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ABSTRACT

In modern membrane-type artificial lungs, the major resistance
to gas transfer is offered by the blood and not the membrane. Thus,
a suitable theory for convective diffusion in blood must be avail-
able in order to design these devices. A general equation for the
convective diffusion of gases in blood is presented in this work,
and numerical solutions to this equation are compared with experi-
mentally measured rates of oxygen, carbon dioxide, and krypton
exchange with citrated bleod in a boundary layer flow. The measure-
ments were made in a new type of rotating disk apparatus which is

especially suited to the study of gas transfer in complex fluids.

Solutions of the general equation based on velocities derived
from the Navier-Stokes equations are shown to predict the measured
transfer rates, even though blood 1s known to be non-Newtonian at
low shear ratgs. The desorption rate of oxygen from blood at
low oxygen partial pressures was found to be up to four times the
corresponding transfer rate of inert gas. This effect is des-
cribed somewhat conservatively by a simple local equilibrium form
of the general convective diffusion equation. The carbon dioxide
transfer rate in blood near venous conditions was found to be
about twice that of inert gas. This great an augmentation is not
predicted by any simple form of the general convective diffusion
equation. ‘The bahgvior of the membrane lung system was studied
numerically using these results, and the practical implications

of this study are discussed.
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CHAPTER I

INTRODUCTION

A. Backgroun .

The use of extracorporeal circulation to restore venous
blood to arterial c}onditions during heart-lung bypass is an
established practice today, although less than two decades have
psed since this procedure was [irst applied to human patients.
During this time many publications have appeared in the litera-

ture, describing detailed mechanical designs for devices involved

in the extracorporeal circuit.

A typical extracorporeal circuit used'dufing heart-lung
bypass"is illustrated in Figure I-1 (26). Both the heart and lung
are shu.nted, and their functions are taken over by the externalk
circuit, allowing open heart surgery to be performed in a rela-
tiveiy quiet and dry surgical field. In the extracorporeal
circult, the venous blood first drains into a reservoir. This
blood, and amy blood collected by a suction device kept in the
surgical field, is then pumped to the artifiecial lung, where the
blood is o:qrgenatec‘l by an oxygen gas stream, carbon dioxide being
simultaneously removed. The oxygenated blood is then brought to

the desired temperature in a heat exchanger, raised to arterial
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pressure by another pump, and returned to the patient through

a filter, which removes any blood clots or other debris.

The many types of devices used in each phase of the exira-
corporeal circu.:!.t are well described by Galletti and Brecher
(26). The particular combination used by a given surgical team
varies widely, and apparently little standardization exists.
Unfortunately the mortality rate ls unusually high for procedures
employing heart-lung bypass (79) and also varies widely from
group to group, Many of the major causes of death following
exvracorporeal circulation, such as cerebral embolism, pulmonaxry
edema, and renal insufficiency are felt to be the result of
degradation of the blood during its passage through the artificial
circuit. Lee, et al (50,51) have shown that the protein compo-
sition of blood is changed considerably by exposure to foreign
surfaces, especially blood-gas interfaces. Dobell, et al (19)
show further that the toxicity of blood circulated through arti-
ficial lungs is markedly increased by exposure to a blood-gas
interface, and find that the effect appears to be contained in

the plasma, mogt likely being the result of protein denaturation.

Several other damaging effects are also known to occur in
extracorporeal circuits. Toxic materials, such as plasticizers,
éan be leached ffom the equlpment surfaces, resiricting lhe
materials that can be used. The reverse can occur, when materials

in the blood (e.g., platelets (73) ) deposit onto the equipment
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surfaces. Finally, it has been found that rough surfaces tend
to cause hemolysis, or rupture of the red cells {26). These
effects all reduce the time period over which an extracorporeal

circuit can safely be used, regardless of its efficiency.

The gas transfer devices ("artificial lungs") used in an
extracorpéreal circuit are generally classified into three types:
bubble, film, and membrane devices. In the bubble device oxygen
gas 1s dispersed directly into the entering venous blooed at the
bottom of a chimney. The resulting foam swirls to the surface
and spills over the chimney into a settling basin.. Oxygen is
added to the blood and carbon dioxide removed during this process.
The foan is th;an allowed to coalesce, and any remaining bubbles
are removed by the action of surface active substances, settling,
trapping, filtration, centrifugation, or some combination of
these. The major disadvantage of this type of device is the
proteih denaturation resulting from the large blood-gas interface.
Another serious problem is the difficulty of removing small resi-

dual gas bubbles from the coalesced foam.

Film devices create the necessary large surface area by
spreading the venous blood into a thin film. This film is pro-
duced either by flowing the blood ovex: a stationary surface,
such as a wire mesh or column packing material, or by forming
the blood film on a moving surface, such as a partially submerged .
spinning disk or cylinder. This type of device is little better
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than the bubbler since it also employs a large blood-gas inter-

face. It does reduce the problem of residual bubbles.

In order to significantly reduce the amount of toxic,
protein denaturation, it is necessary to employ a method similar
to that used in living organisms -- namely, the introduction of
a thin, semi-permeable membrane between the blood and gas phases.
Indeed, this has been found to retard the deterioratién of the
blood (19,51), and this type of lung appears to be the only one
capable .oi' being used for extended periods of time. The problem
with the membrane lung is the additional resis‘f.ance to mass
transfer presented by both the membrane and the slowly moving
blood adjacent to it. Some types of m:ambranes have been found
to reduce the rate of carbon dioxide removal to the point where |
this removal rate becomes the limiting (slowest) process in
restoring venous blood to arterial conditions, the reverse of the
case in non-membrane lungs. The introduction of the highly per-
meable silicone rubber membrane has solved ‘bhis' problem, and the
limiting resisbance in a system using these membranes becomes
that of the adjacent blood layer. In order to properly' design
this type of artificial lung, then, one must be able to estimate
mass transfer ;’a‘oes in flowing blood. The development and evalu-
ation of a suitable design theory for gas trahsfer t0 blood flow=-
ing through an artificial membrane lung is the subject .oi' the |

work reported here.
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B. A General Convective Diffusion Equation for Gas Transfer

in Blood.

