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I. INTRODUCTION 

1.1 General 

The purpose of this experimental investigation is to better define 
carrier-mediated transport in flowing whole blood and hemoglobin solu-
tions. This type of transport is examined by studying the effects of 
shear induced and Brownian type hemoglobin molecule motion on the trans-
fer of oxygen. Bulk transfer of oxygen into the flowing medium is 
experimentally determined. The transfer into the flow is modeled by 
numerically solving the governing convective transfer equations. The 
theoretical solution for the transfer is matched to the experimental 
value for bulk transfer, resulting in effective diffusivities describing 
the transfer for the particular fluid being used. The values are then 
analyzed to study the effects of different transfer mechanisms. 

The transfer mechanisms affecting oxygen transfer into blood depend 
on hemoglobin as the active element. The hemoglobin molecule serves as 
a chemical sink for oxygen because of its capacity to bond reversibly 
with it. Therefore, any motion of the hemoglobin molecule across a con-
centration gradient results in a transfer of oxygen. This transfer is 
in addition to the transfer that occurs through diffusion only, and is 
a function of the motion of hemoglobin and the sink strength of hemoglo-
bin. 

The hemoglobin motion is due to two possible mechanisms. The 
increased transfer from the molecular diffusion of hemoglobin by Brownian 
motion is termed facilitation and can occur within the red blood cell or 
in a hemoglobin solution. The second type of hemoglobin motion is due to 
the shear-induced motions of the red blood cell which result in a large 
scale transfer of hemoglobin and the oxygen bonded to it. The oxygen 
transfer that takes place through this type of mechanism is termed 
augmentation. Both of these mechanisms can cause significantly increased 
rates of oxygen transfer, as has been shown by Diller, et al. (1). This 
study seeks to define more accurately the amount of increased transfer 
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resulting from each of these mechanisms and the effect of critical param-
eters such as shown as shear rate. 

There has been substantial work done on oxygen transport into sta-
tionary and flowing blood. Studies on stationary fields of blood have 
been useful in identifying the effects of facilitation and the membrane 
resistance of red blood cells. Investigations on flowing blood have been 
directed at understanding the macroscopic transfer characteristics that 
are important in oxygenator design. Little research has been done on 
carrier-mediated transport mechanisms in blood flowing in vessels substan-
tially larger than the red blood cell. In such vessels, shear-induced 
radial motion of the red blood cells can significantly affect the amount 
of transfer that takes place. Previous investigations have shown in-
creased transfer to occur under such conditions. Virtually no work has 
been done on establishing the amount of increased transfer that can be 
expected in the presence of carrier-mediated transport mechanisms. 

The information obtained in these experiments has impact in two major 
areas of scientific interest. More detailed information on transfer into 
flowing blood allows the further refinement of oxygenators and other 
extracorporeal exchange devices where similar transfer mechanisms come 
into play. Secondly, the diffusion of lipoprotein and oxygen are becom-
ing recognized as significant factors in the disease atherosclerosis. 
The wall tissues of larger blood vessels in the body receive nutrients 
from the blood through diffusion. Therefore, the transfer resistance of 
the blood itself may be significant. The lesions characteristic of ather-
osclerosis have been linked to regions of flow disturbances in arteries. 
Consequently, the mass transfer and flow characteristics of the blood 
apparently have some affect on the development of this disease. 

1.2 Research Objective and Scope 

The primary objective of the program was to measure oxygen transfer 
into flowing blood and hemoglobin solutions accurately enough that the 
increases in transfer due to the respective mechanisms could be deter-
mined. This required an experimental set up where as many variables as 
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possible could be controlled. The need for control necessitated the 
construction of non-available equipment and the development of procedures 
for testing and analysis that would produce accurate and repeatable data. 
The major objectives of the project are broken down as follows: 

1. Build and test a thermal environment capable of containing the 
test apparatus and which would give sufficient temperature 
control. 

2. Build and test a tonometer with a 50 cc capacity and with as 
short an equilibration time as could be achieved. Temperature 
control and provisions for the humidification and flow monitor-
ing of gases had to be considered. 

3. Assemble the apparatus into a laboratory facility that would 
allow the quick and reliable collection of data. 

4. Develop an experimental procedure that would produce repeatable 
and reliable data. 

5. Make measurements of transfer into water and various blood solu-
tions in a steady laminar flow. 

6. Develop a consistent and accurate method of calculating bulk 
transfer. The analysis would be used to process raw data from 
all tests and calculate effective diffusivities. 

7. Determine the amount of transfer due to each type of transfer 
mechanism and determine the effects of shear rate and sink 
strength on the transfer. 

Only transfer into a steady-state fully developed laminar flow was 
tested. All measurements were performed using a 0.0508 cm (0.020 in.) 
diameter transfer tube. The shear rates were varied from 240 s-l to 

-1 1720 s by changing the flow rates. The transfer was measured for trans-
fer lengths of 10 cm to 100 cm in 10 cm increments for each set of data 
taken. Transfer experiments were done in distilled water to provide data 
on transport by diffusion only. Oxygen transfer into whole blood was 
measured for a range of calculated wall shear rates. A method for pre-
paring hemoglobin solutions (with and without suspended red cell mem-
branes) was developed. These solutions were used to measure oxygen 
transfer at similar shear rates as the tests for whole blood. 
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The bulk transfer into each type of solution was experimentally 

determined. Using numerical methods, the differential equations de-

scribing the flow and transfer can be solved. The transfer calculated 
by the numerical method was matched to the experimental value by varying 
the effective diffusivity and iterating. This produced a value for the 
effective diffusivity that is based on the experimental value for the 
bulk transfer. The differences in the transfer capabilities of the 
various fluids were accounted for in the resulting effective dif fusivi-
ties. The rates of transfer produced by each fluid were then analyzed 
for shear rate dependency and any other siginificant trends. 



II. LITERATURE REVIEW 

2.1 Introduction 

During the course of the past two decades, there has been a growing 
interest in obtaining accurate data on transfer processes in blood. 
Primarily, there are two areas of application where more detailed infor-
mation of transfer in flowing blood would be beneficial. Recent publi-
cations by Nerem and Cornhill (2) and Turitto and Weiss (3) have pointed 
out the importance of transfer mechanisms in disease, particularly 
atherosclerosis. Apparently this disease is strongly related to problems 
in the flow and in the transfer of oxygen and lipoproteins in larger 
blood vessels. An understanding of transport in flowing blood could be 
instrumental in identifying the causes of this disease. Secondly, the 
use of extracorporeal exchange devices has become widespread and routine 
in recent years as medical techniques have advanced and operations have 
become more sophisticated. First generation devices were usually empir-
ically developed, without an understanding of the complexities involved 
in transferring oxygen to blood. Not surprisingly, these devices were 
quite inefficient and were plagued with a host of problems. Recent 
developments by Muelenaer (4) and Lester (5) demonstrated the feasibility 
of more efficient oxygenators. As empirical techniques were exhausted, 
the need for further development and refinement of these devices required 
an understanding of the transport mechanisms involved. Additionally, 
mathematical modeling techniques become very important if the scientific 
information is to be applied in an engineering manner. 

There are several major transport mechanisms that result in an 
increased transfer of oxygen in flowing blood. All of these mechanisms 
are dependent on the capability of the hemoglobin molecule to bind with 

oxygen, giving the molecule a storage potential. Whenever a hemoglobin 
molecule moves across a concentration gradient, oxygen transfer occurs. 
The first major transfer mechanism results from the diffusion (Brownian 
motion) of the hemoglobin molecule, either as a free molecule in solution 
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or within the red blood cell. This type of transfer mechanism is termed 
facilitation. The second type of mechanism results from the motion of 
red blood cells in flowing blood. The motion of the red blood cell is 
caused by shear forces that occur where there is a velocity gradient in 
the flow channel. In this case, hemoglobin molecules are carried across 
a concentration gradient by the moving red cell. This type of transfer 
is referred to as shear-induced augmentation. There are a number of 
other mechanisms, such as macroscopic secondary flows or the mixing of 
plasma surrounding a red cell due to its rotation, but these will not be 
discussed. A study of the literature revealed that the terms facilita-
tion and augmentation have been used rather loosely to describe the 
various increases in oxygen transfer that have been observed. The follow-
ing discussion will use the terms facilitation and augmentation as they 
have been defined above. 

2.2 Facilitation 

2.2.1 Introduction 

The research that has been done on facilitation can be classified 
into several major areas of interest. These include the study of oxygen 
transfer into stationary films of blood or hemoglobin and transfer into 
flowing solutions of hemoglobin or red blood cells. A number of review 
papers have been written summarizing various investigations of transport 
in blood. Kreuzer (6) compiled most of the early work done on transfer 
into hemoglobin solutions and whole blood. Most of the studies that 
Kreuzer reviewed dealt with transfer into stationary suspensions. His 
review encompassed the experimental work that had been completed and 
summed up the progress made on the modeling of transfer, especially in 
the area of reaction kinetics. Kreuzer concluded that there was not 
enough known about facilitated diffusion to make any statement about its 
significance at the time. Colton (7) gives an excellent overview of 
the various transport mechanisms and of general considerations in the 
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transfer of 02 and co2 in blood. 

2.2.2 Transport in a Stationary Field 

In a stationary solution of red blood cells or hemoglobin, the 
predominant mechanism of enhanced transfer is facilitation. Much of 
the research that has been done on facilitation has been aimed at under-
standing the transfer and diffusion mechanisms within the red blood cell. 
Obviously, the way in which transfer takes place inside the red blood 
cell is significant because of the large size of the red blood cell with 
respect to the hemoglobin molecule and also with respect to the capil-
laries where the blood vessel is about the same size as the cell itself. 
An understanding of facilitation as it occurs within the red blood cell 
is an important part of understanding how a red blood cell picks up and 
releases oxygen and carbon dioxide. Accordingly, most studies on sta-
tionary suspensions of whole red blood cells were aimed at describing 
the reaction kinetics of the hemoglobin molecules inside the red blood 
cell. Stroeve, et al. (8) performed transfer experiments on stationary 
suspensions of red blood cells with active and inactive hemoglobin in 
order to measure reaction kinetics. In the process, substantial facili-
tation of transfer was observed. The transfer was quantified in terms 
of permeability and a model was proposed. Stroeve, et al (9) made 
measurements on the permeability of thin films of whole red blood cell 
suspensions and noted some degree of facilitated transfer. Smith, et al. 
(10) carried out a detailed mathematical analysis of transfer in thin and 
thick stationary films applicable to both whole blood and hemoglobin 
solutions. Steady-state oxygen transport in hemoglobin solutions was 
investigated by Keller and Friedlander (11), resulting in the discovery 
of transport rates significantly higher than would be had with ordinary 
diffusion. They proposed a model correlating Brownian motion diffusivity 
with experimental data. 

Another item of interest regarding the transfer of oxygen into the 
red blood cell was the transfer resistance of the cell membrane. Gros 
and Bartag (12) did studies comparing transfer in packed intact red 
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blood cells with transfer in hemoglobin solutions completely free of cell 
membranes. They concluded that the red blood cell membrane has an insig-
nificant resistance to o2 and co2 transfer to and from the cells. 
Studies by Zander and Schmid-Schonbein (13) and others (14, 15) have also 
shown this although Zander and Schmid-Schonbein did so indirectly since 
they were not addressing the problem of membrane resistance. Kutchai 
and Staub (16) studied o2 transport in films of packed red blood cells 
and hemoglobin solutions of equal concentrations. They found that the 
diffusivity of o2 was the same for both types of solutions. This would 
indicate similar effects of facilitation in both cases with essentially 
no membrane resistance. Thus, the theory of facilitation became fairly 
well established through studies on stationary fields of blood and hemo-
globin solutions. 

2.2.3 Transfer into a Flowing Field 

Although the theory of facilitation had just begun to be understood, 
a number of researchers were investigating oxygen transfer into flowing 
fields of blood. Zander and Schmid-Schonbein (13, 17, 18) described 
their transfer experiments using hemoglobin solutions and packed red 
blood cells in cone and plate viscometer transfer devices. Tests were 
performed with active and inactive hemoglobin to isolate the effects of 
facilitation from the transfer due only to diffusion. The transport 
mechanisms within the red blood cell were their primary interest and 
they concluded that facilitation was significant but they did not attempt 
to quantify or model the process. Oomens, et al. (19) repeated Weissman's 
(20) experiments and tried to verify Weissman's theory with new data. 
They quantified oxygen transfer into flowing hemoglobin solutions and 
discussed the application of the advancing front theory. Their results 

showed that no facilitation occurred. 
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2.3 Augmentation 

2.3.l Introduction 

Quite a bit of experimental work has been done over the past fifteen 
years on the process of augmentation. Just about all of the studies have 
been made on flowing solutions of blood. This is because red blood cell 

motion across concentration gradients is required for augmentation and 
in a stationary solution, the amount of red blood cell motion seems to 
be insignificant. In a flowing solution, shear gradients produce the 
necessary red blood cell movements. In conjunction with the experimental 
work, much has been proposed on the techniques used to model the enhanced 
transfer associated with augmentation. Most of these modeling techniques 
addressed only the overall transfer and did not attempt to include par-
ticle motion in the analysis. The research done on augmentation has 
been extensive and as a result, it is generally believed that augmenta-
tion is a significant transfer mechanism, although there is still some 
debate on the theory. In spite of this, the exact amount of augmenta-
tion in a flow field and its relation to shear rate have yet to be 
accurately defined and modeled. 

2.3.2 Transfer into a Flowing Field 

By far, most of the research done on transfer of oxygen into blood 
has been for flowing blood. Although this kind of transfer has been 
more difficult to measure and model, it was clearly the kind of infor-
mation that was vitally important in developing oxygenation and transfer 
equipment. Colton (7) discussed most of the significant factors involved 

in transferring oxygen and carbon dioxide to and from blood. These 
factors were related to the oxygenator design philosophies in use at the 
time. At a part of his discussion, Colton summarized most of the prog-

ress made up to 1976 toward understanding augmentation. The implications 
of key findings were evaluated with respect to the different theories of 
augmentation. He concluded that the relative effects of various 
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transport mechanisms could not be established based on the data and 
theoretical models available at the time. 

Substantial evidence has been accumulated supporting the theory of 
augmented transfer in flowing red blood cell suspensions. Most of this 
evidence showed itself in the form of significantly higher transfer than 
would be expected with only diffusion as a transfer mechanism. Colton 
and Drake (21) analyzed the transfer data reported by deFilippi, et al. 
(22) and speculated on reasons for the large effective dif fusivities 
and the dependency of the diffusivity on shear rate. They agreed that 
the results supported the theory of shear-induced augmentation. Turitto, 
et al. (23) did a study on platelet diffusion into flowing blood and 
found that the transfer rate was influenced by radial red blood cell 
migrations at high shear rates. Wang and Keller (24) showed transport 
augmentation in their experiments, but some of the increased transport 
might have been due to secondary flows in their couette type transfer 
device. The case for augmentation was strengthened considerably by the 
work of Goldsmith and Marlow (25) on the flow behavior of red blood 
cells. They proved conclusively that red blood cells in whole blood 
migrate back and forth radially in a fully developed flow field with 
shear gradients. The magnitude and nature of the motion was quantified 
with respect to flow diameter and shear rate. The magnitude and fre-
quency of the red blood cell motion was significant enough that augmen-
tation of transfer would be expected. Diller, et al. (1) studied oxygen 
transfer into saturated and unsaturated solutions of blood and found a 
definite shear rate dependency of oxygen transfer into unsaturated blood. 
Oxygen transfer into saturated blood was shown to be independent of 
shear rate, proving that there was no augmentation without oxygen bind-
ing capacity. This work demonstrated that active hemoglobin within the 
red blood cell was required for measurable augmentation of oxygen trans-

fer to occur. The effective diffusivities were calculated but the exact 

amount of transfer due to augmentation was not modeled. Keller (26) 

studied oxygen transfer into flowing blood and found increasing oxygen 
transfer with increasing shear rate. He also studied the effects of 

particle rotation on mass transport. 
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In spite of widespread support and solid evidence that favored the 
theory of augmentation, therehave been a number of researchers that have 
questioned the validity of augmentation based on their experimental and 
analytical work. Buckles, et al. (27) were pioneers in attempting to 
measure oxygen diffusion into a flowing suspension of red blood cells. 
They did not believe that red cell motion had a significant effect ~on 
oxygen transfer. Although they did run transfer experiments at high 
shear rates, only oxygen partial pressures were measured. Saturations 
were calculated which would make the data questionable. Villarroel, et 
al. (28) developed a model to describe the transfer meausrements of both 
Buckles and Weissman (29). They found that their model for no augmenta-
tion fit the data best. This could have been due to deficiencies in the 
data of Buckles and Weissman. Villarroel's model considered the rotation 
of erythrocytes but made no provisions for discrete particle motion. 
Weissman (20) measured oxygen transfer into a rectangular channel with 
a semi-permeable membrane on one side. Significantly higher transfer 
was measured in blood than in water. These higher transfers could not 
be readily explained using the theory of augmentation because of the low 
shear rates and low sink strengths of his experiments. One problem was 
that the blood was sucked through his apparatus by a roller pump. There-
fore, it was a strong possibility that the flow was pulsatile in nature, 
in addition to the likelihood that the membrane was flexing toward the 
blood side where it was not supported. These factors could have resulted 
in an increased transfer without augmentation as a mechanism. Oomens, 
et al. (19) showed that this was the case. In summary, augmentation 
should be expected under the proper conditions. 

2.3.3 Modeling Transfer into Flowing Blood 

Numerous mathematical modeling techniques have been proposed for 
predicting oxygen transfer into flowing blood. Several different 
approaches form the basis for these models and the assumptions incor-
porated into the analysis vary according to the experimental method and 
type of model used in each case. Early approaches to the problem 
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attempted to describe the flow and concentrations in terms of differen-
tial equations with enough assumptions to make the problem manageable. 
Buckles, et al. (27), Weissman (29), Colton and Drake (21), Turritto, 
et al. (23) and Diller, et al. (1) start their analyses in this manner. 
The solutions were obtained by solving the differential equation numeri-
cally and adjusting constants to fit the experimental data. Resulting 
from these types of models were effective diffusivities, permeabilities, 
and transfer coefficients for situations where augmented transfer was 
believed to be occurring. It should be noted however, that the results 
from such models have varied widely in predicting transfer, even when 
the same data was used for the different models. Lightfoot (30) did an 
advancing front analysis for transfer into a flow field. His primary 
reason for choosing this technique was to simplify and speed up computer 
solutions of the problem. The transfer resistance of the wall was ne-
glected in the model. The advancing front theory has some value even 
today, because it provides limits for transfer which can be applied to 
verifying the validity of other mods of solution. Stroeve, et al. (9) 
did a mathematical analysis of red blood cells in a thin stationary sus-
pension taking into account the reaction kinetics of hemoglobin. 
Patankar (31) discusses heat conduction into a flow field and the numeri-
cal methods for solving the predominating transfer. A number of the 
techniques described in this paper have application in the problem of 
diffusion into a flow field. Diller and Mikic (32) add multiple diffu-
sion coefficient solutions in their discussion of advancing front tech-
niques. In their analysis, the effective diffusion coefficient is 
functionally related to the sat~ration curve which is mathematically 
defined by Margaria (33). A detailed summary of transfer processes and 
modeling techniques for augmentation is presented by Diller and Mikic 

(34, 35). 
Recently there has been work done on modeling the actual effect 

that the motion of discrete particles has on the enhancement of oxygen 
transfer. Diller and Mikic (34) propose a model that incorporates the 
effects of the radial translational motion of red blood cells in a flow 
field. The detailed experimental data provided by Goldsmith and Marlow 
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(25) on red blood cell motion was the basis for calculating the transfer 
directly attributable to cell motion. The development of this type of 
model is only in its initial stages. The majority of transfer models 
account only for bulk transfer and do not incorporate the mechanisms of 
transfer in the method of calculation. 



III. EXPERIMENTAL PROGRAM 

3.1 Introduction 

Since the major goal of this project was to measure oxygen transfer 

as accurately and repeatably as possible, the need for a very good 
experimental facility was immediately apparent. Blood is quite sensitive 
to changes in conditions such as pH, temperature, and gas concentrations 

and it reacts quickly when it is subjected to changes in these param-
eters. In addition, it is difficult to measure the variables in blood 
without the proper equipment. With this in mind, the philosophy of set-
ting up the apparatus was to maintain control of as many variables as 
possible and to measure the necessary parameters as accurately and as 
repeatably as possible. It was for these reasons that temperature had 

to be controlled, that gas concentrations had to be known exactly, that 
blood analysis equipment had to be available, and that this equipment 
had to be calibrated to known standards. The necessary equipment was 
constructed and bought and was set up to provide the best opportunity 
to produce reliable data. The resulting experimental facility is de-
scribed in the following pages, highlighting the major pieces of equip-

ment. 
The goals of the experiments were to provide data sets that could 

be compared and data sets which would verify each other. With this in 
mind, the experiments were planned to provide data over a range of one 
parameter while keeping the other variables as contstant as possible. 
In this manner, data sets from whole blood and hemoglobin solutions 
could be compared. The effects of shear rates could be observed. 
Because of the difficulty of running an experiment, the number of tests 
that were run were kept to a minimum while providing the necessary data. 

14 
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3.2 Experimental Apparatus 

3.2.1 Thermal Environment 

One of the primary criteria in the experimental program was that 

the temperature in all phases of the experiment had to be maintained at 
37°C as closely as possible. The reason for this lies in the behavior 
of the dissociation curve for blood (7, 21, 33) shown in Fig. 1. The 
curve for 37°C is much smoother with a more gradual slope than the 
curves for lower temperatures. The gradual slope of the curve makes 
changes in oxygen partial pressure vs. percent saturation easier to 
measure. The fact that the blood gas analyzer and CO-Oximeter are both 
temperature controlled at 37°C are also reasons for maintaining this 
temperature. Body temperature is also 37°C. Data collected at this 
temperature can be directly related to actual physical situations. Thus, 
the need for a thermal environment becomes apparent. 

