIXEDMN (MIXED MEAN) 
c 

SUBROUTINE MIXEDMN(PINT,POUT,THB,PIT,THETA,B) 
REAL*8 E(50),TH(50),RLOC(4603),PIT(50),C(50),S(50), THRAD(4603) 

$ ,CTE,ALPHAO,SP,SOUT,SINT,CT,DE,THETA,POUT,PINT,HILL,M1,KI 
.THB,B 

INTEGER H,F 
COMMON F 
H=F+1 
CTE = 1.39D0*THB/100.D0 
ALPHAO = 0.0223D0 
SP = (CTE/ALPHAO)*760.D0 
SOUT = HILL(POUT) 
SINT = HILL(PINT) 
CT =(SOUT-SINT) + (POUT-PINT)/SP 
DE = 1.D0/REAL(F) 
E(1)= DE/2.D0 
TH(1) = E(1)*(1.D0-B*E(1)**2.D0)*4.D0/(CT*(2.D0-B)) 
DO 2310 1=2,F 
E(I) = E(I-1)+ DE 

2310 TH(I)= E(1)*(1.D0-B* E(1)**2)*4.D0/(CT*(2.D0-B)) 
RLOC(1)=0.D0 
RLOC(H + 1)=1.D0 
RLOC(H + 2)= 1.0001D0 
DO 2320 I=2,H 

2320 RLOC(I)= E(I-1) 
DO 2330 1=1,F 
S(1) = HILL{DABS(PIT(1))) 

2330 C(I)=S(I)-SINT + (PIT(I)-PINT)/SP 
THRAD(1)=0.D0 
DO 2340 1=2,H 

2340 THRAD(I)=C(I-1)*TH(I-1) 
THRAD(H + 1)=1.D0-B 
THRAD(H +2)=1.D0-B 
CALL SPLINE(THRAD,RLOC,H + 1,THETA) 
RETURN 
END 

CEtsSeeeaeeeeS SSE SHKSKASSHESESSSSLESSSESALASEHSESSSSSSELSSALASSSE SS SS SASES SS 

c 
C SUBROUTINE LOADS XLOC VECTOR FOR LARGE STEP SIZE 
Cc 

SUBROUTINE XLOC1I(XLOC,LOC) 
REAL*8 XLOC(10001) 
XLOC(1)=0.D0 
DO 4050 1=2,LOC+1 

. [F(LLE.7)XLOC(I) = XLOC(I-1) + 0.00001 DO 
1F((I.GT.7).AND.(1.LE.54))XLOC(I) = XLOC(I-1) + 0.00002D0 
IF((I.GT.54). AN D.(I.LE.144))XLOC(I) = XLOC(I-1)+ 0.0001D0 
IF(I.GT.144)XLOC(I) = XLOC(I-1) + 0.0002D0 

c WRITE(9,4051)I,XLOC(I) 
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4050 CONTINUE 
4051 FORMAT(TS,14,2X,F8.6) 

RETURN 
END 

CASS SAESSKASKESSASAAESSKASASAHEARAASRSARSSEEEKERSHRERERAEAAARESERESEE RES 

Cc 
C SUBROUTINE LOADS XLOC VECTOR FOR MEDIUM STEP SIZE 
Cc 

SUBROUTINE XLOC2(XLOC,LOC) 
REAL*8 XLOC(4603) 
XLOC(1)=0.D0 
DO 4050 1=2,LOC+1 

IF(I.LE.11)XLOC(I) = XLOC(I-1) + 0.000005D0 
IF((ILGT.11).AND.(I.LE,106))XLOC(I) = XLOC(I-1)+ 0.00001 D0 
IF((I.GT.106).AN D.(I.LE.286))XLOC(I) = XLOC(I-1) + 0.00005D0 
IF(I.GT.286)XLOC(I) = XLOC(I-1) + 0.0001 DO 