Blood is a suspension of various formed elements (the blood
cells) in a complex solution of salts and non-electrolytes'(the
plasma). The most numerous cellular species by far is the ery-
throcyte, or red cell, comprising about 45% of the total volume
of normal blood., The leukocyte, or white cell, although almost
twice the size of the red cell, is very sparsely distributed among
the red cells, outnmumbered by more than 600 to 1. The platelets

-am o «n - 2 e oA e e A PO BN I TEPOR. [ T PR, [, [
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found to have 1/20 the population of the red cell. The average
human red bleood cell is a non-mucleated, biconcave disc-shaped
cell 8.L M in diameter, 2.L M thick at the widest point near

the edge, and about 1 /u thick near the center. Contained within
the cell membraﬁe is a concentrated hemoglobin solution (about

35 gn/100 ﬁl.). Classically, the red cell has been consideréd

to be simply a free hemoglobin solution retained by the cell

| membrane, but evidence has been found which suggests that the
biconcave, discoidal shape is due to an ATP-dependent contractile
protein within the cell (35 ). It is felt by many workers that

the hemoglobin itself is an essential structural element.

N
The cell membrane is a patterned molecular structure of

lipoprotein. Again, the structure is not fully understood, and

perhaps the red cell can be best described as being'highly struc-
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tured and containing little or no hemoglobin near the cell surface >
and becoming progressively less ordered, with higher hemoglobin
concentrations near the center. It is difficult to draw absolute
boundaries on the basis of present knowledge. Instead, the reader
is referred to the detailed information concerning red cell struc-

ture presented in several excellent reviews (35 ,82).

Although blood is a highly heterogeneous fluwid, it is reason-
able to treat it as a homogeneous fluid if the scale of the
system under consideration is large with respect to the dimen-
sions of the red cell. A theory developed on this basis could
not be expected to apply directly to the transport processes
occurring in the capillaries, where the dimensions of the system
are nearly equivalent to the red cell diameter, but could be
expected to apply to the transport proéﬂeisses occurring in extra-
corporeal devices, such as artificial lungs and kidneys. Since
the assumption of homogeneity is questionable even in this case,
such a theory would have to be verified experimentally. Once
established, a homogeneous-fluid transport theory would also be
expected to apply to the transfer of materials in larger blood
vessels - for instance, the deposition of materials during harden-
ing of the arteries (66), or the deposition of fibrin on vessel
walls (16). Even‘'in the case of gas excha;ngé in the capillaries,
this theory would present an interesting limiting case. Its

use would be similar to the use of Poiseuille's Law to describe
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the hydrodynamic flow of blood through capillaries (11). Indeed,
- this simple continuum mechanics approach has been shown to
successfully describe the flow of blood through capillary tubes

with diameters as small as 72 J (8).

The general equation describing the convective diffusion of
a species é in a homogeneous, incompressible fluid can be written

(17, 3):

. Y
-:D—-_-/'r‘u) = -VJs + s—l R:J.: (1)
Dt~/ voTR VAN B
J :
“ v — J \—'ﬁf——) ;—W—J
rate of change net diffusion net chemical
in a from reaction in
flowing element the element the element

vhere 7-( ) 1is the substantial derivative 2( ) +v( ).

If equation (1) is summed over the set of species k =1, , T
where k = 1 corresponds to a physically dissolved gas species
1 , and the remaining te_rms represent the concentration of z

present in the various reacted forms in the system under considera-

tion, then: '

D—%(Zn‘) = -V-(‘Z‘i) + ;’;'ﬁj‘]‘; (2)

-



- ‘

r
| g 7,1‘ is the total concentration of species Z, (ﬂr),‘ s
including all of its chemically reacted forms. Since (7?7-);'
\ is not chanpged by the chemical react.}ons, the double summation'
term in equation (2) must venish. :Z',' Je is the total dif-
fusional flux of i , ()i , which includes any flux due to

the diffusion of species # containing i .

Iﬂ the physiological literature it is customary to write
the concentration of physically dissolved species Z s 77,;, s
separately. For the concentrations normally encountered in blood
Henry's Law is obeyed, and we can write 72y as the product of
a solubility coefficient, &; , and the partial pressure or "tension®
P of the blood. Then:

10

()7,-)" = &GF + N; (3)
wherat
| r
Ny = ). na | ()
A2 '

Using these relations, equation (2) can be written:

S
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'3 2

VL.
_ The values of N corresponding to chemical equilibrium, N.
are generally available in the literature as a function of F% .

Rearranging equation (5) in terms of this equilibrium value gives:

i

D%(%*’ﬁM") -V-@) + %(N?—NL) (6)

L . v » \_—V—"" LN - s
" equilibrium rate net rate of change of
of change in diffusion displacement from
flowing element from the chemical equilibrium
element in the element

Equationv(é) is the completely general, convective diffusion
‘equation describing the transfer of 0,, 00, or inert gas in
blood flowing as a homogeneous fluid. To solve this equation

the following parameters musit be specified.

‘1. the velocity field 2

2. the solubility o

3. the equilibrium relationship AV, (P)
L. the form of the diffusive flux (:j:)i

5. the displacement from equilibriun ( N;-N;*)
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€. The Hydrodynamic Nature of Blood.