Figure 2 shows a functional diagram of the thermal environment high-
lighting the major features. Figures 3 and 4 are photographs of the 
thermal environment as it was used in the experimental program. As can 
be seen in the pictures, the major part of the environment consists of an 
enclosure constructed from 3/8 in. thick plexiglass. The use of plexi-

glass allows everything inside of the enclousre to be seen while provid-
ing sufficiently low heat loss characteristics. Less than 400 watts of 
heating power is required to maintain an equilibrium temperature. The 
shape and size of the enclosure were determined by the equipment which 
would be placed in it. Adequate clearance is provided for handling 
equipment and for air flow. The access hatches allow the transfer of 
specimens into the environment and are located based on the equipment 

placement in the environment. The gloves are placed such that most 
manipulations of the equipment could be performed without opening the 

access hatches. 
Temperature control for the environment is achieved using a recir-

culating air system with an automatically controlled heater. A fan at 
the top of the column runs continuously moving air from the environment 
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Figure 3. Thermal Environment 
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Figure 4. Thermal Environment with Transfer Tube 
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and into the recirculating duct work. Inside the duct is a heater con-
sisting of rows of coiled nichrome wire. Beyond the heater, the flow 
is split and is carried by two ducts into the end of the horizontal 
section of the environment. Temperature control is provided by an auto-
matic controller which averages readings from three thermistors in the 
environment and uses this average value to control the heater in an 
on-off fashion. This method results in the average temperature varying 
by no more than ±0.5°C from the set point. All locations of significance 
within the environment were checked for temperature variation. These 
locations in the main flow stream were within 1°C range. 

3.2.2 Tonometer 

A major requirement in the study of oxygen transfer into blood is 
the capability to adjust the gas content in the blood that is to be used 
in the transfer experiment. The blood obtained from the laboratory 
animal typically has o2 and co2 concentrations that are in equilibrium 
with air, usually because collection procedures are not anaerobic. 
Blood equilibrated with air is usually at least 85% to 95% saturated 
with an oxygen partial pressure of about 140 mm Hg. In order to enable 
a transfer process that was measurable, blood with less than 50% satura-
tion and an oxygen partial pressure of about 20 to 30 mm Hg. was 
necessary. In order to adjust the gas concentrations in the blood 
sample, a tonometer large enough to handle 40 cc of blood was needed. 
Since a unit this large was not commercially available, it was necessary 
to construct one. 

The process of tonometry requires that a gas of known composition 
be brought into contact with the blood in a manner that allows all 
elements in the blood to be exposed to the gas. There are several 
methods that are utilized in commercially availabie tonometers to obtain 

the necessary contact. Among these methods are: bubbling the gas 

through a sample, exposing a large surface area of the sample to the 
gas with agitation to mix the unexposed layers, and passing the sample 

through membrane type transfer devices. Bubbling gas through a sample 
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is acceptable for liquids where cell damage is not a factor. Bubbling 
gas through whole blood usually results in the hemolysis of some red 
blood cells. Gentle swirling with a large surface area will not damage 
the red blood cells but this process usually takes longer than bubbling. 
The method that was used for the tonometer that was constructed con-
sisted of exposing a large surface area of the sample to the gas with 
agitation to mix the unexposed layers. 

Figure 5 shows a functional schematic of the tonometer. Figures 6 
and 7 are photographs of the tonometer that was built and used for the 
project. Central to the tonometer is the spherical bottom sample cup 
which has a capacity of 50 ml. The sample cup is mounted on a motor 
driven shaft with a variable speed controller on the motor. When the 
sample cup is spinning, the surface of the sample assumes the shape of 
a paraboloid. This results in a large surface area of the sample with 
respect to the volume. A spherical bottom also results in a smaller 
volume than a square bottom cup for a given paraboloid shaped surface 
area. The variable speed motor allows the cup speed to be adjusted such 
that the level of the sample at the top of the paraboloid can coincide 
with the top of the cup for any sample size. The shaft mounted sample 
cup is supported by two radial ball bearings and one thrust type ball 
bearing. The cup shaft is driven by the motor through a reduction drive 
system consisting of a miniature timing belt and two timing pulleys. 

Temperature control of the sample is provided by a 37°C water bath 
surrounding the rotating cup. The water bath is contained by a cylin-
drical vessel large enough that the torque exerted on the rotating cup 
by viscous drag is minimized. A seal at the base of the cup allows the 
shaft to pass through the bottom of the water bath while retaining the 
water. Below the seal is a drip pan with a drain to protect the bear-
ings from any possible leakage. The water bath surrounding the rotating 
sample cup is fed by a pump from a remote reservoir containing three 

submerged bottles for the humidification of gases and an immersion type 

cartridge heater. The cartridge heating element is surrounded by an 
open ended shroud that guides the flow over the heater to the pump 
suction inlet. A glass encased thermocouple is located between the 
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Figure 7t Tonometer 
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heating cartridge and the pump inlet approximately 1/4 in. from the sur-
face of the heater for fast control response. The heater is controlled 
by a "zero crossing" controller. This type of controller has an adjust-
able set point with a very small band width of control around that set 
point. When the temperature exceeds the set point by 0.01°F it shuts 
off the heater and when the temperature drops below the set point by 
0.01°F it turns on. The on-off cycles are very rapid and this provides 
a pulse type power to the heater which results in a very steady tempera-
ture of the water bath. 

Gas is fed to the sample through a gas header located above the 
rotating sample cup. The gas header is hinged to provide access to the 
sample cup and water bath. An airtight seal between the water bath 
vessel and the header is provided by an 0-ring. The gas header has a 
port in the center large enough to accomodate a 50 cc plastic syringe. 
This allows the prepared sample to be withdrawn with the gas header in 
place and the calibrating gas flowing. In this manner, the sample can 
be anaerobically extracted. The tonometering gas is humidified by 
bubbling it from a porous rock in distilled water located in a vessel 
immersed in the 37°C water bath. The gases for the transfer tube are 
also humidified in the same fashion. Gas flows are monitored using 
float rotameters equipped with needle valves. These valves can be 
manually adjusted to control the flow. 

Several problems were encountered during the construction and debug-
ging of the tonometer. The first difficulty involved the temperature 
control system. A 420 watt heating element was replaced with a 105 watt 
heating element because the heat loss from the system was very low. A 
smaller heater was needed to be able to run in a reasonable on-off mode. 
Initially, the controlling thermocouple was located too far from the 
heater to provide the fast response that the zero crossing controller 
required. Moving the thermocouple to within 1/4 in. of the heating 
element solved the problem. The shroud was fabricated in order to guide 
the flow over the heater and past the thermocouple in a premeditated 

manner. 
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Once the entire system was operating reliably, it was discovered 
that it took several hours to equilibrate a sample. It was speculated 
that a boundary layer of gas was forming on the surface of the rotating 

sample and that, coupled with a lack of mixing, was preventing layers of 
blood from coming to the surface to be exposed to the gas. This problem 
was solved by installing a baffle that disturbed the surface of the 
sample. The resulting equilibration time was less than one hour. 

3.2.3 Transfer Tube 

The manner in which oxygen is transferred to the flowing blood is 
of central importance. The apparatus used to produce the required 
results is essentially the same as described by Diller (36). A sketch 
of the transfer tube is shown in Fig. 8. The major component of the 
transfer equipment is a gas header made up of a 1.25 meter long, 2.5 cm 
diameter, plexiglass tube. This tube has gas inlets at each end and 
outlet nipples at 10 cm intervals. Inside of the header tube is a 
movable plug with 0-rings that make a gas tight seal with the inside of 
the header tube. The plug has two 1.5 meter wires attached to each end 
to allow the plug to be located anywhere inside the gas header by pulling 
on the wires. At each end of the gas header is a rubber stopper with 
blunt syringe needles in the centers. The actual transfer device is 
Dow-Corning Silastic brand semi-permeable silicone rubber membrane 
tubing. This tubing is installed in the gas header by threading it 

through a clearance hole in the movable plug and stretching each end over 
the blunt needle ends such that the tubing is under tension. This entire 
assembly is mounted vertically in the thermal environment. 

During the transfer experiments, humidified gas is circulated inside 
the gas header on both sides of the movable plug. The gas below the 

plug is the same gas that was used to tonometer the base sample of blood. 
The gas above the plug has a high oxygen concentration and it is in this 

region that the measured transfer takes place. The plug can be posi-

tioned to obtain transfer lengths of 10 cm increments. The outlet 
nipples immediately adjacent to the plug on both sides are left open 
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while all of the others are closed off. The apparatus as described 
above can be assembled with a number of membrane tube diameters, includ-
ing 0.03048 cm I.D., 0.0508 cm I.D., and 0.0635 cm I.D. 

The vertical orientation of the transfer tube allows the non-rigid 
Silastic tubing to be used and still result in a totally straight flow 
regime. This is important in terms of the analysis which assumes a 
steady-state laminar flow with a fully developed velocity profile. The 
use of ten different transfer lengths results in ten data points for 
determining the diffusivity with all other conditions (such as flow rate 
and initial blood parameters) remaining the same. The use of gases that 
are humidified to near 100% eliminates the partial pressure of water as 
a variable. Setting up the gas circulation as described above results 
in well defined boundary conditions which is helpful in defining the 
mathematical model for analyzing data. 

3.2.4 Blood Gas Analyzers 

Blood gas analyzers are typically used for the measurement of 
oxygen and carbon dioxide partial pressure and pH. These measurements 
are essential to the transfer experiment because they define the satura-
tion curve of blood. Accurate mathematical modeling of oxygen transfer 
into blood is not possible without being able to describe the saturation 
curve of the blood being used, which can easily vary with each different 
batch of blood. Although the P02 measurement (along with the saturation 
value) is enough to locate a point on the saturation curve, the PC02 and 
pH measurements account for shifts in the curve. Additionally, measur-
ing PC02 keeps track of any carbon dioxide transfer occurring in the 
system, which should be minimal. Two different blood gas analyzers were 
used during the course of the experiments, depending on the availability 
of the units. The advantages and limitation of each type will be dis-

cussed. 
Preliminary testing and the first few sets of actual data were done 

using an Instrumentation Laboratory Model 113 Blood Gas Analyzer dating 
from 1965. This unit was based on membrane type P02 and Pco2 electrodes 
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centered around the sample cuvette housed in a temperature controlled 
water bath. The pH electrode and reference electrode were in a separate 
assembly and required a separate sample. The electronics and display 
were very basic and featured no automation. Calibration was manual and 
required that each calibration gas be physically connected to the 
sample cuvette. The readout was a large galvanometer type meter. Ini-
tial calibration of the instrument took at least one hour. Partial 
pressures could not be determined to any nearer than 1 mm Hg accuracy. 
There was no endpoint detection system to indicate when the electrode 
was in equilibrium with the sample and giving a full reading. A minimum 
of 1 ml of sample was required to make all three readings. 

It quickly became apparent that this instrument was inadeqaute for 
performing the necessary measurements with the kind of accuracy that 
was required. For measuring transfer into water, a resolution of better 
than 1 mm Hg P02 was required for partial pressures less than 100 mm Hg. 
Measurement time was excessive. The required sample size became a prob-
lem when very small flow rates prohibited the collection of a large 
sample. The calibration drift of the oxygen electrode was usually on 
the order of 3 to 4 mm Hg in one hour which was also unsatisfactory. 
The only data presented in this paper that was taken using the IL 113 
was taken on 4/3/82 (see DATAl and DATA2 in Appendix D). 

When the limitations of the IL 113 blood gas analyzer became appar-
ent, the decision was made to acquire a modern, state-of-the-art replace-
ment. A Corning model 158 blood gas analyzer was finally obtained. 
This instrument is a semi-automatic, microprocessor based machine with 
the same accuracy as the Corning 168 and 178. The 158 has all calibrat-
ing reagents and gases connected to it with automatic valving control-
ling the flows. Calibration is semi-automatic by machine prompted 
button pushing. Sample size is approximately 0.25 cc and all measure-
ments are performed simultaneously. Temperature control of the cuvette 
and electrodes is provided by a solid state resistance heated block. 
The machine has intelligent endpoint determination for the electrode 
response. This results in excellent repeatability. Based on mean and 
standard deviation data provided by Corning in the manual, 95% confidence 
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intervals for P02 readings were calculated using Student's t distribu-
tion. The confidence interval is ±0.4% of the reading or better for 
partial pressures less than 400 mm Hg. Electrode drift is less than 1 mm 
Hg. in one hour. The electrodes are membrane type and the machine pro-
vides error and leak detection warnings. Complete cycle time for one 
sample is usually less than two minutes, allowing a complete set of data 
to be run in less than forty minutes. In addition to the direct measure-
ments, the 158 calculates base excess, Hco; and saturation. These values 
have limited value for research work because they are at best only within 
10% of actual values. These calculated parameters are primarily for 
clinical use where trends and extremes are important. In short, this 
instrument is very dependable and is as accurate as any machine available 
today. Most of the data in this paper was collected using this machine. 

3.2.5 CO-Oximeter 

The CO-Oximeter used for these experiments was an Instrumentation 
Laboratory Model 282 which represents the latest available technology 
in 1980. This instrument is capable of measuring total hemoglobin con-
centration, percent oxyhemoglobin (saturation), percent carboxyhemoglo-
bin, percent methemoglobin and a calculated value for volume percent 
oxygen. The actual measurement of these parameters is accomplished by a 
four wavelength spectrophotometer within the instrument. The instrument 
is microprocessor based and the percentages are calculated using the 
four transmittances and the known spectral curves. The machine is self 
calibrating, samples automatically, and flushes after every cycle. The 
sample size is 0.3 ml and the cycle time is 88 seconds. The blood 
sample is hemolyzed and diluted to exact proportions for the pass 
through the cuvette in the spectrophotometer section of the instrument. 
The only calibration on the machine is for total hemoglobin. Under 
normal operating conditions (i.e. fresh whole blood with THb % in the 
normal range), the IL 282 provides reliable and repeatable readings. 
The accuracy of the machine was verified by comparing THb readings to 
values obtained from a Coleman Jr. II Spectrophotometer using whole 
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human blood. The CO-Oximeter was always within the published accuracy 
of ±0.3 g/dl when compared to the spectrophotometer reading. The IL 282 
displays no discernible drift. 

It is appropriate to mention the limitations of this instrument. 
First, the only types of blood that can be analyzed are the ones for 
which preprogrammed chips are available. These include human, dog and 
rat blood. Old blood (more than a few days) is prone to clotting in 
the cuvette. Care should be exercised when using hemoglobin solutions 
(plasma or saline suspension), frozen and thawed blood, blood with 
body fluids in it, blood that has experienced significant hemolysis, 
etc. Many of these solutions are prone to turbidity (a foggy solution 
as opposed to a clear one) which is a major downfall of this instrument. 
High turbidity can cause a high met hemoglobin reading in the range of 
45% to 55%, when in actuality the met hemoglobin is 1% or less. This 
was actually verified on a scanning spectrophotometer. Removing all 
cell membranes and huffy coat from hemoglobin solutions will solve the 
problem. Solutions with membranes can be diluted such that the met 
hemoglobin reading is less than 10% so that the other readings can be 
trusted. 

One final point is that saturations are calculated based on all 
hemoglobin in the blood, whether or not it is available for combining 
with oxygen. This can be accounted for by factoring out the percentages 
of met hemoglobin and carboxyhemoglobin, if an available saturation is 
desired. 

3.2.6 Experimental Set-up 

The primary objective of setting up the experimental apparatus was 
to maintain control of as many variables as possible. This necessitated 
running experiments as quickly and efficiently as possible with tight 
laboratory techniques and precision. The equipment was therefore 
arranged with ease of sample handling in mind. 
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As discussed previously, the thermal environment was designed to 
accommodate certain equipment. The tonometer was placed inside the 
thermal environment, even though it does have a temperature controlled 
water bath. Also located inside the thermal environment are a Sage 
Instruments syringe pump and the transfer tube mounted in a vertical 
position. The main sample syringe in the pump is connected to the 
transfer tube with a stainless steel tube equipped with luer-lok fit-
tings. (This connection was originally made with a polyethylene tube 
but this was replaced when it was discovered that the polyethylene was 
significantly permeable to oxygen). All of this equipment is located 
within the environment such that all manipulations of knobs, controls, 
valves, etc., can be done through the glove hands. The hatches in the 
environment allow easy transfer of samples into and out of the chamber. 
Figure 5 shows the flow path of gases in the experimental apparatus. 
Analyzed gases of specified concentrations are bought in large standard 
size cylinders. These cylinders are equipped with two-stage LINDE regu-
lators by Union Carbide. Tygon tubing is used to carry gases from the 
cylinders through holes in the environment wall to the humidifiers in 
the tonometer. Gas flow is monitored using float rotameters physically 
mounted to the tonometer housing. 

On the counter top immediately adjacent to the thermal environment 
are the Blood Gas Analyzer and the CO-Oximeter. The close proximity of 
these instruments allows analysis of blood samples within 30 seconds of 
removal from the thermal environment. These two instruments provide 
complete blood analysis capabilities at the site of the experiment. 
This eliminates the possibility of metabolism causing changes in the 
values due to a delayed analysis. 

3.3 Experimental Procedure and Data Collection 

3.3.1 General Experimental Procedure 

There is certain sequence of events that take place in running an 
experiment, regardless of the fluid or type of soltuion being used. 
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This process includes the preparation, calibration, and operation of the 
various pieces of equipment as well as the actual gathering of the data. 
The procedure that was established gave the most accurate and repeatable 
results. This procedure will be described in moderate detail in the 
sequence that would normally be followed. 

A few hours before the actual run is to take place, the blood 
analysis equipment must be started up. The blood gas analyzer is left 
on continuously so it does not need warming up. The membranes are 
checked to make sure that they are less than two weeks old and that they 
are not coated with residue. The barometric pressure is entered into the 
analyzer and the value is recorded. The instrument must be totally 
calibrated and should repeat calibration readings before use. Bad mem-
branes will be obvious because they will inhibit a quickly converging 
calibration reading. At the same time, the CO-Oximeter should be turned 
on for warm-up. After one half hour, all fluidics are purged of air 
bubbles and calibrated for total hemoglobin on the blood setting to be 
used (changing blood setting changes calibration). Similarly, the tono-
meter is checked for readiness. All of the humidifier bottles should be 
at least half full of distilled water. Although the water in the bath 
is in continuous circulation some water is evaporated, so if the level 
looks low, replenish with distilled water. The sample cup should be 
cleaned and the gas header must be dry of any condensation. Th~ trans-
fer tube is equipped with a new length of silicone membrane tubing. 

At this time, tonometry can be started on the sample. Turn on the 
main valve on the cylinder of gas with low oxygen concentration. The 
output pressure gage should read 4 to 5 p.s.i. Adjust the valves on the 
rotameters so that gas flows only to the tonometer at the rate of about 
800 to 900 cc/min. Shut the lid (gas header) of the tonometer and pour 
about 40 cc of sample into the sample cup through the hole and plug the 
hole with the rubber stopper with the hole in it. Turn on the motor of 
the tonometer and increase the speed until the level of the sample nears 
the top of the sample cup. Allow the tonometer to run for at least an 
hour in this manner. 
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After an hour of tonometry, a small sample should be checked to see 
if the desired levels of partial pressure and saturation have been 
reached. If so, the experiment can be started. A 30 cc syringe is 
inserted through the top hole of the tonometer with the gas still flow-
ing, a 35 cc sample is drawn and the syringe is immediately capped. The 
final calibration of the blood gas analyzer is checked and a reading is 
made from the 30 cc syringe on both the blood gas analyzer and the CO-
Oximeter. The 30 cc syringe is then inserted into the syringe pump and 
is connected to the transfer tube using the stainless teel tube with the 
luer-lok fittings. The transfer tube should be set to the first trans-
fer length of 10 cm. Gas flow to the tonometer can be shut-off and gas 
flow to the two ends of the transfer tube should be set to 2 SCFH each. 
At this point, the data collection procedure can begin. 

The syringe pump is adjusted to the desired setting and is started 
up. The blood is allowed to flow to the top of the tube and a 5 cc 
ground glass syringe is attached to collect the sample. Usually about 
1 cc of fluid is discarded along with the air in the syringe before 
the actual sample is collected. The blood is flowing continuously while 
this is taking place. When 1 cc of sample has been collected, the 
collection syringe is removed and immediately capped. The sample is 
analyzed and the data is recorded. The time is also recorded whenever 
a reading is made. The transfer length is changed by moving the plug 
and by opening and closing the outlet nipples on the transfer tube. 
The entire collection procedure is then repeated. For slow flows, the 
pump can be left running between points. For fast flows, the pump is 
shut off between points, so care is taken to allow the flow to become 
steady and to allow a purge of the blood in the transfer tube before 
collecting the next sample. The blood in the syringe pump is usually 
analyzed at the middle and at the end of the data points in order to 
monitor changes in base saturation and partial pressure. Flow rate is 
measured by timing 4 cc of flow into a calibrated collection syringe 
and timing with a stopwatch at 1 cc intervals to produce four readings 
which can then be averaged to calculate flow. 
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3.3.2 Distilled Water Tests 

Distilled water tests are valuable because they provide data on 

diffusion transfer without facilitation or augmentation. In addition, 
any deficiencies in the experimental apparatus become apparent almost 
immediately because of the sensitivity of water to transfer. Figure 1 
shows saturation curves for both water and blood. As can be seen on the 
graph, water has a very low capacity for oxygen compared to blood. 
Therefore, very small amounts of transferred oxygen can result in large 
partial presssure changes. Good lab technique is critical to obtaining 
reliable data. A ground glass 30 cc syringe should be used for the main 
sample because plastic syringes are not totally impermeable to gases. 

The test samples are collected in 5 cc ground glass syringes. Because 
of the relatively high partial pressure of oxygen in air, the samples 
are handled as anaerobically as possible. The tonometered sample is 
drawn from the tonometer while the calibrating gas is still flowing. 
The syringe is then immediately capped. When removing the 5 cc sample 

syringe from the transfer tube, it is also promptly capped. The only 
necessary readings are the P02 values from the blood gas analyzer. When 
making the readings, the sample near the tip of the syringe is dribbled 
out before injection into the analyzer. Since the solubility of oxygen 
in water is temperature dependent, the sample is not allowed to cool 
off. If these procedures are followed closely, the data will be in good 
agreement with theory, as shown in Fig. 10. 