4050 CONTINUE 
4051 FORMAT(TS,14,2X,F8.6) 

RETURN 
END 

Cotes e ees eSESRSSASSSSESESSESSHAEEKSERASSSAS SAS SASSSSSHSEAESSESEHEREERETES ESS 

Cc 
C SUBROUTINE LOADS XLOC VECTOR FOR SMALL STEP SIZE 
Cc 

SUBROUTINE XLOC3(XLOC,LOC) 
REAL*8 XLOC(4601) 
XLOC(1)=0.D0 
DO 4050 1=2,LOC+1 
IF(1.LE.21)XLOC(I) = XLOC(I-1) + 0.000003 DO 
IF((I.GT.21).AND.(LLE.176))XLOC(I) = XLOC(I-1) + 0.000006D0 
1F((I.GT.176).AND.(1.LE.1143))X LOC(I) = XLOC(I-1) + 0.00003 DO 
IF(I.GT.1143)XLOC(1) = XLOC(I-1) + 0.00005D0 

c WRITE(9,4051)I,XLOC(1) 
4050 CONTINUE 
4051 FORMAT(TS,14,2X,F8.6) 

RETURN 
END 

Cttsess esses esa Se eee SHEATH SSHSSESESSSSEAASHASSEHETRSESHETESESSESSESE SESS 

c 
C OXYGEN SATURATION EQUATION (HILL) 
c 

DOUBLE PRECISION FUNCTION HILL(P) 
REAL'*8 P, PSO, N, MARG 
INTEGER F, FLAGSAT 
COMMON F, FLAGSAT 
PSO = 29.3D0 
N= 2.2D0 
IF(FLAGSAT.EQ.0)THEN 

HILL = ((P/P50)**N)/ (1.D0 + (P/P50)**N ) 
ELSE 
HILL = MARG(0.0121D0,125.D0,P) 

ENDIF 
RETURN 
END 

CPtseeeeSeeSsSSSSSCSSSESSESSSSESEVASASSHSHSSHSSSSSSSSSSHSSSSSSHS TS EKS SS HSES 

Cc 
C PARTIAL DERIVATIVE OF MARGARIA EQUATION 
Cc 

DOUBLE PRECISION FUNCTION PRTLHL(P) 
REAL*8 P, P50, N, PRTLMG 
INTEGER F,FLAGSAT 
COMMON F, FLAGSAT 
N =2.2D0 
P50 = 29.3 
IF(FLAGSAT.EQ.0)THEN 

IF(P.LT.0.D0)THEN 
PRTLHL=0.D0 

ELSE 
PRTLHL = (N*P**(N-1))/((P50**N)*(1.D0 + (P/P50)**N)**2.D0) 

ENDIF 
ELSE 
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PRTLHL = PRTLMG(0.0121D0,125.D0,P) 
ENDIF 
RETURN 
END 

CPPSSRESEEESESSESESSESEASEERSESERSEELESSASESSSSEAESERESHSESSSAERKSESESESSEREEEES 

QO
 

Cc USING THE SO2 CONCENTRATION, THE OXYGEN PARTIAL PRESSURE CAN 
Cc BE FOUND USING AN INVERTED FORM OF THE HILL EQUATION. 
Cc 