The rheological properties of blood have been studied in
considerable detail, using conventional systems such as coaxial
cylinder and capillary viscometers. ©Since these viscometers are
large-scale devices, the measurements can be applied to a homo-
geneous fluid theory. The viscosity of blood has been found to be
non-Newtonian at very low shear rates (57,58), presumably due to
the break-up of red cell clusters. In a strongly sheared system
(¥ > 100 sec'l) the viscosity of blood approaches a constant,
"Newtonian" value. Plasma has been found to always exhibit a
Newtonian viscosity (10).

Velocity distributions of homogeneous, Newbonian fluids
flowing in a multitude of complex systems are available from
solutions of the Navier-Stokes equations (70,46,29). It is not
intuitively clear to what extent these solutions would des-
cribe the flow of blood in these systems, since blood is not
really homogeneous, and can behave, depending on conditions, as
either a Newtonian or non-Newbonian fluid, An important con-
sideration is that the velocity distribution will be used to
estimate a mass transfer rate across a'membrane surface, Mass
transfer rates in Systems of this type are generally controlled
by the velocity neér the surfacé, and in this'region the shear

is greatest and the non-Newbtonian effects least important.
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Experimental confirmation of the applicability of the
homogeneous fluid theory to the flow of blood has been obtained
only in simple shear systems (57,58). Since complex shear
gystems are difficult to treat analytically, it is necessary to
perform experimental mass transfer studies with blood in such
systems to establish whether or not- the homogeneous, Newtonian -
velocity distributions can indeed be used to predict rates of
convective diffusion. In the study to be presented here, the
use of the homogeneous, Newtonian equation describing the rotas
ting disk flow system is tested experimentally over a considerable
range of fluid veloci'biés.

The Carriage of 02, co

2

and Kr by Blood.,

Oxygen dissolves physically in the various constituents of
blood, but over 98% of the available oxygen in blood has formed
a reversible combination with the protein hemoglobin, contained
within the red cell. Of the total 02 exchange occurring in the

body, about 3% is due to changes in dissolved O., and the remain-

09
der due to changes in oxyhemoglobin concentration. About 5%

of the total 002 in blood is physically. dissolved. Almost 90%
of the total C0, is in the form of HGOS ion, and the remaining
5% has reacted with -NH2 groups on protein molecules (primarily
hemoglobin), to form carbamino groups (-NHCOOH). Of the total

C0,, exchange normally occurring in the body, about 8% is due to
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changes in dissolved CO,, 63% due to changes in HCO':; , and 29%
due to changes,in carbamino-bound 002. Krypton, on the other
hand, is an inert gas, and is pfesent solely in the physically
dissolved form (15 ,34). Since for both carbon dioxide and oxygen
transfer through whole blood, most of the changes occur within
the red cell, it is worthwhile to consider the processes occur-

ring there in greater detail.

Almost all of the oxygen in blood is carried in reversible
combination with hemoglobin. The hemoglobin molecule is a
spheroidal-shaped protein 6L x 55 x 50 A large, m.‘oh a molecular

‘weight of approximately 66,700, It contains four iron atoms in
the centers of four protoporphyrin rings termed “heme groups,”
which are physically located within crevices on the surface of
the protein body. The iron molecule in each heme group can bond
with six atom groups. In the plane of the porphyrin ring four
of these bonds are made with the nitrogen atoms of the adjacent
pyrrole rings. Apparently, only when the fifth bond is attached
to the proper site in the globin chain, and the heme group is
properly positioned, does the remaining covalent bond become
able to combine reversibly with oxygen molecules.b The unique
feature of this combination is that a stable oxygen camplex is
formed in which the iron remains in the feri'ous state, rather

| than being oxidized to the ferric state. Many similar heme-

bearing proteins combine with oxygen, but in these cases, the
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iron is rapidly oxidized to the ferric state. The unique behavior
of hemoglobin is felt to be at least partially due to the loca- |
tion of the heme group within a crevice formed by hydrophobic
groups of the globin chain, providing an envirorment with low
dielectric properties.

" The oxygen-oxyhemoglobin equilibrium curve for human blood
exhibits a sigmoidal shape rather than the hyperbolic shape
normal for an equilibrium of the form

Hb + 0, == HbO, | (7)

The sigmoidal shape is usually inteipre’t.ed as being the result

of the presence of oxygen molecules on one heme group. affecting
the dissociation constants of the other heme groups on the mole-
cule. However, the heme groups are quite remote from one another,
and many workers consider direct heme-heme interactions unlikely.
The mechanism substituted by them is an increased affinity due

to the profound conformational changes observed upon oxygenation
of hemoglobin. In any case, the dissociation curve of human
hemoglobin is usually described by the set of equations compris-

ing the Adair Theory (1):

’ 0, I 0, |
Hby + O, == Hb0, i K = L'Hbj[O;]] o
Hb0: + O, === Hb,0, 5 K, = [Hb 041

~ [HB,0.][0:]
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[Hb, 0.1
HbOp + O === Hb,Op 5 K3= [Hb4o:Jfon (8)
Hb0s + O, === HbyOs ; K Le o]

*" THb0,][0:]

N .