3.3.3 Whole Blood Tests 

All whole blood tests were performed with canine blood. A 55 lb. 
golden retriever was kept at the veterinary school kennels. When blood 

was needed for an experiment, a sample was taken from the dog by an 

arterial draw. Since only between 200 ml and 250 ml of blood was re-
quired per week, the same dog was used throughout the experiments to 
provide the blood. The blood was treated with liquid heparin anti-

coagulant while it was being drawn. A major advantage to using heparin 



36 

over EDTA and other popular anticoagulants is that it does not affect 
the pH and it does not affect the spectrophotometric readings of the 
CO-Oximeter. When a fresh sample of blood was obtained, the hematocrit 

was checked by centrifuging the sample in a capillary tube. The hema-
tocrit was typically between 42 and 45. The plasma in the capillary 
tube was checked for pinkness to see if there was any significant 

hemolysis, but this was never a problem. If the blood checked out, no 
further preparations were necessary and the experiment could proceed. 

A 40 ml sample was placed in the tonometer. From there, the experi-
ment proceeded as described in the general procedure section. As a 
rule, there were no major difficulties in running tests with whole blood. 
The whole blood is not as sensitive to exposed surf aces (at syringe 
tips) as distilled water but innnediate capping is still important. The 
samples must be well mixed just prior to injection into the blood gas 
analyzer and the CO-Oximeter. The saturation reading on the CO-Oximeter 
is particularly sensitive to a lack of mixing and can give erroneous 

readings if proper mixing is not done. All data on the blood gas 
analyzer and on the CO-Oximeter should be recorded, as well as the flow 
rate, barometric pressure and the time at each data point. Base satura-
tion and oxygen partial pressures are monitored as described in the 
general procedure. 

3.3.4 Hemoglobin Solution Tests 

Tests performed using hemoglobin solutions provide data on facili-
tation. Preparing a hemoglobin solution requires the removal of the 
hemoglobin molecules from the confines of the red blood cell membranes 
and suspending the molecules in the carrier fluid. It is important that 
the hemoglobin molecules remain active so that they can still form 
reversible bonds with oxygen. Without this capacity, oxygen transfer 

into the hemoglobin solution could not be studied. A number of differ-

ent hemoglobin solutions were prepared. The preparation of these solu-
tions and the problems associated with each will be discussed individ-

ually. 
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The starting point for preparing any hemoglobin solution was the 
hemolysis of the red blood cells in a sample of whole blood. The red 
blood cells can be chemically hemolyzed by simply changing the salt 
concentration of the surrounding fluid which would cause the cells to 
swell and burst. Suspending the red blood cells in distilled water is 
enough to accomplish this. Hemolysis can also be caused by freeze-
thaw cycles. A number of researchers have done detailed studies on the 
freezing of blood (37, 38). These studies have been aimed at being 
able to store blood by freezing without damage to the red cells. Hemo-
lysis by freezing is related to chemical hymolysis because the fluid 
immediately surrounding the cell is the last to freeze (37). As the 
suspending fluid freezes, the salt concentration of the unfrozen fluid 
layer surrounding the cell increases. The red blood cell, in trying 
to stay in equilibrium with the suspending fluid, purges itself of its 
contents. Most of the contents of the cell exit through vastly dialated 
pores which shrink back upon thawing. As such, hemolyzing by freezing 
usually does not result in the catastrophic destruction of the membrane. 
What is left is the crenated cell which is an essentially empty but 
otherwise intact cell membrane. The hemolyzing of the red blood cells 
should take place in the desired suspending medium (usually plasma or 
saline) since hemoglobin in solution is homogeneous and cannot readily 
be separated from the fluid. 

Freezing was chosen as the technique for hemolyzing the red blood 
cells. This method was selected because of the simplicity and effective-
ness of the technique in addition to the fact that the pH and chemical 
composition of the solution remains unchanged. Maintaining the pH of 
the solution was especially important because of the effect it can have 
on the shape of the saturation curve. All freezing of blood and blood 
solutions for this project was done in the freezer section of a compact 
refrigerator. The temperature of the freezer was measured to be -14°C, 
which was more than adequate to freeze blood which has a freezing point 

of -4°C. Freezing was done in glass beakers covered with film to prevent 
fluid loss. The blood was frozen for 24 hours and was thawed at room 
temperature only as long as necessary. The degree of hemolysis of the 
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blood sample depends on the freeze rate and on the composition of the 
sample (concentration of red cells in the fluid). Although the freeze 
rate was never determined, it was not necessary to do so because the 
resulting hemolysis was very effective. The degree of hemolysis could 
be determined by centrifuging a frozen sample and measuring the THb 
concentration in the plasma. This reading was usually about 75% of the 
THb value for the whole blood before freezing. 

The first type of hemoglobin solution that was used for the experi-

ments was without cell membranes. This solution was prepared by first 
centrifuging six 12 ml samples of whole blood to separate the cells from 
the plasma. From each sample, 3 ml of plasma was removed and the red 
blood cells were then resuspended in the remaining plasma. The individ-
ual samples were combined in a 100 ml beaker and placed in the freezer 
for 24 hours. The frozen solution was thawed at room temperature just 
long enough to return it to a liquid state. After thawing, the solution 
was centrifuged in four conical bottom tubes. About 7 to 8 ml of plasma 
with suspended hemoglobin was drawn off each sample. The remaining mem-
branes and red blood cells were resuspended in 4 ml of plasma. This 

mixture was centrifuged to yield about 8 more ml of hemoglobin solution. 
The resulting hemoglobin solution had a total hemoglobin concentration of 

about 10 g/dl and a methemoglobin concentration of about 2.5%. The data 
sets taken on 5/20, 5/23, and 6/30 were run with hemoglobin solutions pre-
pared as described above (see DATA4, DATA6, and DATA8 in Appendix D). 

The second type of hemoglobin solution that was used in the experi-
ments had cell membranes in suspension. Cell membranes behave like 
whole red blood cells, traveling radially back and forth across stream-
lines. Preparing this type of hemoglobin solution presented some prob-
lems, mainly because adding the membranes makes the solution turbid 
(cloudy) enough to affect the CO-Oximeter. As a result, the governing 
objective of preparing this solution was to obtain a mix that would not 
disturb the CO-Oximeter. Many approaches were tried including suspending 

red blood cells in various concentrations in plasma or saline, removing 
the huffy coat, suspension of cells in CO-Oximeter diluent, and adding 

detergent to whole blood to prevent cloudiness. Eventually, a solution 
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that gave acceptable results was obtained. This solution was prepared 
as follows. Eight 13 ml samples of whole blood were centrifuged. The 
plasma and buf fy coat were removed and the red cells were resuspended 
in 7.5 ml of saline to bring each sample back to the original volume. 
These samples were centrifuged and the saline was removed. The red 
blood cells from each sample were resuspended in 5 ml of saline and 
were then combined in a glass beaker. This solution was then frozen and 
thawed as previously described. Saline was then added to the resulting 
solution until the CO-Oximeter read less than 10% met Hb. The solution 
obtained in this fashion was dilute enough that turbidity would not 
significantly affect the CO-Oximeter but still had a hemoglobin concen-
tration of about 8 g/dl (value obtained from CO-Oximeter). The tests 
run on 7/17 and 7/19 were done using this type of hemoglobin solution. 

Hemoglobin solution tests were run exactly the same as whole blood 
tests. A plastic syringe was used in the syringe pump because the 
hemoglobin solutions, like whole blood, had a tendency to iIIllilobilize 
the ground glass syringes. Although the permeable walls of the plastic 
syringe allow the diffusion of oxygen into the sample, the metabolism 
of oxygen by the blood causes the sample to remain at a fairly constant 
oxygen content. The 5 cc sample syringes were ground glass but since a 
new syringe was used for each data point, there was no problem with 
these syringes locking up. The data that was recorded was the same as 
for whole blood. 



IV. ANALYSIS OF THE DATA 

4.1 Introduction 

The experiments measure the bulk transfer of oxygen into the flow-
ing blood or hemoglobin solution, and the value for the bulk transfer 
is easily calculated. The oxygen transfer is analogous to bulk heat 
transfer into a. fluid flowing in a tube which can be calculated based 
on inlet, outlet, and surface temperatures. The analytical technique 
for modeling oxygen transfer into blood consists of solving the govern-
ing transfer equations and comparing the calculated results with the 
measured values of transfer. The oxygen transport can then be described 
in terms of an effective diffusivity for each measurement. The analyti-
cal method used assumes that oxygen is transferred into a homogeneous 
continuous medium with uniform properties. Microscopic transfer mecha-
nisms are not modeled. The analysis of the experiments results in a 
parameter (effective diffusivity) that accurately represents the data 
and is readily compared to the results of other researchers. 

Figure 8 shows the transfer tube and gas header with important 
parameters labeled. In this experiment, there were basically three 
regions of transfer that had to be accounted for in the analysis. The 
most important area of transfer was the actual transfer length where 
the measured transfer was taking place. Because of the high partial 
pressure differential across the membrane, most of the transfer occurred 
in this region. Just below the actual transfer length region was the 
entry length region, also located within the gas header. The membrane 
tubing in this region is surrounded by the same gas that was used to 

tonometer the base sample. Although ideally there should be no transfer 

in this section, in actuality some transfer does occur. For a number 
of reasons, the blood flowing through this section usually does not have 

the exact concentration of gases that would put it in equilibrium with 
the gas in the header. Among the factors resulting in changes to the 
base sample are metabolism of oxygen by the blood, inexact tonometering, 

40 
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and small amounts of oxygen transfer through the walls of the plastic 
syringe in the pump and through the walls of the slightly permeable 
polyethylene connection tube. Because of the low partial pressure 
differential across the membrane in the entry length, only a small 
amount of oxygen is transferred in this region. The third region of 
transfer that had to be modeled was the polyethylene tube connecting the 
syringe pump to the transfer tube. Although the transfer resistance of 
the tubing was high compared to silicon rubber, the thin tubing wall 
combined with the high concentration of oxygen in room air produced 
enough transfer (less than 2% increase in saturation) that it had to 
be accounted for in the calculations. 

4.2 Modeling Techniques 

Fundamental to describing mathematically the transfer into blood 

is the model of the saturation curve. A number of different models have 
been developed and are well documented. These models include the 
advancing front model, the constant slope model and an exact model. 
Diller (36) and Mikic et al. (39) present comparative discussions of 
these three types of models. Advancing front theory has been commonly 
used with good results for problems in heat transfer and also for oxygen 
transfer into blood. The advancing front aproximation for the satura-
tion curve is shown compared to the actual curve and the constant slope 
approximation in Fig. 9. The advancing front and constant slop approxi-
mations prove to be valuable since their use in transfer calculations 
define the upper and lower bounds of the solution. Mikic et al. (39) 
present an analysis of the various methods as they apply to oxygen 
transfer calculations. 

If mathematical simplicity of the solution is not an important 
criterion, any of a number of exact models for the saturation curve 

can be used. Most of these are based on a four-step Adair reaction 

model (40, 41). Based on this general model, a number of researchers 
have developed relatively simple relations that describe experimentally 

determined saturation curves quite well. The model used in this analysis 
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was proposed by Margaria (33) and is represented using the following 
equation: 

s = 
( l + kl' 0 2 ) + m - l 

k.Po2 

( 1 + kP02)4 + m - 1 
kP02 

(4 .1) 

The constants k and m can be calculated based on experimental data. 
The advancing front model of the saturation curve as described by Diller 
and Mikic (32) was used in the analysis to correct for the transfer that 
occurred in the polyethylene connection tube. 

The governing differential equation describing the convective trans-

fer into flowing blood is given by equation (4.2). The solution of this 
equation provides the partial pressure values for the gas being trans-

ferred at any point in the flow field aloqg the length of the tube. 

Boundary Conditions: 

@ x+ = A O; P = 

@ 0 a'P 
n = -= an 

"' 
@ 1 aP n = -= an 

0 

0 

s~ 
<1 - P) -2-

(4 .2) 

Dimensionless Variables: 

,,.. P - Pi 
p = p - p 

0 i 

+ X/R x = 
(2vR/DA) 
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The wall Sherwood number, Sh , relates the diffusion resistance of the w 
tubing wall and the diffusion resistance of the fluid. The permeability 

acAB 
The term ""'fC is a 

slop of the saturation curve. i\:quation 
of the tube wall is defined by the constant, om. 
non-linear term describing the 

acAB 
(4.3) relates the term -ac- to 

A 
the saturation curve. 

(4.3) 

Th as · d·1 1 d · h M · · f h e term aP is rea i y eva uate using t e argaria equation or t e 
saturation curve. 

Having determined the variable parameters and boundary conditions, 
the governing convective transfer equation can be solved using numerical 
methods. A widely accepted and commonly used technique for solving this 
type of problem is the Crank-Nicholsen finite difference method. This 
method is particularly useful in this case becuase of its inherent 
stability and its capacity to handle nonlinearities. The details of the 
method are discussed by Diller (36). Some of these details are present-
ed in Appendix A. The solution of equation (4.2) results in a radial 
and axial partial pressure distribution. From these values, the value 
for transfer must be calculated. This is done by numerically integrating 
ever the cross section of the flow to determine the amount of oxygen 
being carried by the fluid at the end of the transfer tube. 

Nondimensional transfer, 0, is calculated using the relation 

e a 
C Ct 

Co - Ci (4.4) 

Physically, this transfer is the difference between the concentrations 
entering and leaving the transfer tube. In equation (4.4), the transfer 

is nondimensionalized to the concentration corresponding to the partial 

pressure of the gas on the outside of the transfer tube, C • Equation 
0 

(4.4) may be expressed in terms of blood perameters as follows: 
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Cr(S - s1) + a (P - P ) e = ~~~~~-"--~__...__~~~~ 
Cr(So - S1) + ao(Po - Pi) 

(4.5) 

The saturation, S , is calculated from P using the Margaria equation. 
0 0 

It is usually quite informative to plot the nondimensionalized 

transfer, 0, in terms of the corresponding nondimensionalized transfer 

length, X. This plot is made on a log~log graph, and the points for 
one set of data should fall on a slightly curved line parallel to the 

line given by the advancing front theory. Examples of such plots can 
be found in the Results section. The nondimensionalized transfer 

length, !_, is given by the expression: 

X = +JM = irLD 
- x 2QM 

(4.6) 

Since the transfer length is nondimensionalized by the oxygen source-
sink strength, M, variations in the hemoglobin concentration of different 

samples are accounted for and the results can be directly compared. The 
parameter M can be calculated using the following equation: 

(4. 7) 

The value of M depends only on the endpoints of the system, therefore, 
equation (4.7) holds no matter which model for the saturation curve is 
used. 

This section describes the basics of the analysis used in this 
project. The details of these equations and their development are dis-

cussed quite thoroughly by Diller (36). 
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4.3 Actual Treatment of Experimental Data 

Other than minor preparation of the raw data, the majority of the 
calculations and analysis was done using the program EXPNUM3 which is 
described in detail in Appendix A. The general approach and techniques 
of the analysis are described here. 

The analysis of data is started by calculating the base saturations 
and oxygen partial pressures for each transfer length. This is done by 

using the values from the initial, middle, and final readings of the 
syringe from the pump containing the base sample. These numbers are 
used to interpolate linearly over time the values for each transfer 
length. The flow rate was determined by averaging the flow rates for 
each of the three or four different volumes that were measured. 

Since the program EXPNUM3 only does the calculations for the trans-
fer that takes place in the transfer tube, further adjustments were 
necessary for some of the data. For about one-half of the experiments 
that were run, a polyethylene tube was used to connect the syringe pump 
with the transfer tube. Because the polyethylene was somewhat permeable, 
corrections had to be made. The saturations and oxygen partial pres-
sures were corrected for the transfer that occurred in the tube. These 
calculations were done using the program ADV which is described in 
detail in Appendix B. This program uses an advancing front menthod by 
Diller and Mikic (32) which accounts for membrane and fluid resistances 
to transfer. The advancing front theory was considered adequate for 
calculating the transfer in this section because of uncertainties in the 
transfer resistance of the tubing wall and whether or not the fluid was 
continuously flowing in the tube for the high flow rate experiments. 
All of the corrections were done assuming that the fluid was flowing 
steadily. The base diffusivities for each type of solution were used 
for the corrections. No corrections were necessary for the data taken 

when the stainless steel tube was used for connecting the syringe pump 

to the transfer tube. At this point the data sets were prepared for 

final analysis in the program EXPNUM3. 
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The basic functions of the program EXPNUM3 is to calculate an 
effective diffusivity for each data point. The general approach and 
methodology of calculating the diffusivities is discussed here. First, 
any transfer that occurs in the entry length is modeled using the cur-
rent iterative value for the diffusivity and the boundary conditions 
for the gas surrounding the entry length tube. The oxygen partial 
pressure distribution is calculated using the Crank-Nicholsen numerical 
method that is used for solving the governing differential equation for 
convective transfer. Dimensionless transfers and diffusivities are not 
calculated for this region because only the partial pressure distribu-
tion at the end of the entry length is needed. Starting with this dis-
tribution and using the boundary conditions for the gas surrounding the 
transfer length tube, the same procedure is repeated. The diffusivity 
is changed and the solution is iterated until the total nondimensional 
transfer for the numerical method matched the experimental transfer. 
This results in a value for the effective diffusivity in the transfer 

length. 
The calculation procedure and the governing differential equations 

for convective transfer are all based on partial pressures. This pre-
sents a problem when working with experimental data because of the steep 
slope of the saturation curve in the region where all of the tests were 
run. In this range, a small change in partial pressure corresponds to 
a large change in the value of saturation. Therefore, saturation pro-
vides a more reliable measure of oxygen content in the blood than would 
be provided by a partial pressure measurement. To minimize any errors 
that might result from this when applying the numerical method, all cal-
culations are based on the experimental values for saturation. This is 
done by using the Margaria equation to calculate initial partial pres-
sures based on the initial saturation measurements. These values are 
then applied in the calculation procedure. The experimental values of 

partial pressure are useful for determining the saturation curve and for 

checking the calculated values of partial pressure. 
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In any set of experimental data, there are always a few data points 
that are totally out of line from the other points. These points had to 
be dealt with in this analysis because the numerical method could fail 
to converge for such points. The numerical method itself was very 
stable. Iteration was started at an effective diffusivity of 10 x 10-5 

cm2/s for all points and the solution converged rapidly in a stable 
manner with no oscillation of values. If the value of effective diffu-

-5 2 sivity grew to be larger than 50 x 10 cm /s during the course of itera-
tion, then the point was rejected. There were two valid reasons for 
doing this. First, the solution for diffusivity approaches infinity 
very rapidly beyond the value 50 x 10-5 cm2/s. Secondly, the expected 
values for effective diffusivity were substantially less than 50 x 10-5 

cm2/s for the experiments that were done. About 20% of the whole blood 
points and 8% of hemoglobin solution points were rejected using this 
criteria. Bad points were also rejected on a statistical basis. 
Chauvenet's criterion was applied to each set of data and any points 
that were outside of the limits set by this method were thrown out. All 
data points eliminated from the final results are indicated in the 
tables in Appendix C. The remaining points in each data set were statis-
tically analyzed for accuracy by calculating a 95% confidence interval 
using the Student's t distribution. 



V. RESULTS 

5.1 Water Results 

The measurement of oxygen transfer into distilled water provides a 
good test of the apparatus, laboratory technique and experimental pro-
cedure. The transfer of oxygen into water should depend only on the 
diffusivity. The measured diffusivity of oxygen in water should be a 
function only of temperature, which is not a variable in these experi-
ments. It should not depend on shear rate, tube diameter, transfer 
length, or the partial pressure range of the transfer gases. Figures 10 
and 11 show the nondimensional transfer for tube diameters of 0.0508 cm 
(Sh = 25.3) and 0.0635 cm (Sh = 24.7). The experimentally determined w w 
points are compared to the theoretical curve which is calculated by 
exact numerical solution of the governing convective transfer equations. 
As can be seen on the graph, the experimental points lie quite close to 
the theoretical line. The effective diffusivities for each point were 
calculated using the program EXPNUM3 and are shown in Table 1. The 
average value of effective diffusivity for water was 3.9±0.33 x 10-5 

cm2/s. This value was obtained by statistically analyzing the points 
from all of the data sets collectively. Figure 12 shows the average 
effective diffusivities for each data set plotted against shear rate. 
The 95% confidence intervals were calculated for each individual data 
set using Student's t distribution. The line for a diffusivity of 2.85 
x 10-5 cm2/s (42) passes through the confidence intervals of most of the 
points. 

5.2 Whole Blood Results 

Experiments performed with whole blood are useful for examining the 

increase in transfer due to red cell induced augmentation. The measure-
ments are also valuable for determining the shear rate dependency of the 

transfer mechanisms. The experiments were done using low partial 
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The confidence intervals of these points 
were too large to plot. 
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Figure 12~ Effective Diffusivities vs, Shear Rate for Distilled Water. 
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pressures of oxygen (less than 120 mm Hg) to drive the transfer. There-
fore, the measurements were made with blood in the range of partial 

pressures on the steep section of the saturation curve. Figure 13 shows 
the transfer data for all of the whole blood experiments. These points 
are compared to the advancing front theory line for the base diffusivity 
of oxygen into whole blood, D = 1.5 x 10-5 cm2/s. The value of this 
diffusivity is discussed by Diller (36). Most of the points lie signifi-
cantly above this transfer curve as would be expected with increased 
transfer due to augmentation. A shear rate dependence is also evident 
as the points for high shear rate are further from the no augmentation 
line than the points for low shear rates. 