SUBROUTINE SHILL(SIT,PIT) 
REAL*8 SIT(50),PIT(50), N, P50 
INTEGER F,FLAGSAT 
COMMON F,FLAGSAT 
IF(FLAGSAT.EQ.0)THEN 

N =2.2D0 
P50 = 29.3D0 
DO 2160 J=1,F 
IF(SIT(J).GE.1.D0)SIT(J) = 0.99D0 

2160 PIT(J) = P50*(SIT(J)/(1.DO - SIT(J)))**(1.D0/N) 
ELSE 
CALL MARGARIA(SIT,PIT) 

ENDIF 
RETURN 
END 

CPtCeseSeSeaeSeeSSKSRESSHAGSAESEAESSEREREKSESEEASHSSSARESHAERASERVESAESES 

Cc 
C  MARGARIA EQUATION 
Cc 

DOUBLE PRECISION FUNCTION MARG(KI,ML,P) 
REAL*8 KI,MI,P 
MARG = (((1.D0 + KI*P)(KI*P))**3.D0 + MI -1.D0)/(((1.D0 

$ + KI*®P)/(KI*P))"*4.D0 + MI -1.D0) 
RETURN 
END 

CARERS SeSSRESSRASSASESASSSSSESSSSSSSKESSSSESESSSSSEASSSAHSSHSES ESTERASE TESS 

Cc 
C PARTIAL DERIVATIVE OF MARGARIA EQUATION 
c 

DOUBLE PRECISION FUNCTION PRTLMG(KI,MI,P) 
REAL*8 KI,MI,P,SIP 
1F(P.LT.1.D-5)THEN 

PRTLMG = KI 
ELSE 
SIP =(1.D0+ KI*P)/(KI*P) 
PRTLMG = (SIP**6 + (MI-1.D0)*(4.0°SIP**3-3.0°SIP*SIP))/ 

s (((SIP**4 + MI-1.D0)**2)* KI* P*P) 
ENDIF 
RETURN 
END 

CPFSte Asse SeeSSSeSSSEKSSESSESESSESESHSSHASSABHOKESSSSASSSALSSESS SESS SESE SES 

USING THE SO2 CONCENTRATION, THE PARTIAL PRESSURE 
IS FOUND USING THE MARGARIA EQUATION. SINCE THE PARTIAL PRESSURE 
CANNOT BE SOLVED FOR EXPLICITLY, AN ITERATIVE TECHNIQUE IS USED 

a
|
a
A
a
A
A
N
 

SUBROUTINE MARGARIA(SIT,PIT) 
REAL*8 SIT(50),PIT(S0),MI,K1,P1B,FX,DC,AB,MN,MARG 

$  ,P,CONV,PRTLMG 
INTEGER F 
COMMON F 
CONV =1.D-8 
KI =0.0121D0 
MI=125.D0 
DO 2160 J=1,F+1 

PIB = 50.D0 
1=1 
1F(SIT(J).EQ.0.D0)THEN 

PIB =0.D0 
GOTO 2160 

ENDIF 
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2100 P=PIB-(MARG(KI,MI,PIB)-SIT(J))/PRTLMG(KI,MI,PIB) 
IF(DABS(PIB-P).GT.CONV)THEN 

I=I+1 
IF(I.GT.20)THEN 

WRITE(6,2110)PIB,SIT(J) 
2110 FORMAT(T3,*** ERROR IN MARGARIA ROOT FINDER***’,/, 

$ T3,'P = ',F10.5,° S = ’,F10.5) 
GOTO 2160 

ENDIF 
PIB = DABS(P) 
IF(PIB.GT.100.D0)PIB = 100.D0 
GOTO 2100 

ENDIF 
c WRITE(6,*)I,J,PIB 
2160 PIT(J)=PIB 

RETURN 
END 

CEFREARSESSEEAESEESESESESLAERESAEKEESAAAASEAKOSARESSERESAAESASARESHERESERES 

a 

C PROFILE SUBROUTINE FINDS SHAPE OF VELOCITY PROFILE ACCORDING 
C TOCORRELATION GIVEN BY PITTMAN. 
Cc 

SUBROUTINE PROFILE(VDS,R,B,VBAR) 
IMPLICIT REAL*8 (A-H,O-Z) 
B= -0.014D0 + 0.015D0*VDS + 0.016D0*R 
VBAR = VDS*((1.D0-B/3.D0)*(1.D0-B/2.D0))/(1.D0-2.D0* B/3.D0 