If the heme groups are assumed to be equivalent, the fractional
saturation of the blood is given in terms of the oxygen tension

P 0, by:

f(R) = KPu 2R+ SKKKP, + #RICKIG R
%

H1+ KR+ KGR+ KKK R+ KKIGKED )

Roughton (67) has recently fitted this equation to the best data
available for whole human blood at normal physiological conditions
(37° ¢, pi="7.4, R, =10 mn Hg) obtaining:

,

K = o0.0219

Ke = 0.31

Kz = o.0k27 % 0.019
Ks = 0.00842 % 0.002

The dissociation curve is a function of pH and Fe, (the
Bohr effect), as well as temperature. The effects of pH, and
temperature have been empirically evaluated by Sveringhaus (78),
and examples of cor;'ec'bed dissociation curves used in this study .

are shown in Figure I-2. These corrections do not allow' for dis-
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tortion of the shape of the dissociation curve, which has been
shown to occur at high saturations (54,28), and therefore ars
only approximate. From the purely theoretical viewpoint this

is unpleasant, but it is necessary to retain the proper perspec-
tive. The use of an equilibrium curve for a fixed set of condi-
tions is in itself only an approximation, since both Pco,_ and
pH can vary across the boundary layer for blood being treated
in an artifiéial lung. Furthermore, it must be established to
what degree local chemical equilibrium exists. Part of the
problem of developing a design theory for artificial lungs is to
determine whether the approximation of using the equilibrium dis-
sociation curve corresponding to the ambient conditions outside
the blood boundary layer results in an adequate description o'i‘

the - -actual process occurring within the boundary layer.

The oxygen-oxyhemoglobin dissoclation curve can be used to
#* .
evaliate /V‘,2 , since one gram of hemaglobin earries 1.3L ece of

oxygen when fully saturated, giving:

Neo = 43%Cy £(Po) (10)

Carbon dioxide, like oxygen, is carried by blood mostly in
reversible chemical combination.. Unlike oxygen, however, carbon
dioxide is involved in more than one chemical reaction. The

study of the equilibrium between carbon dioxide and blood has
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has been mainly concerned with identifying the particular reac-
tions and their relative importance, rather than with analyzing

them in detail, as was done with the oxygen-hemoglobin reaction.

Carbon dioxide exisis in three forms in blood - physically
dissolved COZ,VHCOB, and carbamino compound. In the plasma,
neither of the last two forms is able to réact rapidly enough
to affect 002 transport. Within the red cell bo'bh become impor-
tant. The bicarbonate is able to react reversibly to form CO

2
within the red cell due to the presence of a catalytic agent,

and the dehydration of H2003. The changes in carbamino 002
(carbhemoglobin) due to changes in f,, within the red cell are
small, as in the plasma, but a major change in carbhemoglobin
content occurs when the hemoglobin is oxygenated, since oxy-
hemoglobin has a lower capacity for 00‘2 than reduced hemoglobin.
Thus, the carriage of carbon dioxide by blood is a complex pro-

cess, mechanistically coupled with the transport of oxygen.

A typical carbon dioxide dissociation curve for blood is
given in Figure I~3. In this case the total carbon dioxide con-

tent, (n,-)%, is related to the gas tension, where:

- *
(n7'>co; - o‘ca;eqa * lvt‘oz _ , (11)
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E. The Nature of Diffusion in Blood.

1. Heterogeneous Media Theory.

Perhaps the most difficult term to evaluate in equation
(6) s the diffusive flux (Jr);s ‘In a homogeneous fluid a

iy
diffusional flux J; is normally written as Fick's Law:

j: = - oD,: vn, (12)

where «J; is the molecular diffusivity of species { in the
- fluid. 8ince blood is a highly heterogeneous fluid, this

simple fpnuulation cannot be used, unless the permeability
of the suspended phase (red cell) is identical to that of the
continuous phase (plasma). This is not the case (30). The
established procedure for treating diffusion in a heterogene-
ous medium is to define an effective diffusivity which, for
thg case of dissolved gases diffusing througﬁ blood, is

. glven by:

‘jza = "<°0:#); Vi R) (13)

)
The effective diffusivity (ag) i 1s a function of both the
volume fraction of suspended phase (hematocrit) and the rela- -
tive permeability of the suspended phase to that of the con-



21~

timuous phase, as well as a function of temperature and

viscosity.

‘

Effective diffusivities can be evaluated using Maxwell's
treatment of the analogous case of conduction in a suspension
of non-interacting spheres (7). Fricke (23) has derived a
set of equations within this framework, which describe conduc-
tion in a suspension of spheroids, and has empirically deter-
.mined,the proper axial ratio for dog red cells. He found
that the measured conductivity was predicted to within 2%

for hematocrits up to 0.75, by the equation:

(O, = L = 4, ,”;R] (14)

where

(66:;’%51.?) -/

R;= H- )
(Ginsley,) +

(15)

and x is a shape i‘actﬁr dependent on both the axial ratio
and the diffusivity ratio [ ﬁiﬂ/,@;.’, ). The value of x
reduces to 2.0 for spheres. It is necessary to know the
value of o@én in order Yo make these calculations, and

since this property is not available, it is usually assumed
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that o7 4, 15 identical to the diffusivity in a concentrated
hemoglobin solution. This assumption neglects any resistance
due to the red cell membrane. Roughton (68) attributes a
considerable portion of the total red cell transfer resis-
tance to the membrane, but direct experimental comparison

of diffusion through packed red cells and through hemolysate
from the same cells (L44) indicates no significant membrane
resistance. Thus, the use of the diffusivity in a concentra=

ted hemoglobin solution appears to be reasonable.

Evaluation of {TJosec.

The diffusivity of oxygen through hemoglobin solutions
has recently been the subject of extensive experimental
study. Scholander first reported observing augmented dif-
fusion of oxygen through hemoglobin solutions in 1960 (71).
He found that the ratio of oxypgen transfer to nitrogen trans-

fer through a Millipore filter soaked with hemoglobin solu-

tion, for identical pressure differences across the filter,

was markedly increased at low oxygen tensions, where the

hemoglobin was not fully saturated. The phenomenon has

since been widely studied (38,12,77,8h,83,h2) s, and there

is general agreement that the facilitation is due to the

simultaneous diffusion of oxyhemoglobin along with the

dissolved oxygen, under conditions. of near chemical equili-
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" brium. However, considerable controversy remains regarding
oxygen diffusion through intact red cells. Scholander
reported in the same paper that the diffusion of oxygen
through a red cell paste smeared on filter paper was also
facilitated, bul some workers suspect that this effect was

due to significant hemolysis of the red cells. Roughton (68),
in particular, discounts the facilitation of oxygen diffusion
in intact red cells, arguing that the diffusivity of the
hemoglobin molecules would be too iow. Keller and Friedlander
(L43) measured the hemoglobin diffusivity at concentrations
approaching that of the red cell interior and found the dif-
fusivity to be higher than Roughton's estimate. But their
measurements were made in free hemoglobin solution, and ‘
would nbt include any effects due to the internal structure of
the re&-cell. Thus, the question of the mobility of the hemo-

globin molecule within the red cell is still unsettled.