Figure 14 shows the average effective dif fusivities for each set of 
data plotted against shear rate. The 95% confidence intervals are cal-
culated using Student's t distribution. The confidence intervals are 
based on the points remaining after Chauvenet's criteria is applied to 
the data set to eliminate bad points. Figure 14 shows the experimental 
values for effective diffusivity compared to a curve calculated using a 
method by Diller and Mikic (32). This theoretical method incorporates 
a shear dependent term for the diffusion of red blood cells. As can be 
seen on the graph, the measured effective diffusivities for shear rates 

-1 less than 1000 s are reasonably close to the predicted curve. Straight 
lines were fit to the data including and not including the value of Deff 
for a shear rate of 1720 s-1• These are also shown on Fig. 14. Figure 
15 shows the values of Deff plotted against the sink strength M. It is 
evident that the effective diffusivity is not dependent on sink strength 
over the range covered in these experiments. 

5.3 Hemoglobin Solution Results 

Transfer experiments were run on hemoglobin solutions with and with-

out suspended ghost cells. Figure 16 shows the transfer curve for both 

types of solutions. The experimental points are compared to an advancing 
front theory curve calculated using a base diffusivity of D = 2.03 x 

0 
10-5 cm2/s. This value is the diffusivity of oxygen into hemoglobin 
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solutions (no facilitation) and has been experimentally determined by 
several researchers (see discussion by Diller (36). Effective diffusivi-
ties were calculated for each experimental point using the program 
EXPNUM3. These values of effective diffusivity are shown plotted against 
shear rate in Fig. 17. The two theoretical lines are calculated using 
facilitation theory as discussed by Cooney (43) and Diller and Mikic 
(34). These lines define the limits of transfer based on the minimum 
and maximum values of sink strength for the range on the saturation 
curve where the experiment takes place. As can be seen on the graph, 
the effective diffusivities are not shear dependent and fall within the 
range of values predicted by theory. 
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VI. DISCUSSION 

The measured values of effective diffusivity for distilled water 
are in good agreement with the value for the diffusion coefficient of 
oxygen into water. Correspondingly, the values of nondimensional trans-
fer are close to the line predicted by the exact numerical solution of 
the convective transfer equations for D = 2.85 x 10-5 cm2/s. This 

0 
value of oxygen diffusion into distilled water was determined by temper-
ature correcting the data of Goldstick and Fatt (42). The application 
of the Student's t test shows that all of the water data came from the 
same sample population, which proves the shear rate independence of 
transfer into water. The average value of diffusivity for the water 
tests also indicate that the transfer in the experiment is occurring as 
predicted with all of the equipment operating properly and accurately. 

The effective diffusivities obtained for transfer into whole blood 
were quite varied. In some instances, the values for effective diffu-
sivity at similar shear rates do not even have overlapping confidence 
intervals. A number of factors might be the cause of such variations. 
First, blood is a living medium that metabolizes oxygen and is changing 
in saturation and partial pressure at all times. The pH vaiies slightly 
between samples, even with blood from the same animal and varies also 
according to the partial pressure of carbon dioxide. These variables in 
the blood itself could cause changes in the transfer characteristics 
that would show up in the experimental data as variations in the mean 
between data sets. The blood variables also cause experimental error 
that would be reflected in the confidence interval for a particular set 
of data. Other factors that may contribute to the errors are: settling 
of the blood in the base sample syringe, inconsistent tensioning of the 
membrane tubing, transfer in the tube connecting the syringe pump to the 
transfer tube, and inconsistent measurement of P02 for data taken on the 
IL 113 Blood Gas Analyzer. Inconsistent tensioning of the membrane tube 
could result in a change in the wall permeability if the wall thickness 
is affected. Another probable source of error is the use of a low range 
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of oxygen partial pressures (less than 120 mm Hg) to drive the transfer. 
Because less oxygen is transferred to the flow than would be with pure 
oxygen, the errors in the analyzer readings would be magnified. These 
oxygen partial pressures were chosen because they result in transfer on 
the high slope region of the saturation curve and match closely the con-
ditions found in the body. 

All of the effective dif fusivities were calculated using the same 
theoretical saturation curve. The values of the Margaria equation con-
stants that were used are k = 0.0121 and m = 125.0. This curve is shown 
compared to experimental saturation points for whole blood and for hemo-
globin solutions in Figures 18 and 19. As can be seein on Fig. 18, the 
theoretical saturation curve compares reasonably well with the experi-
mental points. Figure 19 shows that the experimental saturation points 
saline based hemoglobin solutions do not coincide with the theoretical 
curve. Changes in pH, taking the hemoglobin out of the red blood cell, 
suspending the hemoglobin in saline, and changes in 2, 3 - DPG can all 
result in a shift of the saturation curve. For consistency, all of the 
transfer calculations for whole blood and hemoglobin solutions were done 
using the same normal theoretical saturation curve. A value of k = 

0.00862 would result in a theoretical curve that fits the experimental 
points for saline based hemoglobin solutions. The use of this theoreti-
cal curve in the transfer calculations would result in a 30% change in the 
average value of effective diffusivity over the entire transfer length. 

Although the whole blood data agrees with the theoretical curve cal-
culated by Diller and Mikic (32), shear rate dependence cannot be veri-
fied because of the range of uncertainties in the data. The straight 
line fit to the data points (excluding the points for f = 1720 s-1) had 
a slope similar to the curve by Diller and Mikic which is a promising 
trend. It appears that it would be quite difficult to narrow the range 
of expected diffusivities for whole blood. The difficulty stems from 
the sources of error detailed above along with the problem of repeat-

ability with the blood samples. 
There seems to be substantially less variation in the hemoglobin 

solution data than in the whole blood data. For a number of reasons, a 
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Figure 18. Experimental Saturations for Whole Blood 
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hemoglobin solution should be more stable than whole blood. Unlike whole 
blood, the hemoglobin solution is a homogeneous chemical solution. With 

the destruction and removal of the red blood cell, the blood ceases to be 
a living medium. As long as the hemoglobin molecule is still active, 
oxygen can be transferred to and from the solution. The homogeneity of 
the solution tends to make this a uniform and repeatable process. 

As can be seen in Fig. 17 the effective diffusivities for the hemo-
globin solutions with and without suspended ghost cells are just about 
equal. Application of the Student's t test (for 95% and 99% confidence 
intervals) for low shear rates shows that the two types of solutions are 

-1 from the same sample. The same test for a shear rate of 1000 s shows 
that these two data sets are also from the same sample. This would sug-

gest that the effect of the ghost cells on the transfer is negligible. 
Since the ghost cell contains no hemoglobin, it does not have the 
capacity to carry oxygen, although the motion of the ghost cell would 

be similar to that of a red cell. As the ghost cell moves and rotates, 
some plasma (which contains hemoglobin) near the surface of the cell is 
carried along. Although some transfer increase might conceivably result 

from this, the amount of transfer is apparently too small to be observed 
through this experiment. 

As mentioned previously, a polyethylene tube was used to connect 
the syringe pump to the transfer tube for the first eight sets of data. 
Since this tube turned out to be somewhat permeable, the data sets were 
corrected for this transfer using an advancing front method (program 
ADV). Typically, the correction resulted in a 1% to 2% increase in 
saturation (except for DATA8 which had a 4.7% increase) from the base 
sample value (see Appendix E), with the same increase being added to all 
of the data points. This had the effect of lowering the experimental 
value of nondimensional transfer. Although the permeability of this 

tube introduces a source of error into the experimental apparatus, there 
is apparently no correlation between the questionable values of ef fec-

ti ve diffusivity and the use of this tube. 
For the high shear rates ("' 1700 s-1), there is a trend towards 

very high values of effective diffusivity for the whole blood runs. 
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The data set DATA2 (whole blood, ~ = 1720 s-1) had four points that were 
rejected because the effective diffusivity grew larger than 50 x 10-5 

cm2/s during the numerical solution. The data set DATA5 (whole blood, 
i= 1682 s-1) had seven such points. As a result, it is reasonable to 
expect high values of effective diffusivity at these shear rates. It 
was difficult to determine the value of transfer for high shear rates 
with this experimental apparatus, partly because of the relatively large 
diameter of the membrane tube. At such a high range of effective diffu-
sivity, a very small increase in transfer can result in a large increase 
in effective diffusivity. It was not possible to measure the transfer 
accurately enough that this would not be a problem. The inadequacy of 
the experimental apparatus for the measurement of transfer at high shear 
rates was also apparent in the data set DATA6 (Rb solution, ~ = 1681 
-1 s ). For this run, four points were rejected for having a large effec-

tive diffusivity. This data set also had one of the worst confidence 
intervals of any of the data sets. Additionally, the mean effective 
diffusivity was much higher than expected based on the values obtained 

for lower shear rates and previous results at higher shear rates by 
Diller and Mikic (1). 

There are other problems in determining the effective diffusivity 
for high shear rates. At the larger values of effective diffusivity, 
the transfer resistance of the membrane is significant enogh to become 
the limiting factor. The reason for this is that the wall Sherwood num-
ber depends on the ratio of oxygen diffusivities in the membrane and in 
the fluid. The transfer resistance of the membrane is not a limitation 
at all for effective diffusivities less than 10 x 10-5 cm2/s. Most of 
the transfer resistance is due to the blood itself in this range. Since 
it appears that the effective diffusivity could be substantially greater 

-5 2 -1 than 10 x 10 cm /s for shear rates larger than 1000 s , it is con-
ceivable that the transfer might be limited by the membrane permeability 

in this range. This would affect the resulting effective diffusivity. 

Consequently, the actual value of effective diffusivity into blood at 
high shear rates might be difficult to determine. 
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Kreuzer (6) presents compiled data on the diffusion of hemoglobin 
as a function of concentration. The diffusivity of hemoglobin is a func-
tion of concentration and is different for hemoglobin inside of a red 
blood cell versus hemoglobin in solution. In fact, DHb in whole red 
blood cells is about ten times smaller than DHb in solution. The equili-
brium facilitation theory presented by Cooney (43) and discussed by 

Diller and Mikic (34) was applied to the experimental data to see if the 
theory could predict the results. The values for the hemoglobin diffu-
sion coefficients (6, 44, 45) are well established and as such, a hemo-
globin diffusivity of 6.7 x 10-7 cm2/s was used. This value, along with 
the sink strength and oxygen diffusivity into hemoglobin, were used to 
calculate a theoretical effective diffisuvity of 4.3 x 10-5 cm2/s. This 
is substantially lower than was measured. The theory used an average 
slope for the saturation curve based on the sink strength. As a result, 
the predicted amount of facilitation is the lower limit. The upper 
limit of transfer is determined using the highest value for sink strength 
in the facilitation theory calculations. Since the point of transfer on 
the saturation curve is changing over the length of the saturation curve, 
the constant slope method applies well only for instantaneous points of 
transfer. The theory might be modified by incorporating it into the 
numerical method for calculating transfer where the location on the 
saturation curve is always known. In any case, the experimental trans-
fer and facilitation were much higher than predicted by the theory. The 
theory as it stands, needs to be refined based on the experimental evi-
dence. 



VII. CONCLUSIONS 

There are a number of significant conclusions that can be made from 
the findings of this project. These are listed as follows: 

1. For shear rates of 240 s-1 to 1000 s-1, effective diffusivities 
of 4 x lo-5 cm2/s to 10 x 10-5 cm2/s can be expected for whole 
blood. This proves the presence of augmentation as a transfer 
mechanism. 

2. For increasing shear rates, there is a trend towards increasing 
effective diffusivity. 

3. The effective diffusivity of oxygen into hemoglobin solutions 
is in the range of 7 x 10-5 cm2/s to.8 x lo-5 cm2/s for shear 
rates of 240 s-1 to 1000 s-1. This indicates significant 
transfer due to facilitation. 

4. The effective diffusivity of hemoglobin solutions was not mea-
surably affected by the presence of ghost cells. This would 
mean that particle rotation and plasma mixing have an insi~ · 
nificant effect on the transfer of oxygen. 

67 



VIII. RECOMMENDATIONS 

Although the apparatus used for this project has some limitations, 
it is still an accurate and reliable set-up which can be used to make 
a number of further studies. Numerous experiments could be done to 
verify trends and to tighten up the range of expected values for trans-
fer. The following are recommended as possible directions of further 
research: 

1. Run a number of separate experiments with whole blood keeping 
all parameters as identical as possible. This would produce 
data on the repeatability of the actual blood sample and would 
define the bandwidth to which the effective diffusivities can 
be determined. This type of experiment might require buffering 
of the blood after tonometering and consistent tensioning of 
the membrane tubing. 

2. Run tests comparing transfer into whole blood and hemoglobin 
solutions with equal concentrations of total hemoglobin and 
equal sink strengths. All other test conditions should be 
as identical as possible. This would allow direct comparison 
of the effective diffusivities resulting from transfer by 
facilitation and by augmentation. 

3. Run experiments on whole blood and hemoglobin solutions for 
values of shear rate intermediate to the values used in this 
series of tests. Possible values for shear rate would be 
100 s-1, 650 s-1, and 1350 s-1• Running tests at these shear 
rates would fill in the curve and would better define Deff vs. 
y as curved or straight line functions. 

4. Run further tests on hemoglobin solutions, especially at high-
er shear rates (between 1000 s-1 and 1700 s-1). These tests 
would serve to better define the effective diffusivity for 

hemoglobin solutions and to prove shear rate independency at 
high shear rates. These tests could be run on the present 
set-up because of the low sink strength and chemical stability 
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of the hemoglobin solutions. 
5. Refine facilitation theory for convective transfer. 
In addition to the further work discussed above, it is recommended 

that a new test apparatus be developed for measuring transfer into flows 
with shear rates of about 1000 s-l to 3000 s-1• If the trends observed 
in previous measurements are any indication, effective diffusivities of 
20 x 10-5 cm2/s and higher might be observed. Since transfer must be 
measured very accurately for such high diffusivities, the following sug-
gestions are made for designing a new test stand: 

1. Use a recirculating system of blood that can be operated in a 
steady-state mode under conditions of transfer. In this way, 
the flow rate through the transfer tube would not be limited 
by the size of the source (as is the case with syringe pumps). 
Transient parameters like metabolism could be continually 
compensated for. 

2. Use a pump that is powerful enough that back pressure does not 
affect the flow rate. A metering pump is also a possibility if 
it does not excessively damage the red blood cells. 

3. Continuously monitor the flow for all measurements. In this 
way, fluctuations in the flow could justify throwing out a bad 
data point if necessary. If the flow field is large enough, 
an electromagnetic flowmeter is a possibility. 

4. Provide anaerobic sampling ports such that samples can be taken 
from the flow at the required locations for the determination 
of saturations and partial pressures. An oxygen electrode on 
the sidewall of the tube could be used to measure oxygen par-
tial pressure in flow. Saturations could be measured using an 
optical oximeter. In this way, the need for sampling might be 
eliminated. 

5. Use combinations of tubing diameter and transfer length that 
result in a large enough transfer of oxygen to minimize the 
effect of errors in measurement on the resulting transfer. 
This is especially important for measurements where the ef fec-
tive diffusivity is potentially large. 
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APPENDIX A 

EXPNUM3, a computer program for calculating effective diffusivities. 

This program calculates effective diffusivities indirectly by match-
ing the numerical solution for transfer to the experimentally determined 
bulk transfer. The result is a value for diffusivity that is averaged 
over the length of the transfer tube. 

The program is set up to read experimental parameters from a 
standardized data set that is used for all of the fluid types. The pro-
gram is capable of handling test data for distilled water, whole blood, 
hemoglobin solution, and hemoglobin solution with membranes. Since the 
program solves for transfer assuming a homogeneous fluid, the method of 
solution is the same for whole blood and the hemoglobin solutions. The 
technique for transfer into water is different since it does not contain 
hemoglobin, and therefore has no saturation. 

The actual numerical solution is essentially identical to that used 
by Diller (33). This solution utilizes a half step Crank-Nicholsen 
firiite difference technique to solve the governing transfer equations 
for the partial pressure distribution. This method is quite stable, 
can handle non-linearities, and converges directly with no oscillations. 
The mainline program contains a convergence accelerator that is a func-
tion of the nondimensional transfer lengths. 

The entire program operates on partial pressures. Because of the 
steepness of the saturation curve, the partial pressure measurements are 
less reliable than the saturation meausrements. The whole program is 
referenced to the saturation values by the use of the Margaria equation. 
All partial pressures that are required for the numerical method are 
calculated directly from the values of saturation. In practice, this 
works quite well because the actual and calculated partial pressures are 
usually close (within 1 to 2 mm Hg. of each other). For the calcula-
tions involving transfer into water, only partial pressures are used and 
all saturation calculations are skipped. 
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The program is written with as many descriptive variable names as 
possible. The listing of variables and their definitions makes the pro-
gram easier to follow and understand. The program is set up to process 
raw experimental data into values of effective diffusivity and transfer. 

Examples of data sets can be seen in Appendix D. No further modifica-
tions of this program are necessary for accurate modeling of a transfer 
into a flowing fluid. 



Month 

-1 Day 
Year 
Type - Type 

1. 

2. 
3. 
4. 
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INPUT VARIABLES FOR EXPNUM3 

Date of experimental run 

of fluid, the possible values are: 

For distilled water 
For whole blood 
For hemoglobin solution 
For hemoglobin solution with membranes 

R - Inside radius of silicone membrane tube, cm 

BP - Barometric pressure, mm Hg. 

Q - Flow rate of fluid, cc/min 
ALPHAO - a 0' 

solubility of o2 in fluid, cc o2/cc blood-atm 
LOW02C - Low oxygen concentration, percentage in decimal form 

HIGH02C - High oxygen concentration, percentage in decimal form 
KI k, constant in Margaria equation 
MI - m, constant in Margaria equation 
WALL 

DXO 
LI 
SI 

SE 

PI NTL 

PP 

THB 

COHB 
METHB 

- Wall Sherwood number multiplied by reference diffusivity 

Initial axial step size, usually 0.00005 

- Transfer length, cm 
- Saturation at the beginning of the entry length, 

percentage in decimal form 
- Saturation at the end of the transfer length, 

percentage in decimal form 
- Oxygen partial pressure at the beginning of the entry 

length, mm Hg 

- Oxygen partial pressure at the end of the transfer 
length, mm Hg 

- Total hemoglobin, percent 

- Carboxyhemoglobin, percent 

- Methemoglobin, percent 



F 

G 

H 

STEP 

DE 
OUT 
PI 
AVGVEL 
SHEAR 
PPO 

DINT 
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PROGRAM VARIABLES FOR EXPNUM3 

- Number of radial steps 

- F - 1 
- F + 1 

Number of time steps executed before step size is 
changed 

- Number of time steps executed between print statements 

- 11" 

- Average velocity of flow in membrane tube 

- Shear rate 
- Partial pressure of high oxygen content gas, corrected 

for vapor pressure of water 
- Diffusivity multiplied by 105 

CTE - CT, experimental hemoglobin concentration 
SAT! - Entrance saturation based on hemoglobin available 

SAT 

PINT 

POUT 

SP 
SIP 
SINT 
SOUT 
CT 
TERM 1 

TERM 2 

TERM 3 

TERM 4 

M 

for saturation 

- Exit saturation based on hemoglobin available for 
saturation 

- Entrance partial pressure calculated from Margaria 
equation based on experimental saturation 

- See PPO 
Multiplier containing constants and conversion factors 

- Exponential term in Margaria equation 
- Saturation calculated based on PINT 
- Saturation calculated based on POUT 
- Denominator of nondimensionalized transfer, 8 

{ Intermediat"e variables used 

jtransfer and sink strength 

- Sink strength of fluid 

for calculating 



THETAE 

DON 
XLO 
MF 

DX 
XL 
E (I) 

TH (I) 

DEl 
DE2 
DXl 
DSDP 

POU TE 

SO UTE 
PO (I) 
PE (I) 
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PROGRAM VARIABLES FOR EXPNUM3 (continued) 

- e, experimental nondimensionalized transfer including 
transfer in the entry length and transfer length 

- Same as THETAE 
- Nondimensional transfer length 
- Term used to check nonlinearity of PHI (I) 
- Step size based on sink strength of fluid 
- Nondimensional transfer length divided by diffusivity 

- Radial location of the numerical method 
- Nondimensionalizing term for the finite difference 

equations 

Constants used in finite difference equations 
- Inverse of axial step size 
~ , slope of the saturation curve expressed in terms 
ClP 
of the Margaria equation 

- partial pressure of low oxygen content gas, corrected 
for vapor pressure, mm Hg 

- Saturation based on POUTE 
- Non-dimensional pressure, 1/2 step behind P (I) 
- Array saves partial pressure distribution at the end 

of entry length 
SENT (I) - Array saves saturation distribution at the end of entry 

length 
A 3 (I) 

=1 Tridiagonal matrices 
B 3 (I) 
PHI (I) - Slope of the saturation curve 
A 1 (I) 

=] Tridiagonal matrices 
B 1 (I) 

SH - Wall Sherwood number 
HS 1 

=J 
Boundary values based on wall Sherwood number 

HS 2 



x 
THETA 

A2 (I) 

B2 (I) 

D (I) 
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PROGRAM VARIABLES FOR EXPNUM3 (continued) 

- Axial location of the numerical solution 

- Non-dimensionalized transfer 

Tridiagonal matrices 

BETA (I) -J Arrays used in the tridiagonal matrix solution 
GAMMA (I)-
Pl (I) - Non-dimensional pressure, 1/2 step ahead of P (I) 

FI (I) 

KOU 
TH OLD 
p (I) 

S (I) 

c 
PINTC 

SINTC 

THE TAC 

- Nondimensionalized slope of the saturation curve 

- Counter for non-linear iterations 

- Old value of theta 

- Radial partial pressure distribution 

- Radial saturation distribution 

- Discrete value of concentration for nodal point 

- Initial partial pressure corrected for entry length 

- Initial saturation corrected for entry length 

- Transfer corrected for entry length 



s 
K 
M 

p 

DEL TAP 
ERROR 

SM 
DIFF 

PSAT 

POUT 

LE 
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SUBROUTINE PSAT VARIABLES 

- Experimental saturation, percentage in decimal form 

Margaria equation constants 

- Partial pressure of oxygen, mm Hg 
- Partial pressure increment 
- Tolerance to which the result converges 