$  +(B**2.D0)/5.D0) 
RETURN 
END 

THIS SUBROUTINE IS USED TO DETERMINE WHICH CASE IS TO BE 
USED FOR THE ANALYSIS. AN OPTION IS GIVEN TO USE EITHER 
THE HILL OR MARGARIA CURVE AND TO USE EITHER THE POISIEULLE 
OR A BLUNTER VELOCITY PROFILE. 

a
a
A
A
N
A
A
N
 

SUBROUTINE CASE(FLAGSAT,FLAGB) 
INTEGER FLAGB,FLAGSAT 

3000 WRITE(6,3010) 
READ(6,*)FLAGSAT 

3010 FORMAT(TS, INPUT 0 TO USE HILL EQ. AND ! FOR MARGARIA EQ’) 
IF(FLAGSAT.EQ.0)THEN 

WRITE(6,3020) 
WRITE(10,3020) 

ELSEIF(FLAGSAT.EQ.!)THEN 
WRITE(6,3030) 
WRITE(10,3030) 

ELSE 
GOTO 3000 

ENDIF 
3020 FORMAT(TS,***** USING THE HILL EQUATION *****’,/) 
3030 FORMAT(TS,***** USING THE MARGARIA EQAUTION **#**',/) 
c 
c 
3040 WRITE(6,3050) 
3050 FORMAT(/,T5,, INPUT 0 FOR VARIABLE PROF. OR | FOR POISEUILLE PROF’) 

READ(6,*)FLAGB 
1F((FLAGB.NE.0).AND.(FLAGB.NE.1)}GOTO 3040 
RETURN 
END 

Cette seSSee Sess SeSSeSSSHSRSKSTSESAKASSRSARESSSTSSSHAKSESEASASSASESASSS SEES 

THIS SUBROUTINE DETERMINES THE EFFECTIVE DIFFUSIVITY BY 
THE SHEAR AUGMENTATION TECHNIQUE AS EXPLAINED IN: 
“OXYGEN DIFFUSION IN BLOOD: A TRANSLATIONAL MODEL OF SHEAR 
INDUCED AUGMENTATION.” 

a
a
A
A
A
A
N
 

SUBROUTINE AUGMENT(SHEAR,M,DEFF) 
REAL"8 VOLFRAC, DO, SHEAR, DRBC, FPREQ, FPR, L, B, CB, 

$ Kl, LAMBDA2, DELTA12, G, DA, M, DEFF 
CB = (0.3D0)*2.D-5 
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L = 3.D-4 
B = 0.8D-4 
DA = 0.9D-5 
Ki = 3.5D+9 
VOLFRAC = 0.45D0 
DO = 1.SD-5 
DRBC = (2.0D-9) * SHEAR 
FPREQ = DRBC/DO * (M-1 + VOLFRAC) 
T = L*L/(2.D0 * DRBC) 
LAMBDA2 = (2.D0* DA) /( KI * CB) 
DELTAI2 = (T * DA)/M 
G = (( DELTA12 + LAMBDA2 )**0.5D0 - LAMBDA2**0.5D0 ) / B 
IF( G.GE.1.D0 ) G=1.D0 
WRITE(10,4550)G 
WRITE(6,4550)G 

4550 FORMAT(TS, EQUILIBRATION FUNCTION, G = ‘,F6.3) 
FPR = G * FPREQ 
DEFF = DO *(1.D0 + FPR) 
RETURN 
END 

The Programs 181



Vita 

Thomas Mancuso was born on August 18, 1966, in Morristown, New Jersey to Joseph and Anita 

Breaux Mancuso. He grew up in the suburban township of Randolph, New Jersey where he 

graduated from high school in 1984. He then went to the Pennsylvania State University where he 

graduated with a Bachelors of Science in Mechanical Engineering in May, 1988. The following fall 

he moved to Blacksburg to attend Virgina Polytechnic Institute and State University. He com- 

pleted a Master of Science degree in Mechanical Engineering in February 1989. He plans to leave 

academia for a job in industry to find out how good he had it in graduate school. 

Hem Pranecces— 

Vita 182