The use of the facilitation theory to describe oxygen

- diffusion in intact red cells 1s also questionable on the
basis of the theoretical analysis presented by Friedlander
and Keller (2L4,42). They show that the near-equilibrium
behavior necessary for facllitation to occur might not be
completely esbablished in hemoglobin layérs on ‘the order

of the thickness of the red cell. .If this is the case, then

even when the mobility of the hemoglobin molecule within the
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the red cell is unhindered, the amount of facilitation that

could occur remains questionable.

If facilitation does occur within the red cell, o«Jh ec
and therefore o, Will be a function of the oxygen tension,
Fatt and La Force (21) have qualitatively compared the faci-
litated .B;,', to Scholander's data with some success, but no
quantitative conclusions could be drawn. Both the inert and
facilitated values for oy s are compared with the quantita-

tive experimental results to be presented here.

The Displacement From Chemical Equilibrium in Blood.

The last term on the right in equation (6) describes the
departure of the system from local chemical equilibrium, The
importance of this term can be estimated using measurements
of the equilibration rate of red cells, for as indicated above,
the changes in 002 and 02 content occur primarily within the
.cells. This equilibration involves both chemical reaction and
diffusional processes, since the reacting materials must diffuse
from the reaction site to the surface of the cell, and vice-
versa. The results of many such equilibration rate studies
are available i‘or the case of oxygen transfer both to and from

: \
the red cell (68,22,76,L9 ), but unfortunately few studies of

this type have been made on 002 transfer. The equilibration

rates of red cells with both oxygen and carbon dioxide are an
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order of magnitude smaller than the pure chemical reaction
rate in free solution, indicating the importance of the dif-

fusional aspects of the process.

The most widely used experimentzal system for measuring the
equilibration rates of red cells is the Hartridge-Roughton rapid-
reaction apparatus A(36). I_n this experiment, a suspension of
red cells at one gas tension is rapidly mixed with a saline
solution at another tension, in a carefully designed mixing
chamber., The mixture then flows turﬁulently down an observation
tube. In the continuous flow form of this device (22), the con-
centration is monitored at fixed locations along the observation
tube, corresponding te fixed residence times of the cells in
the mixture. Alterna:bively, either the measuring instrument can
be located at a single position and the flow velocity varied,
or the change with time can be measured when the flow is suddenly
stopped (76). |

_ The equilibration of red cells with oxygen has been found
‘oo‘be approximately a first order process, and is described by
the equation:

dt [ome] = 4 [O][us], (16)

for oxygenation (68), and by the equation:
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-2 (o] = 4 (loaw] - [o.m],,) D

for deoxygenation (49). Since these relations are convenient to
use, it is possible to analyze the displacement from chemical
equilibrium during oxygen transfer in flowing blood, in a quanti-
tative manner. For a complex flow system, it is important to
determine this displacement from equilibrium "locally" in the flow
field since the velocity of the blood, and therefore the effec-
tive "residence" of the red cells as they travel through the
concentration gradient, can vary widely with position. Such an
analysis is presented in the work to be described here, for the

case of oxygen transfer.

A similar analyels cannot be made as easily for carbon
dioxide transfer. The equilibration in this case involves several
~ simultaneous chemical processes. The rates of some of the indi-
vidugl processes have béen studied (18,80), but only one study
on the overall equilibratioﬁ rate is known (1l), and it treats
COz-uptake rather than removal. The process was found to be
only approximately exponential and appeared to occur in two
stages - a fast initial rate followed by a slower rate. The

exchange of HCO3 and C1~ between the red cell and the plasma

appears to be a relatively slow process, and perhaps is respon-
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sible for the secondary, slow equilibration rate. Because the
overall equilibration rate of red cells with carbon dioxide

is so poorly understood, it is difficult to estimate the dis-
placement from chemical equilibrium in a quantitative manner,
and this point will not be sitressed in the work to be presented

here.

Previous Studies on Gas Transfer fb_o Blood.

It is interesting to look at the previously published
studies concerning gas transport in blood from the point of
view of equation (6). The only experimental study on mass trans-
fer in whole blood published to daté is the work of Marx et al
(56). They employed a simplified form of equation (6), obtained
by assuming local chemical equilibrium (. Nof Nof) and a constant
value for 082,,3 . The experimental system was a stationary hori-
zontal blood film separated from a flowing oxygen gas stream by
a silicone rubber membrane. Since this was a non—convective,

unStea.dy state system, equation (6) reduces to:

(Bt NY) = G2, VE (18)

\

or, in their nomenclature:
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%fg =D %x% (19)
Since oxygeﬁ was diffusing from a pure gas stream into the blood,
the diffusion occurred mostly through saturated blood (.'f = I.O) R
 with the unsaturated region confined to a thin "advancing front."
The experimental value obtained for d@%g , 1.3 x 10"S cme/sec
at 27° C, would therefore be close to the effective diffusivity
of oxygen through satura’cgd blood. The times required for the
experimental measurements ranged from, less than one minute to
more than twenty minutes, easily enough time for significant
red cell sedimentation to occur, but this effect was neglected
in their analysis of the data. Since the gas stream was below
the blood layer, settling of the red cells would tend to shorten
the diffusion path, causing an artificially high value for the
ei‘i‘éctive diffusivity to be measured. Additional measurements
of this diffusivity are clearly called for. ILandino et al (47)
,presc%n‘b a study on transfer to flowing blood employing the came
agsumptions as Marx et al, but they do not provide experimental

verification of their results.