- Saturation as calculated with Margaria equation 

- Difference between calcualted and experimental saturations 

- The value of partial pressuer that corresponds to the 
experimental saturation 

SUBROUTINE ENTRY VARIABLES 

- Partial pressure of low oxygen content gas, corrected 
for vapor pressure of water 

- Entry length, cm 
All other variables are the same as in the mainline program. 
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C$JOB WATFIV 

INTEGER F, STEP, G, OUT, H,MONTH,DAY,YEAR,TYPE 
REAL M, N, MS, SH, LI, Kl ,Ml ,MF, CO, LOW02C,METHB 
DIMENSION Al(lO), A2(10), A3(10), Bl(ll), B2(11), B3(11), 

X D(ll), PO(ll), Pl(ll), GAMMA(ll), BETA(ll), PHl(lO), 
X TH(lO), E(lO), Fl(lO), S(lO), P(12),PE(ll),SENT(ll) 

1 FORMAT (6G 16.5) 
2 FORMAT (lOX, 'X'' 13X, 'XL'' 14X, 'THETA', 1 lX, I PH I'' 12X, 'DI NT'' 13X, 
X'SH', 12X, 'KOU') 

3 FORMAT (7X,'L',BX,'M',BX,'SP',BX,'Kl',10X,'MI') 
4 FORMAT (Fll .2, Fl0.3, Fl0.2, Fl0.6, Fl0.2,/) 
5 FORMAT (6X, I Pl NT'' 5X, 'SI NT'' 6X, I POUT'' 6X, 'SOUT' ,BX, Ip', 7X, 'SAT') 
6 FORMAT (Fl0.2,Fl0.4,Fl0.2,Fl0.4,Fl0.2,Fl0.4,/) 
7 FORMAT ( '1' '6X, 'L' ,BX, 'M' 'BX, 'SP' ,BX, I Kl I' lOX, 'Ml') 

51 FORMAT (6G 16. 5, IB) 
F=lO 
G=F-1 
H=F+l 
STEP=40 
DE=0.1 
OUT=5 

c 
C ..... INPUT EXPERIMENTAL PARAMETERS ..... 
c 

READ(lO, *) MONTH, DAY, YEAR, TYPE 
C 30 FORMAT(l3,13,13,13) 

READ(lO, *) R, BP, Q, ALPHAO, LOW02C, H 102C 
C 31 FORMAT(F7.5,2F6.3,F6.4,2F6.4) 

READ(lO,*) Kl,Ml,WALL,DXO 
C 32 FORMAT (4F10.5) 

Pl=3.141592654 
AVGVEL=(Q/60. )/(Pl*R**2) 
SHEAR=( (4./60. )*Q)/( Pl*R**3) 
PPO=(BP-47. )*HI02C 
IF(TYPE.EQ.1) WRITE(ll,40) 

40 FORMAT ('l',' DISTILLED WATER TEST',/) 
IF(TYPE.EQ.2) WRITE(ll,41) 

41 FORMAT ('1 ',' WHOLE BLOOD TEST',/) 
I F(TYPE. EQ .3) WRITE(l 1,42) 

42 FORMAT ('l',' HEMOGLOBIN SOLUTION TEST',/) 
I F(TYPE. EQ.4) WRITE(l 1,43) 

43 FORMAT ('l',' HEMOGLOBIN SOLUTION WITH MEMBRANES TEST',/) 
WRITE(l 1,55)MONTH, DAY, YEAR 

55 FORMAT (' ',' TEST RUN ON ', 12, '/', 12, '/', 12,//) 
WRITE(l 1,56) 

56 FORMAT(' ',4X,'R',BX,'BP',9X,'Q',7X,'WALL',6X,'ALPHA0',5X, 
@'LOW02C',4X, 'HI02C',6X) 
WRITE(ll ,52) R, BP, Q, WALL, ALPHAO, LOW02C, H 102C 

52 FORMAT (' I' F7.4,2Fl0.3, Fl 1.3, F10.4,2Fl0.3,/) 
c 
C ..... BEGIN SOLUTION LOOP FOR ONE DATA POINT ..... 
c 

Bl READ(lO,*) Ll,Sl,SE,PINTL,PP,THB,COHB,METHB 
C 33 FORMAT (BF5.3) 



c 
I F (LI. LT. 0. 0) G 0 T 0 102 
DINT=lO. 
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C ..... CALCULATE BULK TRANSFER FROM EXPERIMENTAL VALUES ..... 
c 

c 

CTE=l .39*THB/100. 
SATl=Sl*(l. -(COHB+METHB)/100.) 
SAT=SE*(l. -(COHB+METHB)/100.) 
IF (TYPE.EQ.1) GO TO 29 
PINT=PSAT(SATI I Kl ,Ml) 
POUT=PPO 
SP=(CTE/ ALPHA0)*760. 
SIP=(l .O+Kl*PINT)/(Kl*PINT) 
SINT=(SIP**3+Ml-1 .0)/(SIP**4+Ml-1 .0) 
SI P=(l. O+Kl*POUT)/( K l*POUT) 
SOUT=(SIP**3+Ml-1 .0)/(SIP**4+Ml-1 .0) 
CT=(SOUT-SI NT) +(POUT-Pl NT)/SP 
SO=SOUT 
IF (TYPE.NE.1) GO TO 28 

29 CONTINUE 
PINT=PINTL 
POUT=PPO 
CT=POUT-PINT 
SP=l .0 
SIP=O.O 
SINT=O.O 
SOUT=0.0 
SO=O.O 

28 CONTINUE 
TERMl=CTE*(SO-SATI) 
TERM2=ALPHAO*(PPO-PI NTL)/760. 
TERM3=CTE*(SAT-SATI) 
TERM4=ALPHAO*(PP-PI NTL)/760. 
M=l. +TERM1/TERM2 
THETAE=(TERM3+TERM4)/(TERM1 +TERM2) 

C ..... DEFINE VALUES FOR NUMERICAL METHOD ..... 
c 

DON=THETAE 
CO=COHB 
XLO=( Pl*Ll*60. )/ (2. *10. **5*Q) 

9 M F=M*O. 002 
DX=DXO*M 
XL=XLO*DINT 
IF(Ll.EQ.10.0) WRITE(ll,3) 
IF(Ll.GT.10.0) WRITE(ll,7) 
WRITE(ll,4) Ll,M,SP,Kl,MI 
WRITE (11,57) 

57 FORMAT(' ',4X,'THB',8X,'COHB',5X,'METHB') 
WRITE (11,58) THB,COHB,METHB 

58 FORMAT (3Fl0.2,/) 
WRITE(l 1,5) 
WRITE(l 1,6) Pl NT ,SINT I POUT I SOUT I pp I SAT 
WRITE(ll ,62) 
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62 FORMAT (' EXPERIMENTAL VALUES READ INTO PROGRAM',/) 
WRITE(ll ,63) 

63 FORMAT(' ',8X,'Sl',7X,'SE',5X,'PINTL',7X,'PP') 
WRITE(ll, 64) SI, SE, Pl NTL, PP 

64 FORMAT (2F10.4,2F10. 2, /) 
WR IT E ( 11 , 59) 

59 FORMAT (8X, 'DX', lOX, 'F' ,GX, 'STEP' ,GX, 'XLO') 
WRITE (11,60) DX,F,STEP,XLO 

60 FORMAT (Fll.7,2110,Fl0.5,/) 
E(1 )=DE/2.0 
TH (1)=E(1)*(1. 0-E ( 1 )**2)*4. O*DE/CT 
DO 570 1=2, F 

E(l)=E(l-1)+DE 
570 TH (I )=E( I)*( 1. 0-E(I )**2)*4. O*DE/CT 
C MATRIX INITIALIZATION 
10 DE1=1.0/(4.0*DE) 

DE2=1 . 0/ ( DE**2) 
20 DX=DXO*M 

XL=XLO*DINT 
DX1=1.0/DX 
IF (TYPE.EQ.1) GO TO 510 
SIP=(l .O+Kl*PINT)/(Kl*PINT) 
DSDP=(S I P**6+Ml*(4. O*S I P**3-3. O*S I P*S IP))/( ((SI P**4+MI )**2)*KI 

X *PINT*PINT) 
510 CONTINUE 

IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) DSDP=0.0 
PH I (1 )=DSDP*SP 
CALL ENTRY( LOW02C, LI, BP, DI NT, Pl NT, Kl ,Ml, WALL,Q, DXO, CTE, 

@ALPHAO, P, POUTE, SOUTE, TYPE) 
WRITE(ll ,21) 

21 FORMAT (' ',/,' RADIAL PRESSURE & SATURATION DISTRIBUTIONS 
@'AT THE END OF ENTRY LENGTH',/) 

WRITE (11,23) 
23 FORMAT (' ',5X, 'Pl' ,GX, 'P2' ,GX, 'P3'' GX, 'P4' (GX, 'PS' ,GX, 'PG' I 

@6X, 'P7' ,6X, 'P8' ,6X, 'P9' ,6X, 'PlO') 
WRITE(ll,22) (P(l),1=1,10) 

22 FORMAT (2X, 10F8.3,/) 
11 DO 12 1=1,H 

IF (TYPE.EQ.1) GO TO 511 
SIP=(l .O+Kl*P(l))/(Kl*P(I)) 

511 CONTINUE 
IF (TYPE.EQ.1) SIP=O.O 
PO( I)=( P( I )-Pl NT)/(POUT-PI NT) 
PE(l)=P(I) 
IF (TYPE.EQ.1) GO TO 519 
SENT(l)=(SIP**3+Ml-1.0)/(SIP**4+Ml-1.0) 

519 CONTINUE 
IF (TYPE.EQ.1) SENT(l)=O.O 

12 CONTINUE 
WRITE (11,24) 

24 FORMAT(' ',5X,'S1',6X,'S2',6X,'S3',6X,'S4',6X,'S5',6X,'S6', 
@SX, 'S7', sx, 'S8' I 6X, 'S9'' SX, 'S 10') 

WRITE (11,25) (SENT(l),1=1,10) 



25 FORMAT (2X, 10F8.4, /) 
A3(1 )=DE2 
83(1 )=DE2 

15 DO 17 1=2, F 
PHl(l)=PHl(l-1) 
A 1 (I )=DE2/2. 0-DEl/E( I) 
Bl(l)=Al(I) 
A3( I )=DE2/2.0+DE1/E( I) 

17 83 (I) =A3 (I) 
SH=WALL/DI NT 
HSl =O. 5-2. O/(SH*DE) 
HS2=0. 5+2 .0/ (SH*DE) 
J=l 
K=l 
X=O.O 
THETA=O.O 
t=H 

Bl(l)=HSl 
B2(1)=HS2 
CH=l .0 

WRITE(ll ,2) 
C START SOLUTION 
50 X=X+DX 

KOU=O 
C SET MATRIX B2,A2 
100 DO 150 l=l IF 
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AB=(l .O-E(l)**2)*(1 .O+PHI (l))*DXl 
A2 ( I ) =AB- D E2 

1 50 B 2 ( I ) = - AB - D E2 
C SET MATRIX D 
200 D(l)=-A2(l)*PO(l)-A3(l)*PO(l) 

DO 250 1=2, F 
250 D(l)=-Al (l)*PO(l-1)-A2(1)*PO(l)-A3(1)*PO(l+l) 

D(H)=CH 
C TRIDIAGONAL MATRIX SOLVER 
400 BET A ( 1 ) = B2 ( 1) 

GAMMA( 1 )=D(l )/BETA (1) 
DO 405 1=2, H 

BETA( I )=B2( I )-Bl (I )*B3( 1-1)/BETA(1-1) 
405 GAMMA( I )=(D( I )-Bl (I )*GAMMA( 1-1) )/BETA(I) 

Pl (H)=GAMMA(H) 
DO 410 L=l IF 

l=H-L 
410 Pl (I )=GAMMA( I )-83( I )*Pl (I +1)/BETA( I) 
C CHECK PHI 

DO 459 l=l,F 
P( I )=Pl NT+ (POUT-Pl NT)*( PO( I) +Pl (I) )/2.0 
IF (TYPE.EQ.1) GO TO 512 
SIP=(l .O+Kl*P(l))/(Kl*P(I)) 
DSDP=(S I P**G+Ml*(4. O*SI P**3-3. O*S I P*S IP))/( ((SI P**4+MI )**2)*KI 

X *P(l)*P(I)) 
512 CONTINUE 

IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE. EQ.1) DSDP=O.O 



Fl (I )=SP*DSDP 
459 CONTINUE 

IF (TYPE. EQ. 1) GO TO 461 
DO 460 1=1, F 
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IF (ABS (PH I (I )-Fl (I) )-MF) 460,460,462 
460 CONTINUE 

461 CONTINUE 
GO TO 500 

462 DO 465 1=1, F 
465 PH I (I ) =FI ( I ) 

KOU=KOU•l 
I F ( K 0 U-5) 100, 90, 90 

C CALCULATE THETA 
500 THOLD=THETA 

THETA=O.O 
DO 530 1=1, F 
P( I )=Pl NT•( POUT-Pl NT)*Pl (I) 
IF (TYPE. EQ.1) GO TO 513 
SIP=(l .O•Kl*P(l))/(Kl*P(I)) 
S(l)=(SIP**3•Ml-1.0)/(SIP**4•Ml-1.0) 

513 CONTINUE 
IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) S(l)=O.O 
C=S( I )-SI NT•(P( I )-PINT)/SP 

530 THETA=THETA •C*TH (I) 
IF ( K-OUT) 540, 535, 535 

535 WRITE(ll,51) X,XL,THETA,PHl(9),DINT,SH,KOU 
K=O 

540 IF (THETA-DON) 600,935,935 
C END CHECK . 
935 IF (ABS((X-XL)/XL)-0.02) 1000, 1000,940 
940 IF (ABS((X-DX-XL)/XL)-0.02) 1000, 1000,950 
950 WRITE(ll, 1) X,XL,THETA,DON,DINT,SH 

IF(DINT.LE.50.0) GO TO 960 
WRITE(l 1,902) 

902 FORMAT(' ',/,5X, 'DIFFUSIVITY IS TOO LARGE, SOLUTION WILL NOT ' 
@,'CONVERGE') 

GO TO 1001 
960 DI NT=DI NT*X/XL 

GO TO 20 
C TIME STEP 
C CHANGE DX 
600 IF (J-STEP) 650, 610, 610 
610 DX=2. O*DX 

DXl=l .O/DX 
J=O 

C RESET PO & PHI 
1=1 
PO( I )=Pl (I) •DX*( Pl (I +1 )-Pl (I) )*(1.0/(2.0*DE*E(I)) •DE2)/ 

X (2.0*(1.0-E(l)**2))*(1.0•PHl(I)) 
DO 630 1=2, F 

630 PO( I )=Pl (I) •DX*( (Pl (I +1 )-Pl ( 1-1) )/(2 .O*DE*E( I)) +(Pl (I +1)-2.0*Pl (I) 
X •P1(1-1))*DE2)/(2.0*(1.0-E(l)**2))*(1.0•PHI (I)) 

DO 640 1=1,F 



P( I )=Pl NT+( POUT-Pl NT)*PO( I) 
IF (TYPE. EQ.1) GO TO 514 
SIP=(1.0+Kl*P(l))/(Kl*P(I)) 
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DSDP=(S I P**6+Ml*(4. O*SI P**3-3. O*S I P*SI P) )/( ((SI P**4+MI )**2)*KI 
X *P(l)*P(I)) 

514 CONTINUE 
IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) DSDP=O.O 

640 PHl(l)=SP*DSDP 
650 DO 670 1=1, H 
670 PO( I )=Pl( I) 
C COUNTER 

J=J+1 
K=K+1 
GO TO 50 

90 WRITE(11,900) 
900 FORMAT(5X, 'PHI IS UNSTABLE') 

WRITE(11,901) X ,THETA,DX,KOU 
901 FORMAT(3F20. 6, 16) 
1000 CONTINUE 

THETAC=O.O 
SINTC=O.O 
PINTC=O.O 
DO 840 1=1,F 
Pl NTC=PI NTC+PE( l)*TH (I )*CT 
SI NTC=S I NTC+SENT (I )*TH (I )*CT 
IF (TYPE.EQ.1) SINTC=O.O 

840 CONTINUE 
DO 850 1=1, F 
C=(S (I )-SI NTC+ (P( I )-Pl NTC)/SP)/( (SOUT-SI NTC) +(POUT-Pl NTC)/SP) 

850 THETAC=THETAC+C*TH (I )*CT 
WRITE(11, 1) X,XL, THETA, DON, DI NT, SH 
THETA=THOLD 
X=X-DX 
WRITE(11,1) X,XL,THETA,DON,DINT,SH 
DO= DI NT I 10. **5 
XPLUS=( Ll*D0)/(2. *AVGVEL*R**2) 
XO=XPLUS/M 
WRITE (11,903) THETAC 

903 FORMAT (' ',/,' CORRECTED THETA=',F8.5,/) 
WRITE (11,904) POUTE,SOUTE 

904 FORMAT (' I I' OUTSIDE CONDITIONS FOR ENTRY LENGTH ARE' I 
@' POUT=' I F7 .2,' SOUT=' I F6.4,/) 
WRITE(l 1, 53) 

53 FORMAT(' ',5X,'X',7X,'XPLUS',8X,'CT',7X,'SATl',7X,'SAT', 
@6X, 'PINT' ,BX, 'P' I 7X, 'THETA' ,6X, 'M' ,9X, 'XO') 
WRITE(l 1,54) LI ,XPLUS, CTE, SATI I SAT I PINTL, pp I THETAE,M,XO 

54 FORMAT (' ',F8.3,E12.4,F10.4,6F10.3,E12.4,/) 
1001 GO TO 81 

102 WRITE(11, 1002) 
1002 FORMAT(1H1) 

STOP 
END 
FUNCTION PSAT(S,K,M) 



REAL K,M 
P=O.O 
DELTAP=l. 
ERROR=0.0001 

10 P=P+DEL TAP 
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TERM=(l. +K*P)/(K*P) 
SM=(TERM**3+M-1. )/ (TERM**4+M-1.) 
DIFF=ABS(SM-S) 
IF(SM.LT.S) GO TO 10 
IF(DIFF.LT.ERROR) GO TO 20 
P=P-DELTAP 
DELTAP=DELTAP/10.0 
GO TO 10 

20 PSAT=P 
RETURN 
END 
SUBROUTINE ENTRY( LOW02C, LI I BP I DI NT I Pl NT I Kl ,Ml' WALL, Q, DXO, CTE, 

@ALPHAO, P, POUTE, SOUTE, TYPE) 
INTEGER F, STEP, G, OUT, H,TYPE 
REAL M,N,MS,SH,Ll,Kl,Ml,MF,LOW02C 
DIMENSION Al(lO), A2(10), A3(10), 81(11), 82(11), 83(11), 

X D(11), PO(ll), P1(11), GAMMA(ll), BETA(11), PHl(10), 
X TH(lO), E(lO), Fl(lO), S(lO), P(12) 

F=lO 
G=F-1 
H=F+1 
STEP=40 
DE=O. l 
OUT=5 
p 1=3. 141592654 
POUT=(BP-47. )*LOW02C 
LE=121.-LI 
IF (TYPE.EQ.1) GO TO 515 
SP=(CTE/ ALPHA0)*760. 
SIP=(l .O+Kl*PINT)/(Kl*PINT) 
SI NT=(S I P**3+Ml-1. )/(SI P**4+Ml-1.) 
SI P=(l. O+Kl*POUT)/( Kl*POUT) 
SOUT=(S I P**3+Ml-1. )/(SI P**4+Ml-1.) 