An experimental study on steady state oxygen transfer
from an oxygen gas stream ( F, = 686 mm Hg) to reduced blood
flowing through a hollow silicone rubber fiber has recently been
completed (6 ). \The gas stream and the blood were both at
Feo, = 36 nm Hg. The theoretical analysis employed in this
work also assumes local chemical equilibrium and constant
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' 00;‘)3 . The velocity profiles used are those predicted by
Benis' integration of the Cassen equation (58), and include any
non-Newtonian effect. The form of equation (6) corresponding to

these conditions is:

v V(“o.,a R, + N:) = a@,,a 0(0,'3 VZPo;_ (20)

or, neglecting axial diffusion,

v B W] = Baos$63)] @

Experimental verification of the behavior predicted by 'bhis
equation was sparse. One disadvantage of the fiber system is
that the measurement obtained represents the local transfer
rate integrated over the entire length of the tube, Deviations
in the local transfer rate with axial position are difficult
to detect, since they are averaged into the measured integral
rate. A one-dimensional mass transfer system, on the other
hand, doés provide the local transfer rate. OSuch a system was
used in the s‘budy\ presented here and is described in the next

chapter.

A fundamental difference between the fiber study and the

work on oxygen transfer to be presented here is the operation
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of the fiber system without simultaneous carbon dioxide transfer
reducing it to a simple oxygenator rather than a true artificial
lung. The application of the resulits for a simple oxygenator to
the design of an artificial lung is not necessarily valid, because
the Fo, gradient in an artificial lung can affect the dissoci-
ation curve {Bohr eoffect), and thereby affect the oxygen transfer

rats.

In another sense, the ﬁork to be presented here complements
the fiber study, in that each study re;;resents a different type
of mass transfer situation. Flow through a hollow tube is an
example of the class of internal flows termed "parallel flow"
(i.e., there is only one velocity component), while the system
used in the work presented here involves an external "boundary
layer ﬂow,*' which is multi-dimensional. Since there are advan-
tages associated with both types of flows, it is important to
develop a design theory applicable to each of them in order to
be able to select the best system for a given situation. |
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CHAPTER II

EXPERIMENTAL APPARATUS AND PROCEDURE

The Rotating Disk System.

1.

Theory.

"Von Karman (81) and later Gocgran.( 9 ) solved the
Navier-Stokes equations describing the laminar flow of a
liguid entrained by a flat disk rotating al constant velocitly
about an axis perpendicular to its surface. The fluid near
the disk is given an angular velocity by the motion of the
disk surface, this velocity approaching the angular velocity
of the disk as the distance from the surface decreases. Cen-
trifugal forces simultaneously impart a radial velocity to
the fluid, and to replace the fluid thrown outwards by cen-
trifugal force, additional fluid is drawn towards the disk,
creating an axial velocity. Thus, a steady state condition
is reached where the fluid flow is fully three-dimensional.
Despite this complex flow scheme, the rotating disk is one
of the few hydrodynamic systems for which the Navier-Stokes

equations can be solved exactly.

Levich (52) simplified the convective diffusion equation

for the rotating disk system by assuming the concentration
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profile to be independent of radial and angular position -
that is:

n, = 7y | (22)

The resulting simple form of the convective diffusion equation

for a system without chemical reaction:

dn; d*;

could then be solved for the case of a thin concentration
boundary layer (i.e., when 08‘/ << V' ), to obtain the transfer

rate:

% % Y
(), . =o0&d v o e dp (21)

inert

This relation applies to most liquids, and has been shown
to predict the behavior of a variety of actual rotating disk
systems (64,25,53).

The two key features of the rotating disk system are:

1. The equations have exact, steady state

solutions.
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2. The diffusion boundary layer thickneés,
and therefore the transfer rate to the
disk, iec not a function of radial posi-
tion, making the surface “unifonﬂuy

accessible."

The only qualification on the second condition is an edge
effect which will extend radially inward over a distance

of the order of the hydrodynamic boundary layer thickness,
5} (i.e., the region where the angular velocity component
is greater than 0,05 @ ). For large disks (R >> O ) this
effect becomes negligible. As‘mentioned earlier, this type
of one-dimensional mass transfer system is particularly
advantageous since the measured transfer rate is a "local

rate, rather than an "integrated" rate.

In the experiments to be described here, the surface
of the rotating disk was composed of a semi-permeable mem-
brane. Since this membrane introduces an additional mass
transfer resistance into the syétem, Levich's simple expre-
sion for the transfer rate of an inert material must be
modified. Using the nomenclature illustrated in Figure

II-1, we can write the transfer rate as:

06, (B~ P.. _ (P G(R-R)| (29
QTinert =‘¢anlj S - Zr _]
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Figure II-1. A Schematic Representation of the

Concentration Profile in the Membrane

" Rotating Disk System, Illustrating the

Nomenclature Used in the Text.
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'
where C‘; is defined by this expression and corresponds to
~ the diffusion boundary layer thickness for a linear concentra-
tion gradient. Membrane properties are available for a wide

variety of gases, in terms of the permeability: -

§m = oOm %m (26)

Substituting in equation (25) and rearranging:

nert = 3~ Ro) (27)
inere (,@,,(,) )|

From Levich's analysis:

/ - - y A
g’, = “*5_3" Re) = 1.6 @%)f‘wé (28)
£ inert
8o equation (27) can be written:
% % 1 -y *
_%E. = [1.61@ Yy G}JQ ° —g"-”— (29)

3

i )
where AP = Ff’, = Poo . Thus a plot of AVJ versus () %
will give a straight line of slopes
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% Y -
m= 108"V & (30)

Z
and an intercept at W - = O equal to ( J'y%). Conversely,

if the difference:

og._[.éf - _5_@_] | (31)

- : '
is plotted against &) % , a straight line through the origin
is obtained, with a slopes ‘

A y
m’ =16l Vv (32)

involving only the diffusivity of the gas in the liquid and
the kinematic viscosity of the liquid.

Both these types of plots will be used to illustrate
the characteristics of inert gas transfer in the rotating
disk system. For the case of transfer of a chemically active
species these simple relations do _not_hold? and it is neces-

sary to solve the original differential equation.

The Rotating Disk Apparatus.

\

The use of a rotating disk system to study gas

transport in whole blood presents two design problems.
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First, a semi-permeable membrane must be used as the surface
of the rotating disk, and second, a rotating bearing must be
exposed to the blood. lThese features must be provided without
altering the performance characteristics of the rotating disk
system. The rotating disk apparatus used in these studies

is shown schematically in Figure iI~2.~ The external housing
is constructed of Lucite and all internal surfaces which cbn—
tact the experimental fluid are made of Teflon, with the
exception of the rotating disk and shaft (stainless steel),
and the bearing assembly (nylon). It is important to pack

the bearing carefully with silicone paste (Dow Corning) before
each experiment. The apparabus 1s maintalned at constant
temperature by a circulating water bath. The rotating portion
lof the apparatus is drawn-in solid in Figure II-2, the remain-
ing pieces of the disk assembly being held stationary by
asgociated equipment. The disk is rotated by a PIC geared-
pulley system driven by a Minafek-Bodine SH-52 variable

gpeed DC motor. The angular velocity of the disk is directly
related to that of the slower moving pulley on the motor, and
this latter speed can be measured visually. A teflon-coated
magnetic stirrer is placed in the teflon pot to provide com-

plete mixing of the fluid when desired.

The opened apparatus is shown in Figure II-3. The sur-

face of the disk is a dacron-backed silicone rubber membrane
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(General Electric Co.), cemented onto the stainless steel
disk body with G.E. RTV 102 cement. This membrane is com-
posed of two half-mil silicone rubber sheets laminated
together to eliminate pin holes, and attached on one side to
a loosely woven mat of 25 dacron fibers to provide mechanical
strength., The diffusional resistances of this membrane to the
gases used in this study are listed in Table II-1. The appear-
ance of a typical disk surface following exposure of the disk
to whole blood for several hours is shown in Figure II-L. The
only visible change is the slight seepage into the edge of
the cemented region, the blood being between the membrane and
" the steel, and not on the membrane surface. This seepage was
always confined to the edge of the disk,'and never reached
the central region of the membrane where the transfer occurred.
The gas inlet hole and circular baffle are barely distinguish-
able behind the membrane. The loosely woven mat of the dacron
backing is clearly visible through the relatively transparent

membrane.

B. Experimental Procedure.

1., General Procedures.

A

In a typical experiment, the fluid to be studled is
preheated and adjusted to the desired gas concentration in

a separate system, and then introduced into the apparatus



Table II-1. Transfer Resistances of the G.E. one
mil Silicone Rubber Membrane at 37.5° C

for the Cases Used in This Study (45).

(54.) = omet (5%
(%),

6 <cm2 sec mm Hg
0.36 x lQ cc (STP)

. 5 _ 6 cm2 sec mm Hg
y@ ) = ’Q.08 x 10 cc (STP)
, | m cos
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Figure II-L. A Typical Rotating Disk Membrane
Follow_ing Exposure to Blood
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via the movable teflon inlet tube. Initially the tube extends
to the botiom of the teflon pot, so that no bubbles will be
formed during the filling. During the final stages of filling,
the tube is raised above the level of the disk surface, and
any remaining gas phase is displaced i‘roxﬁ the apparatus by
tilting ié S0 that the outlet tube becomes the highest point
in the pot. The system is then allowed to come to thermal

equilibrium before the experiment is begun.

During an experimental measurement, wet gas enters the

h the

apparatus throug tainless steel inlet

ube and flow
between thg stationary stainless steel baffle and the rotat-
ing back-surface of the silicone rubber membrane. The gas
flow rate is set high enough to insure that the gas tension
at the back-surface of the membrane is that of the gas enter-
ing tﬁe apparatus. The gas stream leaves the apparatus via
the annular.space between the inlet tube and the wall of the

stationary core of the rotating disk shaft.

Fluid sampies can be withdrawn from the apparatus with a
syringe, through a syringe stopper not shown in Figure II-2.
To supply the fluid to replace thig withdrawn sample, and to
provide a constant hydrostatic pressure at the membrane sur-
face, a reservoir (see Figure II-1-1) ic connccted to the
outlet tube of the apparatus and is filléd with fluid from

the apparatus immediately after displacement of the gas phase.
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The surface level of this second reservoir can be adjusted
to eliminate any pressure difference across the disk membrane.
All fluid connections were made with plastic tubing, and all

gas connections were made with glass tubing.

Three types of gas transfer measurements were made, and
since each involved a different assemblage of auxdliary equip-

ment, each will be discussed separately.

Krypton Tranéfer Measurements.

In these experiments the uptake of radioactive Kr-85 gas
was measured using a Nal (T1) scintillation detector mounted
againgt the side of the disk apparatus. The transfer was
measured as an increase in total activity of the system over
a fixed time of rotation at constant speed. This total
activity includes the radiation from the gas in the core of
the rotating disk. The system was calibrated by comparing
the activity of samples of krypton-saturated water with that
of water taken directly from the apparatus. The details of

these procedures are presented in Appendix II-1.