515 CONTINUE 
IF (TYPE.EQ.l) SIP=O.O 
IF (TYPE.EQ.1) SINT=O.O 
IF (TYPE.EQ.l) SOUT=O.O 
IF (TYPE.EQ.1) SP=l.O 
POUTE=POUT 
SOUTE=SOUT 
CT=(SOUT-SI NT) +(POUT-Pl NT)/SP 
TERMl =CTE*(SOUT-S I NT) 
TERM2=ALPHAO*( POUT-Pl NT)/760. 
M=l. +TERM1/TERM2 
MF=M*0.002 
XLO=(Pl*LE*60. )/(2. *Q*lO. **5) 
DX=DXO*M 
XL=XLO*DINT 
WRITE(l 1,30) 



89 

30 FORMAT (' ',/,' ENTRY LENGTH PARAMETERS',/) 
WRITE (11,31) XLO, CT, M 

31 FORMAT(' XLO=',F10.5,' CT=',F10.5,' M=',F10.5,/) 
E(l)=DE/2.0 
TH (1)=E(1)*(1. 0-E( 1 )**2)*4. O*DE/CT 
DO 570 1=2, F 

E( I )=E( 1-1) +DE 
570 TH (I )=E( I )*(1. 0-E( I )**2)*4. O*DE/CT 
C MATRIX INITIALIZATION 
10 DE1=1.0/(4.0*DE) 

DE2=1.0/(DE**2) 
20 DX=DXO*M 

XL=XLO*DI NT 
DX1=1.0/DX 
IF (TYPE.EQ.1) GO TO 516 
SI P=(l. O+Kl*PI NT)/( Kl*PI NT) 
DSDP=(S I P**6+Ml*(4. O*S I P**3-3. O*S I P*S IP))/( ((SI P**4+MI )**2)*KI 

X *PINT*PINT) 
516 CONTINUE 

IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) DSDP=O.O 
PH I (1 )=DSDP*SP 

11 DO 12 1=1,H 
P(l)=PINT 

12 PO ( I ) =O. 0 
A3(1 )=DE2 
B3(1)=DE2 

15 DO 17 1=2, F 
PHl(l)=PHl(l-1) 
A 1 (I )=DE2/2. 0-DEl/E( I) 
B1(1)=A1(1) 
A3( I )=DE2/2. O+DE1/E( I) 

17 83 (I) =A3 (I) 
SH=WALL/DI NT 
HS1=0. 5-2. 0/(SH*DE) 
HS2=0. 5+2. 0/(SH*DE) 
J=l 
K=l 
X=O.O 
THETA=O.O 
l=H 

Bl(l)=HSl 
B2( I )=HS2 
CH=l .O 

C START SOLUTION 
50 X=X+DX 

KOU=O 
C SET MATRIX B2,A2 
100 DO 150 1=1, F 

AB=(1.0-E(1)**2)*(1.0+PHI (l))*DX1 
A2( I )=AB-DE2 

150 B2( I )=-AB-DE2 
C SET MATRIX D 
200 D(l )=-A2(1 )*PO(l )-A3(1 )*PO(l) 
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DO 250 1=2, F 
250 D ( I ) = - A 1 ( I ) *PO ( I -1 ) - A2 ( I ) *PO ( I ) - A3 ( I ) *PO ( I + 1 ) 

D(H)=CH 
C TRIDIAGONAL MATRIX SOLVER 
400 BETA(1)=B2(1) 

GAMMA(1 )=D(1)/BETA(1) 
DO 405 1=2, H 

BET A (I)= 82 (I) - B 1 (I) *B3 ( 1-1) I BET A ( 1-1) 
405 GAMMA( I )=(D( I )-B 1 (I )*GAMMA( 1-1) )/BETA( I) 

P1 (H)=GAMMA(H) 
DO 410 L=1,F 

l=H-L 
410 P1 (l)=GAMMA(l)-B3(1)*P1 (1+1)/BETA(I) 
C CHECK PHI 

DO 459 1=1,F 
P( I )=Pl NT+ (POUT-Pl NT)*( PO( I) +P1 (I) )/2. 0 
IF (TYPE.EQ.1) GO TO 517 
SIP=(1.0+Kl*P(l))/(Kl*P(I)) 
DSDP=(S I P**6+Ml*(4.0*S I P**3-3. O*S I P*S IP))/( ((SI P**4+MI )**2)*KI 

X *P(l)*P(I)) 
517 CONTINUE 

IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) DSDP=O.O 
Fl (l)=SP*DSDP 

459 CONTINUE 
IF (TYPE.EQ.1) GO TO 461 
DO 460 1=1, F 

I F (ABS ( PH I ( I ) - F I ( I ) ) -MF) 460, 460, 462 
460 CONTINUE 

461 CONTINUE 
GO TO 500 

462 DO 465 1=1, F 
465 PH I ( I ) = F I ( I ) 

KOU=KOU+1 
I F ( K 0 U-5) 100, 90, 90 

500 IF (K-OUT) 540, 535, 535 
535 CONTINUE 

K=O 
540 I F(X.GT .XL) GO TO 1000 

C TIME STEP 
C CHANGE DX 
600 I F ( J - STEP) 650, 61 0, 610 
610 DX=2. O*DX 

DX1=1.0/DX 
J=O 

C RESET PO & PHI 
1=1 
PO( I )=P1 (I) +DX*( P1 (I +1 )-Pl (I) )*(1 . 01 (2. O*DE*E (I)) +DE2)/ 

X (2.0*(1.0-E(l)**2))*(1.0+PHl(I)) 
DO 630 1=2, F 

630 PO (I) =Pl (I) +DX*( (Pl (I+ 1) -Pl ( 1-1) )/ (2. O*DE*E (I))+ (Pl (I +1) -2. O*Pl (I) 
X +P1(1-1))*DE2)/(2.0*(1.0-E(l)**2))*(1.0+PHl(I)) 

DO 640 1=1, F 
P( I )=Pl NT+ (POUT-Pl NT)*PO( I) 



IF (TYPE.EQ.1) GO TO 518 
SIP=(l .O+Kl*P(l))/(Kl*P(I)) 
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DSDP=(S I P**G+Ml*(4. O*S I P**3-3. O*S I P*SI P) )/( ((SI P**4+MI )**2)*KI 
X *P(l)*P(I)) 

518 CONTINUE 
IF (TYPE.EQ.1) SIP=O.O 
IF (TYPE.EQ.1) DSDP=O.O 

640 PHl(l)=SP*DSDP 
650 DO 670 1=1, H 
670 PO( I )=Pl( I) 
C COUNTER 

J=J+l 
K=K+l 
GO TO 50 

90 w R I TE ( 11 I 900) 
900 FORMAT(5X, 'PHI IS UNSTABLE') 

WRITE(ll,901) X ,THETA,DX,KOU 
901 FORMAT(3F20.6, 16) 
1000 CONTINUE 

WRITE(ll ,52) 
52 FORMAT (lOX, 'X' I 13X, 'XL' I 14X, 'THETA' I 1 lX, 'PH I' I 12X, 'DI NT' I 13X, 

@'SH' I 12X, 'KOU') 
WRITE(l 1, 51) X,XL, THETA, PH I (9) I DI NT I SH' KOU 

51 FORMAT (6G16.5, 18) 
RETURN 
END 

C$ENTRY 
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APPENDIX B 

ADV, a computer program for correcting data for 

oxygen transfer in the polyethylene connecting tube 

This program utilizes an advancing front method (29) to calculate 
oxygen transfer into a flowing fluid. The exact amount of transfer is 
determined using the base value of diffusivity of oxygen for the partic-
ular fluid being modeled. The permeability of the tube wall is assumed 
to be the same for all cases. 

The program is started by reading in all of the known experimental 
parameters. The partial pressure of the oxygen is calculated from the 
saturation using the Margaria equation. This is done because all calcu-
lations are referenced to saturation as discussed in the Analysis sec-
tion. The nondimensional transfer length is determined from the given 
experimental parameters. Using this value, the subroutine SEARCH calcu-
lates the corresponding gamma (see equations 3 and 4 in Diller and Mikic 
(32) ). From this value of gamma, the nondimensionalized transfer is 
determined. The resulting change in saturation is then calculated 
directly using the value for transfer. 
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C$JOB 
c 

CONNECTION TUBE TRANSFER CORRECTION 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THIS PROGRAM USES ADVANCING FRONT THEORY TO FIND TRANSFER 

Q IS THE FLOW RATE IN CC/MIN 
L IS THE LENGTH OF THE TUBE 
D IS THE DIFFUSIVITY OF OXYGEN IN THE BLOOD(WATER) 
M IS THE SINK-STRENGTH PARAMETER 
H1 IS 2*SHERWOOD NUMBER 
DO IS THE OUTSIDE DIAMETER OF THE TUBE 
DI IS THE INSIDE DIAMETER OF THE TUBE 
XBAR IS THE DIMENSIONLESS AXIAL PARAMETER 
CT IS TOTAL CONCENTRATION HB IN CC OXYGEN/CC BLOOD 
ALPH IS SOLUBILITY OF OXYGEN IN BLOOD IN CC 02/CC BLOOD-ATM 
SO IS SATURATION OUTSIDE OF TUBE 
SI IS THE INITIAL SATURATION 
Pl IS THE INTIAL OXYGEN PARTIAL PRESS IN MM HG 
PO IS THE PARTIAL PRESS OUTSIDE OF THE TUBE 
P I E I S 3 . 14159 
PSI IS THE MEMBRANE PERMEABILITY 

DOUBLE PRECISION Gl,Q,Hl,D 
INTEGER MONTH, DAY, YEAR, TYPE 
REAL L,M,Ml,KI 
PIE=3.14159 
Dl=.055 
D0=.075 
PS 1=3./10. **7 
L=20.5 
D=2.03/10.**5 
READ(5, *) MONTH, DAY, YEAR, TYPE 
READ(5, *) DUMlO, BP IQ, ALPH I DU Ml I DUM2 
READ(5,*) Kl,Ml,DUM3,DUM4 
Hl =(ALPH*D*ALOG (DO/DI) )/PS I 
SH=2 ./H1 

C PRINT INITIAL VALUES 
IF(TYPE.EQ.1) PRINT 40 

40 FORMAT ('l',' DISTILLED WATER TEST',/) 
IF(TYPE.EQ.2) PRINT 41 

41 FORMAT ('1',' WHOLE BLOOD TEST',/) 
IF(TYPE. EQ.3) PRINT 42 

42 FORMAT ('1',' HEMOGLOBIN SOLUTION TEST',/) 
IF(TYPE.EQ.4) PRINT 43 

43 FORMAT ('l',' HEMOGLOBIN SOLUTION WITH MEMBRANES TEST',/) 
PRINT 55,MONTH,DAY, YEAR 

55 FORMAT (' I I 'TEST RUN ON I I 12, '/'I 12, '/'I 12,//) 
WRITE(G, 100) L 
WRITE(G, 116) SH 
WRITE(G, 105) D 
WRITE(G, 110) Q 

100 FORMAT (' ','LENGTH OF TUBE=',F7.3) 
105 FORMAT (' I I 'DIFFUSIVITY=' I El 1.4) 
110 FORMAT.(' ','FLOW RATE,Q=',F5.3) 
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116 FORMAT (' I, 'SHERWOOD NUMBER=', F6.3) 
c 
c 

c 

50 READ(5, *) DUM5, SI, DUM6, Pl, DUM7, THB, DUMB, DUM9 
IF(DUM5.LT.0.0) GO TO 200 
CT=1.39*THB/100. 
PO=( BP-47. )*0. 2095 
SIP=(1.0+Kl*PO)/(Kl*PO) 
SO=(SIP**3•Ml-1.0)/(SIP**4•Ml-1.0) 
PINT=PSAT(SI, Kl ,Ml) 
M=1. +(CT*(SO-Sl))/(ALPH*(PO-PINT)/760.) 

C COMPUTE XBAR 
c 

c 
XBAR1=PIE*L*D*60./(2. *O*M) 
CALL SEARCH(XBAR1,H1,G1) 

C COMPUTE TRANSFER FOR THIS FLOW RATE 
c 

c 

TH ET A= 1 . - 2. *G 1 **2+G1 **4 
SE=S I •THETA*( (SO-SI) •ALPH/CT*( PO-Pl NT)/760.) 
PE=PSAT(SE, Kl ,Ml) 

WRITE(6, 120) 
120 FORMAT(//, 7X, 'M' ,5X, 'XBAR' '7X, 'THETA' ,6X, 'Pl I, 7X, 'PINT', 

@7X, 'SI' ,BX, 'SE' ,8X, 'PE') 
WRITE(6, 115)M,XBAR1, THETA, Pl, Pl NT, SI, SE, PE 

115 FORMAT(' I, F10. 2, F10. 6, F10. 5,2F10. 2,2F10.4, F10.2) 
GO TO 50 

c 

200 CONTINUE 
STOP 

END 
FUNCTION PSAT(S, K,M) 
REAL K,M 
P=O.O 
DELTAP=1. 
ERROR=0.0001 

10 P=P•DEL TAP 
TERM=(1. •K*P)/(K*P) 
SM=(TERM**3•M-1. )/(TERM**4•M-1.) 
DI FF=ABS(SM-S) 
IF(SM.LT.S) GO TO 10 
IF(DIFF.LT.ERROR) GO TO 20 
P=P-DELTAP 
DELTAP=DELTAP/10.0 
GO TO 10 

20 PSAT=P 
RETURN 
END 

C SUBROUTINE SEARCH FINDS G1(GAMMA) FOR A GIVEN XBAR 
c 

SUBROUTINE SEARCH(XBAR, H,GROOT) 
DOUBLE PRECISION G,GROOT,H 



DG l=O. 1 
EPSl=O. 0001 
G=0.1 
GMAX=l. 

5 DELTG=DGI 

96 

FG=H*(O. 25-0. 50*G**2 +O. 25*G **4) + DLOG ( G) *( . 50*G**2-0. 25*G**4) 
1 -0. 25*G**2+1./16. *G**4+3 ./16. -XBAR 

6 G=G+DELTG 
FG 1=H*(0.25-0. 50*G**2+0. 25*G**4) +DLOG (G)*(O. 50*G**2-0.25* 

1 G**4)-0. 25*G**2+1 ./16. *G**4+3./16. -XBAR 
IF(ABS(FG1).GT.1./EPSI) GO TO 7 
GO TO 9 

7 WRITE (6,8) G 
8 FORMAT(' ','FN APPROACHING INFINITY FOR G=' ,F7.4) 

G=G+DGI 
GO TO 5 

9 IF(FG*FG1)11,13,10 
10 IF (G.GT.GMAX) GO TO 15 

FG=FGl 
GO TO 6 

11 I F(DEL TG-EPSI) 13, 13, 12 
12 G=G-DEL TG 

DEL TG=DEL TG/10 
GO TO 6 

13 GROOT=G 
G=G+EPSI 
GO TO 5 

15 RETURN 
END 

C$ENTRY 
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APPENDIX C 

Tabulation of effective diffusivities and statistical treatment. 

The tables in this section show the values of effective diffusiv-

ity for all of the experimental points. The values marked with an as-
terisk were rejected for one of a number of reasons. If the effective 

diffusivity grew to a value larger than 50 x lo-5 cm2/s in the numer-
ical solution, then the point is rejected because the solution ap-
proaches infinite diffusivity rapidly past this point. All other 
points were rejected for failing to satisfy Chauvenet's criterion. 

The average values of diffusivity and sink strength were based on the 

values for all remaining points. The 95% confidence intervals were 
calculated using the Student's t distribution. Most of the runs for 

transfer into distilled water consist of only three or four points 
and as a result, not many points were rejected. 
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Effective Diffusivities (10-5 cm2/s) 

L DATA14 DATA15 DATA16 DATA17 DATA18 DATA19 DATA20 DATA21 DATA22 DATA23 DATA24 

10.0 4.00 6.25* 
14.67** 2,88 

20.0 5.34 4.70 5.31 3.82 10.00** 4.37 
30.0 2,59 3,76 6,15 3,87 3,49 
40.0 5.68 3,45 2.67 3.29 3,72 2,51 
50.0 4.58 2.68 4.35 2.46 3,58 4.05 3,60 
60.0 3.79 4.46 3,95 2.36 3.29 
70.0 5.36 3.29 3.43 

\0 

80.0 5.02 3 .19 4.79 \0 

90.0 2.62 
100.0 

Average D 4.94 4.99 4.20 2.95 4.36 2.59 3,99 4.44 9.51 3,44 3,85 
Standard Dev. 1.01 • 39 .66 .35 .42 ,09 .90 1.15 5.42 ,80 1.19 
Confidence :!: 2.51 • 98 1.64 .55 1.00 .14 1.43 1,83 13.45 7.15 1.10 

* Rejected data point 

** These data points are rejected if all data sets are from the same population. 

Table 1. Calculated Oxygen Diffusion Coefficients for the Distilled Water Experiments, 



Effective Diffusivities (10-S cm2 /s) 

L DATA! DATA2 DATA3 DATAS DATA7 DATA9 DATAll DATA13 

10.0 .06* >SO* .24 >SO* 2.lS* >SO* )SO* >SO* 
20.0 1.84 >SO* 1S.S7 >SO* 2.49 10.00 >SO* 
30 .o· 2.36 >SO* 6.31 >SO* 4.S3 3.78 10.00 9.31 
40.0 2.SO .39* lS.71 >SO* S.27 4.S4 10.00 11.19 
so.o 1.01 41.87 8,7S >SO* 6.21 26.87* 8,66 6,37 
60.0 2.01 >SO* 4.96 >SO* 6.26 >SO* 10.76 12.98 
70.0 3.32 29.70 >SO* S.87 S.S9 8,S3 9.24 

..... 
80.0 4.64* 2S.19 2.21 4.83 S.S3 3.37 6.39 s.20 0 

0 

90.0 3.21 27.42 6.S4 3.63 3.12 8 .39 8.90 
100.0 1.33 26.63 7.98 7.58 S.66 4.28 6.70 4.65 

Average.D 2.20 30.76 7.71 6,31 5,37 3.88 8.83 8.48 
Standard Dev .82 6.48 5.64 1.39 .89 1.02 1.53 2 .90 
Confidence ± .69 8.04 4. 72 3.45 • 75 .95 1.17 2.42 

* Rejected data points, 27% of all points. 

Table 2. Calculated Oxygen Diffusion Coefficients for the Whole Blood Experiments. 



Effective Diffusivities (lo-S cm2 /s) 

L DATA4 DATA6 DATA8 DATAlO DATAl.2 

10.0 .4S 4.92 30.18* 21.37* 4.24 
20.0 4.73 >SO* 11.76 lS.49* 11.62 
30.0 >SO* >SO* 13.02 7.38 S.87 
40.0 10.00 22.00* 6.60 6.10 6.97 
so.o 8.19 16.17 9.44 7 .10 9 .04 
60.0 11.87* 18.36 4.68 12.99 7.9S 
70.0 7.62 >SO* 6.98 7.S3 9,63 
80.0 8,81 lS.61 6.63 4.82 8,12 
90.0 8.44 10.00 16.18 4.SO 4.99 

100.0 7.91 10.64 6.29 6,3S 6,06 

Average D 7,02 12.62 7.9S 7.10 7.4S 
Standard Dev. 3.0S 4.99 2.82 2.63 2.27 
Confidence ± 2.SS S.24 2.22 2.02 1.60 

* Rejected data points, 18% of all points. 

Table 3, Calculated Oxygen Diffusion Coefficients for the 
Hemoglobin Solution Experiments, 

I-' 
0 
I-' 
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Experimental Parameters 

tube type of avg 
~ 

avg 2Def f 
Run size solution M (s-1) (cm /s 

DATAl 0.020 11 2 54.4 306 2.20 
DATA2 0.020 11 2 72.3 1720 30.76 
DATA3 0.020 11 2 57.7 982 7. 71 
DATA4 0.020 11 3 37.2 974 7.02 
DATAS 0.020" 2 53.2 1681 6.31 
DATA6 0.020 11 3 38.2 1681 12.62 
DATA7 0.020" 2 57,8 243 5.37 
DATA8 0.020" 3 26.2 238 7.95 
DATA9 0.020 11 2 57.6 1042 3.88 
DATAlO 0.020" 4 35.2 1050 7 ,10 

DATAll 0.020" 2 57.1 435 8.83 
DATA12 0.020" 4 35.0 453 7.45 
DATA13 0.020 11 2 60.2 1030 8.48 

DATA14 0.025" 1 1.0 1273 4 ,94 
DATA15 0.025" 1 1.0 1273 4,99 

DATA16 0.025" 1 1.0 1232 4.20 
DATA17 0 .020'l 1 1.0 941 2 .95 

DATA18 0.020" 1 1.0 928 4.36 
DATA19 0.020 11 1 1.0 1386 2.59 
DATA20 0.020" 1 1.0 2590 3,99 
DATA21 0.020 11 1 1.0 3885 4,44 
DATA22 0.025" 1 1.0 2745 9.51 
DATA23 0.025" 1 1.0 703 3.44 
DATA24 0.025" 1 1.0 1684 3.85 

Solution type = 1 Water 
2 Whole Blood 
3 Hemoglobin Solution 
4 Hemoglobin Solution with Membranes 

Table 4. Parameter Values for all Experiments, 
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APPENDIX D 

Tabulation of Processed Data 

The values tabulated in this section are the data files that were 
actually used with the program EXPNUM3 in calculating the effective 
diffusivities and the corrected transfers. The files are numbered 
consecutively in the order that they were originally established. 

These file numbers (DATA7, etc.) are used elsewhere in this paper to 
refer to a particular set of data. Data sets DATAl through DATA8 were 
modified as described in Appendix E. 
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WHOLE BLOOD TEST 
TEST RUN ON 4/ 3/82 

R BP 0 ALP HAO LOW02C Hl02C 
0.02 54 696.000 0.236 0.0223 0.032 0.165 

KI MI WALL oxo 
0.01210 125 .oo 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 

10.0 0.224 0.224 18.0 22.0 12.7 1.1 1.6 
20.0 0.224 0.285 18.0 23.0 12.9 1.2 0.9 
30.0 0.224 0.312 18.0 24.0 12.9 1.6 0.1 ...... 
40.0 0.224 o.336 18.0 26.0 12.6 1.5 0.9 0 

V1 

50.0 0.226 0.310 18.0 25.0 11.6 1.5 0.1 
60.0 0.221 0.363 17.4 26.0 11.3 0.9 1.1 
70.0 0.223 0.397 17.0 25.0 13.7 2.0 1.1 
80.0 0.222 0.438 16.7 26.0 14.2 1.9 1.1 
90.0 0.220 0.403 16.3 21.0 15.4 1.3 0.8 

100.0 0.218 0.330 15.9 34.0 17.6 1.2 0.1 

Tab le 5 , DATAl 



WHOLE BLOOD TEST 
TEST RUN ON 4/ 3/82 

R BP l.~29 ALP HAO LOW02C HI02C 
0.0254 696.000 0.0223 0 .032 0.165 

KI MI WALL oxo 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 
10.0 0.183 0.206 17.0 20.0 17.6 l.O o.a 
20.0 0.183 0.214 17.0 20.0 17.5 1.1 o.6 
30.0 0.183 o.z3a 17.0 20.0 17.4 1.1 0.1 ..... 
40.0 o.1e3 0.189 17.o 20.0 17.6 0.9 0.1 0 

0\ 

50.0 o.1s3 0.242 17.0 20.0 17.3 1.1 o.a 
60.0 o.183 0.266 16.8 23.0 17.5 1.2 0.8 
10.0 0.183 0.256 16.6 23.0 17.6 1. 3 0.1 
ao.o o.1s3 0.265 16.4 20.0 17.l 1.1 o.a 
90.0 0.183 0.214 16.2 20.0 11.2 1.1 o.a 

100.0 0.183 o.283 16.0 20.0 17.3 1.0 o.a 

Table 6. DATA2 



WHOLE BLOOD TEST 
TEST RUN ON 5/20/82 

R BP o.~5a ALPHAO LOW02C HI02C 
0.0254 709.000 0.0223 0.032 0.165 

KI MI WALL OXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PINTL pp THB COHB METHB 

10 .o 0.112 0.110 14.2 17.6 14.4 1.1 0.6 
20.0 0.111 0.221 14.2 17.5 14.0 1.3 o.5 
30.0 0.110 0.226 14.1 1 7.9 14.l 1.3 0.5 .... 
40.0 0.169 0.258 14.l 20.2 14.l 1.4 0.6 0 

'-I 

50.0 o.168 0.255 14.0 19.9 14.2 1.3 0.6 
60.0 o.1&a o.248 14.0 21.6 14.2 1. 2 o.6 
80.0 0.110 0.239 14.0 19.5 14.2 1.3 0.6 

100.0 0.111 0.309 14.0 20.6 14.2 1.4 0.1 

Table 7 , DATA3 



HEMOGLOBIN SOLUTION TEST 
TEST RUN ON 5/20/82 

R BP Q ALP HAO LOWOZC Hl02C 
0.0254 709.000 o.1s2 0.0223 0.032 0.165 

KI Ml WALL oxo 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 
10.0 0.213 0.281 15.6 l 7.1 10.1 o.s 5.1 
20.0 0.212 0.319 15.5 19.8 10.0 l.l 4.8 
30.0 0.212 0.384 15.3 19.2 10.l 0.8 5.1 

I-' 

40.0 0.212 0.368 15.1 20.4 10.1 1.0 5.0 0 
()) 

50 .o 0.211 0.378 14.8 21.lt 10.l 1.0 5.1 
60.0 0.274 0.439 15.l 21.6 10.l o.e 5.4 
70 .o 0.276 0.410 15.3 20.2 10.l o.s 5.3 
eo.o 0.219 0.436 15.6 21.a 10.0 l.o 5.4 
90.0 0.282 0.448 16.0 21.6 10.l o.e 5.5 

100 .o 0.284 0.457 16.2 23. 7 10.2 0.1 5.7 

Table 8. DATA4 



lifiOLE BLOOD TEST 
TEST RUN ON 5/23/82 

R BP Q ALPHAO LOW02C HI02C 
0.02 54 708.000 1.298 0.0223 0.032 0.165 

KI Ml WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 
10.0 0.212 0.258 15.4 18.6 13.7 1.2 0.1 
20.0 0.211 0.249 15.4 18. l 13.8 1.2 0.1 
30.0 0.210 0.293 15.5 20.4 13.9 1.3 0.9 ""'" 0 
40.0 0.209 0.287 15.5 20.5 13.8 1.2 O.B \() 

50 .o 0.207 0.328 15. 5 21.9 13.8 1.3 o.a 
60.0 0.215 0.315 15.9 21.6 13.9 1.2 0.9 
10.0 0.219 0.335 16.2 21.6 13.9 1.3 o.a 
80.0 0.221 0.289 16.7 20.3 14.1 1.2 0.9 
90.0 0.245 0.319 17.1 20.2 14.3 1.6 0.8 

100.0 0.248 0.331 18.0 22.s 14.3 1.3 0.9 

Table 9, DATAS 



HEMOGLOBIN SOLUTION TEST 
TEST RUN ON 5/23/82 

R BP Q ALPHAO LOW02C HI02C 
0.02 54 708.000 1.298 0.0223 0.032 0.165 

KI Ml WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 

10.0 0.306 o.321 15.6 18.0 10.6 0.1 5.1 
20.0 0.307 0.356 15.7 18.2 10.9 0.1 5.4 
30 .o 0.309 0.373 15.8 19.3 10.9 0.1 5.4 

I-' 

40.0 0.310 0.382 15.9 19.4 10.9 0.8 5.3 I-' 
0 

50 .o 0.311 0.387 16.0 18. 7 10.9 0.1 5.5 
60.0 0.320 0.410 16.7 19.8 10.9 o.5 5.9 
10.0 0.323 0.447 16.9 21.8 10.8 0.5 5.8 
eo.o 0.323 0.435 17.1 20.2 10.9 0.6 5.8 
90.0 0.327 0.432 17.3 21.0 10.9 0.1 5.8 

100.0 0.332 0.453 17.6 21.8 10.8 0.1 5.8 

Table 10. DATA6 



WHOLE BLOOD TEST 
TEST RUN ON 6/30/82 

R BP Q ALP HAO LOW02C HI02C 
0.0254 704.000 0.188 0.0223 0 .032 0.165 

Kl MI WALL oxo 
0.01210 125.00 77.56 0.00005 

LI SI SE Pl NTL pp THB COHB METHB 
10 .o 0.224 0.273 16.9 21.0 14.3 1.1 o.5 
30.0 0.222 0.356 17.3 25.1 14.3 1.2 0.1 
40.0 0.221 0.391 17.5 27.6 14.4 1.2 0.1 

...... 
50.0 0.220 0.430 17.7 30. 7 14.5 0.9 1.2 ...... ...... 

60.0 0.219 0.462 17.8 31.1 14.l 1.1 1.4 
10.0 0.218 0.473 17.8 31.9 14.4 1.5 o.3 
00.0 0.217 o.487 17.8 33.6 14.5 l.O 1.3 
90.0 0.215 0.455 17.9 32.0 14.5 l.l 1.1 

100.0 0.214 0.526 17.9 35.0 14.5 1. 2 1.1 

Table 11, DATA7 



HEMOGLOBIN SOLUTION TEST 
TEST RUN ON 6/30/82 

R BP Q ALPHAO LOW02C HI02C 
0.0254 704.000 0.184 0.0223 0.032 0.165 

KI Ml WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL PP THB COHB METHB 

10.0 0.366 0.507 16.0 23.0 7.8 1.2 4.5 
20.0 0.365 0.560 16.0 27.2 7.9 1.3 3.8 
30.0 0.365 0.636 16.0 31.1 7.9 l. 0 4.1 -40.0 0.365 0.616 16.0 29.4 7.9 1.1 4.1 -N 

50.0 0.365 o. 703 16.0 33. 7 7.9 1.1 3.9 

60.0 o.365 0.650 16.0 30.5 7.9 0.9 4.6 
10.0 o.365 o. 740 16.0 39.9 7.9 1.0 3.9 
80.0 0.365 o.766 16.0 37.8 7.9 0.6 4.8 
90.0 0.365 0.103 16.0 42.2 7.9 0.7 4.9 

100.0 0.365 0.813 16.0 43.l 7.9 0.5 4.8 

Table 12, DATA8 



WHOLE BLOOD TEST 
TEST RUN ON 7/17/82 

R BP o.~05 ALP HAO LOW02C H102C 
0.0254 711.000 0.0223 0.032 0.165 

KI MI WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 

10.0 0.180 0.224 16.4 19.l 13.9 l.O 0.6 
20.0 0.178 0.208 16.5 18.6 14.2 1.0 o.s 
30.0 0.110 0.223 16.6 20.4 14.0 1.1 ·o.6 

...... 
40.0 0.177 0.235 16.7 20.4 13.9 1.2 o.5 ...... 

w 
50.0 0.176 0.286 16.7 23.6 14.2 1.2 o.5 
60.0 0.175 0.324 16.9 25.4 13.q 1. l 0.1 
70.0 0.115 0.267 16.9 23.3 13.8 1.2 0.1 
80 .o 0.175 0.256 17.0 22.1 13.8 1.3 0.5 
90.0 0.175 0.260 17.0 21.6 13.9 1.1 0.6 

100.0 0.175 0.202 17.l 23.0 13.7 1.3 0.6 

Table 13, DATA9 



HEMOGLOBIN SOLUTION WITH MEMBRANES TEST 
TEST RUN ON 7/17/82 

R BP Q ALPHAO LOW02C HI02C 
0.0254 111.000 0.811 0.0223 0 .032 0.165 

KI MI WALL oxo 
0.01210 125.00 77.56 0.00005 

LI SI SE Pl NTL pp THB COHB METHB 

10.0 0.140 0.214 18.6 23.6 8.1 0.4 4.2 
20.0 0.141 0.243 18.8 25.9 8.2 0.3 4.4 
30.0 0.142 0.235 18.9 2 5. 7 a.2 o.5 4.3 

...... 
40.0 0.142 0.248 19.l 2 5.9 a.1 0.6 4.4 ...... 

+:--

50.0 0.143 0.210 19.2 27.6 8.2 0.3 4.6 
60 .o 0.147 0.327 19.9 31.6 8.1 o.5 4.5 
10.0 o.149 0.319 20.2 31.1 1.1 o.3 5.1 

ao.o 0.152 0.306 20.s 34. 7 7.6 o.5 4.8 
90.0 0.154 0.320 21.1 32.1 7.4 0.6 4.5 

100.0 o.156 0.364 21.4 36.7 7.1 o.5 4.6 

Table 14. DATAlO 



WHOLE BLOOD TEST 
TEST RUN ON 7/19/82 

R BP 0 ALPHAO LOW02C Hl02C 
0.0254 706.000 o.336 0.0223 0.032 0.165 

KI MI WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE PI NTL pp THB COHB METHB 
I 

10.0 0.197 0.292 15.2 19•5 14.0 1. 5 0.3 
20.0 0.197 0.291 15.2 19.9 14.2 1.5 0.3 
30.0 o.196 0.314 15.1 22.5 14.4 1.3 0.5 

t-' 

40.0 o.196 0.341 15.l 24.0 14.2 1.3 0.6 t-' 
V1 

so.o 0.195 0.354 15. l 23.0 14.3 1.4 0.6 
60.0 0.194 0.396 15.o 24.2 14.3 1.3 0.9 
10.0 0.193 0.393 14.9 25.4 14.3 1.4 o.a 
80.0 0.193 0.389 14.9 25.l 14.2 1.4 0.8 
90 .o 0.192 0.431 14.8 28.2 14.2 1.4 0.9 

100.0 0.192 0.427 14.8 25.4 14.l 1.4 1.0 

Table 15. DATAll 



HEMcx;LOBlN SOLUTION WITH MEMBRANES TEST 
TEST RUN ON 7/19/82 

R BP Q ALP HAO LOW02C HI02C 
0.0254 707.000 0.350 0.0223 0.032 0.165 

Kl Ml WALL DXO 
0.01210 125.00 77.56 0.00005 

LI SI SE Pl NTL pp THB COHB METHB 

10.0 0.156 0.237 17.9 25.0 a.1 o.o 5.9 
20.0 0.156 0.322 17.7 36.8 B.l 0.4 5.1 
30.0 o.156 0.320 17.3 28.5 8.1 o.4 5.0 

...... 
40.0 0.156 0.362 17.3 3 l. l 8.1 0.3 5.1 ...... 

°' 
50.0 0.156 0.422 17.2 34.9 a.o 0.3 5.3 
60.0 0.162 0.447 17.3 39.0 8.1 o.o 7.3 
10.0 0.167 0.500 17.4 37.9 s.o o.5 5.7 
80.0 0.173 o.506 17.5 41.4 8.0 0.1 5.8 
90.0 0.179 0.471 17.7 38.9 8.1 o.o 6.3 

100.0 0.179 0.516 17.7 40.7 s.o o.o 6.0 

Table 16, DATA12 



WHOLE BLOOD TEST 
TEST RUN ON 7/22/82 

R BP o.~95 ALP HAO LOW02C HI02C 
0.0254 707.000 0.0223 0.032 0.165 

KI Ml WALL OXO 
0901210 125.00 77.56 0.00005 

LI SI SE Pl NTL pp THB COHB METHB 
10.0 0.214 0.275 17.3 19.0 14.8 3.4 1.5 
20.0 0.213 0.276 17.4 20.3 14.8 3.5 1.5 
30.0 0.213 o.269 17.5 19. 7 14.9 3.4 1.5 

1--' 

40 .o 0.213 0.287 17.6 22.4 14.9 3.5 1.5 1--' 
....... 

50.0 0.212 o.2s4 17.8 21.2 15.0 3.5 1.6 
60.0 0.210 o.314 17.3 25. l 15.0 3.9 1.4 
70.0 0.209 0.313 17.1 23.4 14.8 3.8 1.5 
80.0 0.209 0.303 17.0 22. 7 14.9 3.7 1.4 
90.0 0.208 0.333 16.7 24.8 14.7 4.0 1.5 

100.0 o.2oe o.314 16.5 22.4 14.9 3.8 1.5 

Table 17. DATA13 



DISTILLED WATER TEST 
TEST RUN ON 8/19/82 

R BP Q ALPHAO LOW02C HI02C 
0.0318 712.000 1.920 0.0239 0 .032 0.165 

KI Ml WALL oxo o.o o.o 70.50 0.00005 
LI SI SE PINTL PP THB COHB METHg 

20.0 o.o o.o 27.0 51. 7 o.o o.o o.o 
40.0 o.o o.o 27.0 68.4 o.o o.o o.o 
60.0 o.o o.o 21.0 71. 7 o.o o.o o.o 

I-' 
I-' 
():) 

Table 18, DATA14 



DISTILLED WATER TEST 

TEST RUN ON 8/19/82 

R BP Q ALP HAO LOW02C HI02C 
0.0318 712.000 1.960 0.0239 0.032 0.165 

Kl Ml WALL DXO o.o o.o 70.50 0.00005 

LI SI SE PI NTL pp THB COHB METHB 

50.0 o.o o.o 29.9 70.5 o.o o.o o.o 
10.0 o.o o.o 29.9 82. 7 o.o o.o o.o 
80.0 o.o o.o 29.9 85.4 o.o o.o o.o 

...... 

...... 
\0 

Table 19. DATA15 



DISTILLED WATER TEST 
TEST RUN ON 8/25/82 

R BP Q ALPHAO LOW02C HI02C 
0.0318 704.000 l.860 0.0239 0.032 0.165 

Kl MI WALL DXO o.o o.o 70.50 0.00005 
LI SI SE PI NTL PP THB COHB METHB 

20.0 o.o o.o 25.7 50.0 o.o o.o o.o 
40.0 o.o o.o 25.7 60.2 o.o o.o o.o 
60.0 o.o o.o 25.7 74. 7 o.o o.o o.o 

I-' 
N 
0 

Table 20. DATA16 



DISTILLED WATER TEST 
TEST RUN ON 9/ 8/82 

R BP Q ALP HAO LOW02C HI02C 
0.0254 112.000 0.121 0.0239 0.032 0.165 

KI MI WALL oxo o.o o.o 72.10 0.00005 
LI SI SE PINlL PP THB COHB METHB 

50.0 o.o o.o 26.2 84.8 o.o o.o o.o 
70.0 o.o o.o 26.2 97.8 o.o o.o o.o 
ao.o o.o o.o 26.2 100.0 o.o o.o o.o ...... 
90.0 o.o o.o 26.2 99. l o.o o.o o.o N ...... 

Table 21, DATA17 



DISTILLED WATER TEST 
TEST RUN ON 9/ 8/82 

R BP Q ALP HAO LOW02C HI02C 
0.0254 712.000 0.111 0.0239 0.032 0.165 

Kl MI WALL DXO o.o o.o 72.10 0.00005 

LI SI SE PI NTL PP THB COHB METHB 

50.0 o.o o.o 30.3 95.5 o.o o.o o.o 
60.0 o.o o.o 30.3 98.3 o.o o.o o.o 
ao.o o.o o.o 30.3 105.B o.o o.o o.o 

I-' 
N 
N 

Table 22, DATA18 



DISTILLED WATER TEST 
TEST RUN ON 9/10/82 

R BP Q ALP HAO LOW02C HI02C 
0.0254 712.000 1.070 0.0239 0 .032 0.165 

KI MI WALL DXO o.o o.o 72.10 0.00005 
LI SI SE PI NTL pp THB COHB METHB 

30.0 o.o o.o 27.4 61.6 o.o o.o o.o 
40.0 o.o o.o 27.4 68.6 o.o o.o o.o 
so.o o.o o.o 27.4 73.0 o.o o.o o.o ..... 
60 .o o.o o.o 27.4 79.3 o.o o.o o.o N w 

Table 23, DATA19 



DISTILLED WATER TEST 
TEST RUN ON 9/10/82 

R BP Q ALPHAO LOW02C HI02C 
0.0254 112.000 2.000 0.0239 0 .032 0.165 

KI MI WALL oxo o.o o.o 72.10 0.00005 
LI SI SE PI NTL pp THB COHB METHB 

20.0 o.o o.o 30.4 51.4 o.o o.o o.o 
30.0 o.o o.o 30.4 55.5 o.o o.o o.o 
40.0 o.o o.o 30.4 59.9 o.o o.o o.o 

....... 
50.0 o.o o.o 30.4 65.9 o.o o.o o.o N 

.i:--

Table 24, DATA20 



DISTILLED WATER TEST 
TEST RUN ON 9/13/82 

R BP Q ALPHAO LOW02C HI02C 
0.0254 712.000 3.000 0.0239 0 .032 o.165 

KI MI WALL oxo o.o o.o 72.10 0.00005 
LI SI SE PI NTL PP THB COHB METHB 

20.0 o.o o.o 28.2 42.8 o.o o.o o.o 
30.0 o.o o.o 28.2 53.6 o.o o.o o.o 
40.0 o.o o.o 28.2 53.5 o.o o.o o.o 

...... 
50.0 o.o o.o 28.2 59 .. l o.o o.o o.o N 

l.n 

Table 25, DATA21 



DISTILLED WATER TEST 
TEST RUN ON 9/15/82 

R BP Q ALPHAO LOW02C Hl02t 
o.0318 709.000 4.140 0.0239 0 .032 0.165 

KI MI WALL DXO o.o o.o 70.50 0.00005 
LI SI SE PI NTL PP THB COHB METHB 

20.0 o.o o.o 28.3 48.l o.o o.o o.o 
20.0 o.o o.o 28.3 45.5 o.o o.o o.o 
30.0 o.o o.o 28.3 44.5 o.o o.o o.o 

...... 
N 

°' 

Table 26. DATA22 



DISTILLED WATER TEST 
TEST RUN ON 8/17/82 

R BP Q 
o.031s 708.000 1.060 

KI MI WALL o.o o.o 70.50 
LI SI SE 

10.0 o.o o.o 
10.0 o.o o.o 

ALPHAO 
0.0239 

oxo 
0.00005 

PINTL 
27.4 
27.4 

LOW02C 
0.032 

PP 
45.9 
42.6 

Table 27, DATA23 

HI02C 
0.165 

THB 
o.o 
o.o 

COHB 
o.o 
o.o 

METHB 
o.o 
o.o 



DISTILLED WATER TEST 
TEST RUN ON 7/12/82 

R BP Q ALPHAO LOW02C HI02C 
0.0318 710.000 2.540 0.0239 0.032 0.165 

KI MI WALL oxo o.o o.o 70.50 0.00005 
LI SI SE PINTL pp THB COHB METHB 

10.0 o.o o.o 27.8 38.3 o.o o.o o.o 
20.0 o.o o.o 27.3 45.3 o.o o.o o.o 
30.0 o.o o.o 27.0 49. 7 o.o o.o o.o ...... 
40.0 o.o o.o 26.6 50. 7 o.o o.o o.o N 

00 

50.0 o.o o.o 26.3 59.8 o.o o.o o.o 
60.0 o.o o.o 26.1 62.5 o.o o.o o.o 
10.0 o.o o.o 25.8 66. 7 o.o o.o o.o 

Table 28, DATA24 
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APPENDIX E 

Tabulation of connecting tube corrections 

For the first eight sets of data that were collected, oxygen was 
inadvertently transferred to the flow through the walls of the poly-
ethylene tube that connects the syringe pump to the transfer tube. The 
transfer occurring in this tube had to be calculated and corrected for 
in order to make these data sets more accurate. The values presented 
here were generated with the program ADV (Appendix B). A membrane 
permeability of 3 x 10-7(cm2/s cc/cc)/(cm Hg) was experimentally deter-
mined for the tube wall. This value was used for all of the correction 
calculations. The resulting values of S. were added to the experi-

i 

mental S. (Appendix F) to get the saturations presented in Appendix D. 
1 
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Correction Parameters 

Data Point 
Data Set 10 20 30 40 50 60 70 80 90 100 

DATA! .0243 .0239 .0239 .0244 .0264 .0271 .0226 .0219 .0203 .0179 
DATA2 .0035 .0035 .0035 .0035 .0035 .0035 .0035 .0036 .0035 .0035 
DATA3 .0074 .0077 .0076 .0076 .0076 .0076 .0076 .0076 
DATA4 .0103 .0105 .0104 .0104 .0104 .0104 .0103 .0104 .0103 .0102 
DATA5 .0046 .0045 .0045 .0045 .0045 ,0045 .0045 .0044 .0043 .0043 
DATA6 .0057 .0056 .0056 .0056 .0056 .0056 .0056 .0055 .0055 .0056 
DATA7 .0272 .0272 .0271 .0269 .0277 ,0271 .0269 .0270 .0270 ....... 

DATA8 .0474 .0474 .0474 .0474 ,0474 ,0474 .0474 .0474 .0474 .0474 VJ ....... 

Table 29. Change in Saturation due to Transfer in Connection Tube, 
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APPENDIX F 

Unprocessed Experimental Data 

The data presented in this appendix is the unprocessed data exactly 
as it was recorded from the instruments. It was from these values that 

the processed data in Appendix D was prepared. Water data is not pre-

sented here because it would duplicate the values given in Appendix D. 
The data in this section is provided to keep a permanent record of it 

and because data on PC02 and Ph does not appear elsewhere in this report. 
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DATA 1 4/3/82 Whole Dog Blood 

Time 

10:47 
11 :03 
11:08 
11: 12 
11: 17 
11: 21 
11 :27 
11:38 
11:44 
11:50 
11 :56 
12:03 
12: 10 

Tubing diameter = 0.020 in. 
Barometric Pressure = 696 mm Hg. 

Transfer 
Length POz PC02 

initial 18 
lOcm 22 
20 23 
30 24 
40 26 
50 25 

middle 18 
60cm 26 
70 25 
80 26 
90 27 

100 34 
final 15.5 

Ph 

7.30 
7.27 
7.22 
7.22 
7.25 
7.23 
7.30 
7. 30 
7.27 
7.33 
7.30 
7.30 
7.33 

Flow Rate = 0.236 cc/min 

g/dl THb %0zHb %COHb 

12.6 19.9 1.5 
12.7 22.4 1.1 
12.9 28.5 1.2 
12.9 31.2 1.6 
12.6 33.6 1.5 
11.6 31.0 1.5 
11.0 15.3 2.2 
11. 3 36.3 0.9 
13. 7 39. 7 2.0 
14.2 43.8 1.9 
15.4 40.3 1. 3 
17.6 33.0 1.2 
12.8 20.8 1.2 

Table 30, Experimental Data, 4/3/82 Whole Dog Blood 

%Met Rb Vol % o2 

0.6 3.4 
1.6 3.9 
0.9 5.0 ...... 

w 
0.7 5.5 .p. 

0.9 5.9 
0.7 5.0 
1.1 2.3 
1.1 5.6 
1.1 7.5 
1.1 8.6 
0.8 8.6 
0.7 8.0 
0.7 3.5 



DATA 2 4/3/82 Whole Dog Blood 

Time 

12:30 
12:40 
12:45 
12:50 
12:54 
12:57 

1: 01 
1:07 
1: 11 
1:14 
1:18 
1:25 
1:30 

Tubing diameter = 0.020 in. 

Barometric Pressure = 696 mm Hg. 

Transfer 
Length POz PC Oz 

initial 17 
lOcm 20 
20 20 
30 20 
40 20 
50 20 

middle 17 
60cm 23 
70 23 
80 20 
90 20 

100 20 
final 16 

Flow Rate 1.329 cc/min 

Ph g/dl THb %0zHb 

7.33 17.3 17.9 
7.29 17.6 20.6 
7.27 17.5 21.4 
7.30 17.4 23.8 
7.26 17.6 18.9 
7.27 17.3 24.2 
7.33 17.4 17.9 
7.27 17.5 26.6 
7.27 17.6 25.6 
7.27 17.1 26.5 
7.26 17.2 27.4 
7.30 17.3 28.3 
7.33 17.5 18.0 

Table 31. Experimental Data, 4/3/82 Whole Dog 

%COHb %MetHb Vol % o2 

1.0 0.7 4.3 
1.0 0.8 5.0 
1.1 0.6 5.2 ...... 

w 
1.1 0.7 5.7 lJt 

0.9 0.7 4.6 
1.1 0.8 5.8 
1.0 0.7 4.3 
1.2 0.8 6.4 
1.3 0.7 6.2 
1.1 0.8 6.3 
1.1 0.8 6.6 
1.0 0.8 
0.9 0.8 4.3 

Blood 



DATA 3 5/20/82 Whole Dog Blood 

Time 

4:17 
4:29 
4:33 
4:37 
4:39 
4:41 
4:44 
4:49 
4:52 
4:59 
5:04 
5:08 
5:12 

Tubing diameter • 0.020 in. 
Barometric Pressure = 709 nnn Hg. 

Transfer 
Length P02 PC02 

initial 14.4 24.9 
lOcm 17.6 27.S 
20 17.S 29.0 
30 17.9 28.3 
40 20.2 27.7 
so 19.9 27.9 

middle 14.0 25.8 
60cm 21.6 28.4 
70 21.8 27.6 
80 19.5 28.0 
90 21.5 27.2 

100 20.6 28.5 
final 14.0 28.5 

Flow Rate= 0.758 cc/min 

Ph g/dl THb %02.Hb %C0Hb 

7.376 14.3 17 .o 1.1 
7.332 14.4 17.0 1.1 
7.339 14.0 22.7 1.3 
7.341 14 .1 22.6 1.3 
7.346 14 .1 25.8 1.4 
7.343 14.2 25.5 1.3 
7 .371 14 .1 15.9 1.3 
7.329 14.2 24.8 1.2 
7.335 
7.333 14.2 23.9 1.3 
7.338 
7.326 14.2 30.9 1.4 
7.368 14.3 16.4 Ll 

Table 32, Experimental Data, 5/20/82 Whole Dog Blood 

%MetHb Vol % o2 

0.5 3.3 
0.6 3.4 
0.5 4.4 ..... 

v.> 
0.5 4.4 0\ 

0.6 s.o 
0.6 s.o 
0.4 3.1 
o.s 4.9 

0.6 4.7 

0.7 6.1 
0.5 3.2 



DATA 4 5/20/82 Hemoglobin Solution 

Time 

1 :53 
2:04 
2:06 
2:09 
2:12 
2: 16 
2:18 
2:24 
2:28 
2:33 
2:39 
2:43 
2:46 

Tubing diameter = 0.020 in. 
Barometric Pressure = 709 mm Hg. 

Transfer 
Length P02 PC02 

initial 16.3 28.4 
lOcm 17.1 31.4 
20 19.8 32.6 
30 19.2 32.8 
40 20.4 31.8 
50 21.4 31. 7 

middle 14.7 29.6 
60cm 21.6 32.6 
70 20.2 33.0 
80 21.8 30.8 

90 21.6 32.0 
100 23.7 31.8 
final 16.4 29.9 

Flow Rate = O. 752 cc/min 

Ph g/dl THb %02Hb 

7.284 10. 2 26.4 
7.257 10.1 28.1 
7.258 10.0 31.9 
7.256 10.l 34. 8 
7.256 10.1 36.8 
7.252 10. 1 37.8 
7.283 10.0 26.1 
7.244 10.1 43.9 
7.248 10. 1 41.0 
7.251 10.0 43.6 
7.239 10.1 44.8 
7.238 10.2 45.7 
7.274 10. 1 27.6 

%COHb 

0.9 
0.8 
1.1 
0.8 
1.0 
1.0 
0.8 
0.8 
0.8 
1.0 
0.8 
0.7 
0.7 

Table 33. Experimental Data, 5/20/82 Hemoglobin SolHtion 

%MetHb Vol % o2 

4.6 3.7 
5.1 3.9 
4.8 4.4 ..... 

I,,.) 

5.1 4.9 ~ 

5.0 5.1 
5.1 5.3 
5.1 3.6 
5.4 6.1 
5.3 5.7 
5.4 6.0 
5.5 6.3 
5.7 6.4 
5.6 3.8 



DATA 5 5/23/82 Whole Dog Blood 

Time 

10:07 
10:15 
10:18 
10:22 
10:25 
10:30 
10:33 
10:38 
10:41 
10:47 
10:59 
11 :01 
11 :05 

Tubing diameter = 0.020 in. 
Barometric Pressure = 708 nun Hg. 

Transfer 
Length P02 PC02 

initial 15.4 24.4 
lOcm 18.6 25.8 
20 18.1 26.6 
30 20.4 26.8 
40 20.5 27.2 
50 21.9 28.0 

middle 15.5 25.6 
60cm 21.6 
70 21.6 27.7 
80 20.3 28.4 
90 20.2 27.5 

100 22.8 27.6 
final 18.3 25.8 

Flow Rate= 1.298 cc/min 

Ph g/dl THb %0zHb %C0Hb 

7.453 13.8 20.9 1.0 
7.445 13.7 25.8 1.2 
7.446 13.8 24.9 1.2 
7.439 13.9 29.3 1.3 
7.433 13.8 28.7 1.2 
7.423 13.8 32 .8 1.3 
7.457 13.5 20.2 0.9 

13.9 31.5 1.2 
7.424 13.9 33.5 1.3 
7.420 14.1 28.9 1.2 
7.423 14. 3 31.9 1.6 
7.410 14.3 33.1 1.3 
7.442 11.9 25.0 1.1 

Table 34, Experimental Data, 5/23/82 Whole Dog Blood 

%MetHb Vol % o2 

0.9 4.0 
0.7 4.9 
0.7 4.8 ...... 

w 
0.9 5.7 CX> 

0.8 5.6 
0.8 6.3 
1.1 3.8 
0.9 6.1 
0.8 6.5 
0.9 5.7 
0.8 6.4 
0.9 6.6 
1.0 4.2 



DATA 6 5/23/82 Hemoglobin Solution 

Time 

8:00 
8:07 
8: 13 
8:18 
8:23 
8:26 
8:30 
8:39 
8:42 
8:45 
8:50 
8:52 
8:56 

Tubing diameter = 0.020 in. 
Barometric Pressure = 708 mm Hg. 

Transfer 
Length P02 PCOz 

initial 15.4 25.S 
lOcm 18.0 
20 18.2 27.9 
30 19.3 26.8 
40 19.4 27.6 
so 18.7 27.S 

middle 16.1 24.8 
60 19.8 28.2 
70 21.8 27.0 
80 20.2 28.2 
90 21.0 27.3 

100 21.8 28.0 
final 17.9 25.1 

Flow Rate = 1.298 cc/min 

Ph g/dl THb %0zHb %COHb 

7 .411 10.9 29.8 0.7 
10.6 32.1 0.7 

7.383 10. 9 35.6 0.7 
7.386 10.9 37.3 0.7 
7.387 10.9 38.2 0.8 
7.388 10.9 38.7 0.7 
7.413 10.9 30.6 0.9 
7.380 10.9 41.0 . 0.5 
7.391 10.8 44.7 o.s 
7.381 10.9 43.S 0.6 
7 .377 10. 9 43.2 0.7 
7.379 10.8 45.3 0.7 
7.408 10.8 33.0 0.7 

Table 35, Experimental Data, 5/23/82 Hemoglobin Solution 

%MetHb Vol % o2 

5.0 4.5 
s .1 4.8 
5.4 5.4 I-' 

VJ 
5.4 5.7 "' 
5.3 5.8 
s.s 5.9 
5.2 4.7 
5.9 6.3 
5.8 6.8 
5.8 6.7 
5.8 6.6 
5.8 6.9 
5.9 5.0 



DATA 7 6/30/82 Whole Dog Blood 

Tubing diameter = 0.020 in. 
Barometric Pressure = 704 mm Hg. 

Transfer 
Time Length P02 PC02 

10:28 initial 16.4 29.6 
10:39 lOcm 21.0 33.6 
10:44 20 28.2 32.7 
10:49 30 25.1 33.8 
10:54 40 27.6 33.1 
10:58 50 30.7 31.8 
11 :01 middle 17.8 31.3 
11: 17 60 31.1 34.1 
11: 21 70 31.9 34.8 
11:.26 80 33.6 34.4 
11:48 90 32.0 35.7 
11 :53 100 35.0 34.7 
11 :55 final 17.9 33.2 

Flow Rate= 0.188 cc/min 

Ph g/dl THb %0zHb 

7.407 14.3 19.9 
7.348 14.3 27.3 
7.355 
7.343 14.3 35.6 
7.343 14.4 39.1 
7. 346 14.5 43.0 
7.380 14.4 19. 3 
7.322 14.1 46.2 
7.321 14.4 47.3 
7.322 14.5 48.7 
7. 310 14.5 45.5 
7.310 14.5 52.6 
7.352 14.3 18.7 

%COHb 

0.8 
1.1 

1.2 
1.2 
0.9 
0.9 
1.1 
1.5 
1.0 
1.1 
1.2 
0.9 

Table 36. Experimental Data, 6/30/82 Whole Dog Bleod 

%MetHb Vol % o2 

0.9 4.0 
0.5 5.4 

..... 
~ 
0 

0.7 7.1 
0.7 7.8 
1.2 8.7 
0.7 3.9 
1.4 9.1 
0.3 9.5 
1.3 9.9 
1.1 9.1 
1.1 10.6 
0.7 3.7 



DATA 8 6/30/82 Hemoglobin Solution 

Time 

1:56 
2:08 
2:14 
2:19 
2:24 
2:30 
2:34 
2:44 
2:50 
2:56 
3:02 
3:09 
3:13 

Tubing diameter = 0.020 in. 
Barometric Pressure = 704 mm Hg. 

Transfer 
Length P02 PCOz 

initial 16.0 29.0 
lOcm 23.0 34.0 
20 27.2 33.3 
30 31.1 32.8 
40 29.4 33.2 
50 33.7 33.0 

middle 15.9 29.3 
60 30.5 34.7 
70 39.9 32.1 
80 37.8 34.4 
90 42.2 33.5 

100 43.1 32.2 
final 16.0 29.4 

Flow Rate = 0.184 cc/min 

Ph g/dl THb %02Hb 

7.335 7.9 31. 8 
7.265 7.8 50.7 
7.264 7.9 56.0 
7.266 7.9 63.6 
7.266 7.9 61.6 
7.257 7.9 70.3 
7.330 7.9 31.6 
7.252 7.9 65.0 
7.267 7.9 74.0 
7.251 7.9 76.6 
7.256 7.9 78.3 
7.252 7.9 81.3 
7.324 7.9 31.8 

%COHb 

1...2 
1.2 
1.3 
1.0 
1.1 
1.1 
0.9 
0.9 
1.0 
0.6 
0.7 
0.5 
0.9 

Table 37. Experimental Data, 6/30/82 Hemoglobin Solution 

%MetHb Vol % o2 

3.5 3.5 
4.5 5.5 
3.8 6.2 ..... 

~ 

4. 1 7.0 
..... 

4. 1 6.8 
3.9 7.8 
4.5 3.5 
4.6 7.1 
3.9 8.2 
4.8 8.5 
4.9 8.6 
4.8 9.0 
4.7 3.5 



DATA 9 7/17/82 Whole Blood 

Tubing diameter = 0.020 in. 
Barometric Pressure = 711 nun Hg. 

Transfer 
Time Length POz PCOz 

11:34 initial 16.1 27.3 
11 :46 lOcm 19.1 29.2 
11:50 20 18.6 31.1 
11: 53 30 20.4 30.5 
11 :56 40 20.4 31. 7 
11:59 50 23.6 29.6 
12:02 middle 16.8 29.4 
12:09 60 25.4 31.4 
12: 11 70 23.3 31.0 
12:13 80 22.1 30.9 
12:17 90 21.6 31. 7 
12:20 100 23.0 30.1 
12:23 final 17.1 29.5 

Ph 

7. 355 
7.328 
7.328 
7.323 
7. 320 
7.333 
7.343 
7.302 
7.315 
7. 310 
7.308 
7.328 
7.336 

Flow Rate = 0.805 cc/min 

g/dl THb %0zHb %COHb 

14.0 18.3 0.8 
13. 9 22.4 1.0 
14.2 20.8 1.0 
14 .o 22.3 1.1 
13.9 23.5 1.2 
14.2 28.6 1.2 
14.2 17.5 0.9 
13.9 32.4 1.1 
13.8 26.7 1.2 
13.8 25.6 1.3 
13.9 26.0 1.1 
13.7 28.2 1.3 
13.9 17.5 0.9 

Table 38, Experimental Data, 7/17/82 Whole Dog Blood 

%MetHb Vol % o2 

0.5 3.5 
0.6 4.3 
0.5 4.1 ...... 

~ 
N 

0.6 4.3 
0.5 4.5 
0.5 5.6 
0.6 3.4 
0.7 6.2 
0.7 5.1 
0.5 4.9 
0.6 5.0 
0.6 5.3 
0.6 3.4 



DATA 10 7/17/82 Hemoglobin Solution with membranes 

Tubing diameter = 0.020 in. 
Barometric Pressure = 711 mm Hg. 

Transfer 
Time Length P02 PC02 

2:20 in ital 18.0 27.0 
2:32 lOcrn 23.6 31.0 
2:34 20 25.9 30.0 
2:37 30 25.7 29. 6 
2:40 40 25.9 30.2 
2:43 50 27.6 30.0 
2:46 middle 19.4 26.4 
2:50 60 31.6 29.0 
2:53 70 31. l 29.l 
2:58 80 34.7 26.6 
3:01 90 32.l 29.0 
3:04 100 36.7 26.2 
3:09 final 22.0 26.0 

Flow Rate = 0.811 cc/min 

Ph g/dl THb %0zHb 

6.944 8.4 13.7 
6. 911 8 .1 21.4 
6.912 8.2 24.3 
6.915 8.2 23.5 
6.910 8 .1 24.8 
6.906 8.2 27.0 
6.949 8.2 14.4 
6.905 8 .1 32.7 
6.905 7.7 31.9 
6.912 7.6 30.6 
6.907 7.4 32.0 
6.905 7.1 36.4 
6.948 7.5 15.9 

%COHb %MetHb 

0.2 4.3 
0.4 4.2 
0.3 4.4 
0.5 4.3 
0.6 4.4 
0.3 4.6 
0.5 4.3 
0.5 4.5 
0.3 5.1 
0.5 4.8 
0.6 4.5 
0.5 4.6 
0.6 5.5 

Table 39, Experimental Data, 7 /17 /82 Hemoglobin Solution with Membranes 

Vol % o2 

1.6 
2.4 
2.7 t--' 

.i:-
VJ 

2.7 
2.8 
3.1 
1.6 
3.6 
3.4 
3.2 
3.3 
3.6 
1.6 



DATA 11 7/19/82 Whole Dog Blood 

Time 

4:08 
4:31 
4:36 
4:39 
4:44 
4:46 
4:49 
4:57 
5:01 
5:04 
5:08 
5:12 
5:22 

Tubing diameter = 0.020 in. 
Barometric Pressure = 706 mm Hg. 

Transfer 
Length POz PC02 

initial 15.3 27.4 
lOcm 19.5 32.1 
20 19.9 33.3 
30 22.5 31.9 
40 24.0 31. 7 
50 23.0 31.1 

middle 15.1 27.4 
60 24.2 32.6 
70 25.4 30.4 
80 25.1 31.8 
90 28.2 29.5 

100 25.4 29.4 
final 14.6 28.1 

Flow Rate = 0. 336 cc/min 

Ph g/dl THb %02Hb %COHb 

7.340 14.1 20.0 1.6 
7.280 14.0 29.2 1.5 
7.281 14.2 29.1 1.5 
7.284 14.4 31.4 1.3 
7.281 14.2 34.1 1.3 
7.279 14.3 35.4 1.4 
7. 327 14.2 19.5 1.1 
7.270 14.3 39.6 1.3 
7.284 14.3 39.3 1.4 
7.280 14.2 38.9 1.4 
7.284 14.2 43.1 1.4 
7.286 14.1 42.7 1.4 
7.317 14.2 19.0 1.0 

Table 40, Experimental Data, 7/19/82 Whole Dog Blood 

%Met Rb Vol % o2 

0.3 3.9 
0.3 5.7 
0.3 5.8 ...... 

~ 

0.5 6.3 
~ 

0.6 6.7 
0.6 7.1 
0.6 3.9 
0.9 7.9 
0.8 7.8 
0.8 7.7 
0.9 8.6 
1.0 8.4 
0.8 3.8 



DATA 12 7/19/82 Hemoglobin Solution with membranes 

Time 

2: 11 
2:33 
2:38 
2:48 
2:53 
2:57 
3:00 
3:10 
3:17 
3:27 
3:31 
3:35 

3:45 

Tubing diameter = 0.020 in. 
Barometric Pressure = 707 mm Hg. 

Transfer 
Length POz PCOz 

initial 18.5 27. 0 
lOcm 25.0 31.3 
20 36.8 29.6 

30 28.5 33.0 
40 31. l 30.8 
50 34.9 30.8 

middle 17.1 27.4 
60 39.0 28.4 
70 37.9 32.5 
80 41.4 30.1 
90 38.9 29.4 

100 40.7 30.4 
final 17.8 27.6 

Flow Rate = 0.350 cc/min 

Ph g/dl THb %0zHb 

6.931 8.0 15.6 
6.886 8. 1 23.7 
6.877 8. 1 32.2 
6.868 8 .1 32.0 
6.880 8 .1 36.2 
6.872 8.0 42.2 
6.927 8.1 15.6 
6.873 8.1 44.7 
6.853 8.0 50.0 
6.867 8.0 50.6 
6.871 8 .1 47.1 
6.870 8.0 51.6 
6. 927 7.8 18.5 

%COHb %MetHb 

0.2 4.8 
o.o 5.9 
0.4 5.1 
0.4 5.0 
0.3 5.1 
0.3 5.3 
0.2 5.7 
0.0 7.3 
0.5 5.7 
0. 1 5.8 
0.0 6.3 
o.o 6.0 
0.3 7.7 

Table 41, Experimental Data, 7/19/82 Hemoglobin Solution with Membranes 

Vol % o2 

1. 7 
2.7 
3.6 ...... 

""'" 3.6 V1 

4 .1 
4.7 
1. 7 
5.1 
5.6 
5.7 
5.3 
5.8 
2.0 



DATA 13 7/22/82 Whole Dog Blood 

Time 

2:13 
2:21 
2:24 
2:26 
2:28 
2:32 
2:35 
2:42 
2:44 
2:46 
2:49 
2:52 
3:00 

Tubing diameter = 0.020 in. 
Barometric Pressure = 707 nnn Hg. 

Transfer 
Length P02 PC02 

initial 16.9 27.6 
lOcm 19.0 30.0 
20 20.3 29.5 
30 19.7 31. 7 
40 22.4 31.1 
50 21.2 31.3 

middle 17.9 29.2 
60 25.1 30.4 
70 23.4 31. 7 
80 22.7 31.6 
90 24.8 30.7 

100 22.4 31. 7 
final 15.8 30.0 

Flow Rate= 0.795 cc/min 

Ph g/dl THb %0 2Hb %C0Hb 

7.465 14.9 21.6 2.8 
7.437 14.8 27.5 3.4 
7.434 14.8 27.6 3.5 
7.435 14.9 26.9 3.4 
7.434 14.9 i8. 1 3.5 
7.434 15.0 28.4 3.5 
7.457 14.9 21.1 2.7 
7.431 15.0 31.4 3.9 
7.426 14.8 31.3 3.8 
7.431 14.9 30.3 3.7 
7.422 14.7 33.3 4.0 
7.427 14.9 31.4 3.8 
7.446 14.8 20.6 2.7 

Table 42. Experimental Data, 7/22/82 Whole Dog Blood 

%MetHb Vol % o2 

1.5 4.5 
1.5 5.7 
1.5 5.7 ...... 

~ 

°' 1.5 5.6 
1.5 6.0 
1.6 5.9 
1.5 4.4 
1.4 6.5 
1.5 6.5 
1.4 6.3 
1.5 6.8 
1.5 6.5 
1.5 4.2 
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CARRIER-FACILITATED OXYGEN 
TRANSPORT IN FLOWING BLOOD 

by 

Imre Andrew Pattantyus 

(ABSTRACT) 

An experimental investigation was done on oxygen transfer into a 
steady, laminar flow of whole blood and hemoglobin solutions. The 
effects of facilitation and augmentation on the bulk transfer were 
studied. The transfer problem was modeled numerically and effective 
diffusivities were calculated for all of the experiments. Significant 
increases in transfer due to both facilitation and augmentation were 
observed. Ghost cells were found to have no effect on transfer into 
hemoglobin solutions. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157