Oxygen Transfer Measurements.

\
Two types of oxygen transfer experiments were performed.

In the oxygenation experiments, wel oxygen gas was flushed
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over the back surface of the membrane, and oxygen was trans-
ferred to the fluid in the apparatus. The itransfer rate was
determined by measuring the increase in mixed M5, of the

fluid over a known period of rotation at constant rotational

‘speed.

In the deoxygenation experiments, wet nitrogen gas was.
fiushed through the apparatus, stripping oxygen from the
filuid. This trace oxygen gas stream was collected for a
measured period of time at each rotational speed, by displace-
ment of an o:qgen—frae MJ:JSOLL scl\u'bion from specially designed
flasks. The contents of the flasks were then treated chemiw-
cally to react all of the oxygen with an organic indicator
and the total amount of oxygeh in each flask was determined
spectrophotometrically. The details of this procedure are
given in Appendix II-2. |

Carbon Dioxide Transfer Measurements.

In these experiments carbon dioxide was stripped from
the fluid in the apparatus by a wet nitrogen gas stream.
The resulting trace concentration of CO2 in the stream was
measured using a Beckman L/B Infrared Analyzer (Model 15A).
For a fixed i\'low rate of gas, the concentration of the
stream was directiy proportional to the transfer rate. This

measurement is not a time average, but rather an instantaneous
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measurement of the transfer rate, providing an excellent
check on the time required to establish steady state. This
time was assumed to be negligible in the preceding types of
experiments. Indeed, these 002 measurements showed that the
transient behavior of the rotating disk system was limited
to less than the first 2% of the time period reguired to

measure an oxygen or krypton transfer rate.

Source and Treatment of the Blood.

The blood used durding the exploratory phase of this study
was obtained from St. Vincent's Hospital (Los Angeles). It was
the residual blood from an artificial lung (non-membrane type)
that had been used in surgery. The blood was citrated, as well
as heparinized. This blood was found unsuitable for quantitative
studies because it had deteriorated during the course of surgery
(see Chepter III). In order to insure that the condition of the
blood used in the quantitative experiments was more normal and
réproducible, it ﬁas decided to use freshly drawn blood. This
blood was drawn at the lLos Angeles County Blood Bank and con-
tained 50 ml. of L % (w/v) sodium citrate in 500 ml. of whole
blood. Within several hours of the 4time it was drawm, the
blood was preparéd for the experiment by bringing it to body
temperature and adjusting it to the desired gas tension by gently .
bubbling gas through it. Only large bubbles ( d > 0.5 cm) were
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used to minimize protein denaturation and the formation of
residual bubbles. When the blood reached the desired conditions,
it was introduced into thé rotating disk apparatus as described
above. The blood was stirred between experimental measurements
to eliminate sedimentation effects. Samples were taken from disk
height within the apparatus both before and arfter the series of
measurements, and total hemoglobin, methemoglobin, plasma hemo-
globin, hematoecrit, and viscosity were measured, using the pro-
cedures described in Appendix II-3, The average properties of
the blood samples obtained in this way are listed in Table II-2.
The experimental results for oxygen itransfer in different blood
samples were adjusted to these "standard" conditions (with pH=7.L)
go that all the data could be presented on the same plot.
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Table II-2. The Average Properties of the Blood Samples

Taken from the Rotating Disk Apparatus.

Property _ Average Value
Total Hemoglobin 0.136 £ .01 (gm/ml)
Plasma Hemoglobin (Initial) 0.0003 ¥ 0001 (gm/ml)
Plasma Hemoglobin (Final) 0.0013 * .000L (gm/ml)
Viscosity ‘ ©0.030 % .éou (em?/sec)
Hematocrit | 0.41 % .ok

Methemoglobin , 0.002 £ ,002 (gm/ml)



A. The Solubilities and Diffusivities of Kr, O
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CHAPTER TIT

EXPERIMENTAL DATA AND ANALYSIS

29 and 002

in Blood.

In order to compare the transfer rates measursd in the
rotating disk apparatus with transfer rates predicted by
various mathematical models, it is necessary to have values for

the diffusivity and solubility of Kr, 02, and 002 in blood.

The solubility of krypton in waber is readily available
(15,33), énd the solubility of krypton in blood has been thore
oughly studied by Hardewig et al (3L). But no values could be
found for the diffusivity of krypton in either blood or water,
and it was necessary to approximate these values by applying
corrections based on molecular diameter differences (7L) to
aw}ailable information on oxygen diffusivities. Since the mole-
cular diameters of oxygen and krypton are nearly the same, this

correction was always small.

The solubility of oxygen in water is a well-reported
\
property (33), and its solubility in saturated blood (F=1.0)
has been shown to obey Henry's Law (37) with reasonable
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agreement between measured values (72,20). The diffusivity

of oxygen in water_ has been accurately measured at room tempera-
ture (30) ; but few data are available at body temperature. The
simple Stokes-Einstein relation, however, brings the room tempera-
ture data into good agreement with the data available at body
temperature, as shown in Table III-2, ' The diffusivity of oxygen
in whole blood can be estimated using the heterogeneous media
theory discussed earlier, This, in turn, requires values for

the diffusivity of oxygen in both concentrated hemoglobin solution
and plasma. Yoshida et al (85) measured the diffusivity of
oxygen in ox serum at 37° C,. but not in plasma. Thelr results

can be adj.us'bed to values for plasma with the Stokes-Einstein
relation, using the data of Cokelet (10) for the ratio ( Y plasma/
'V serum) 37° ¢ in human serum. The viscosity of ox serum is
within 10% of the value for human serum (Table TIT-1) so using
the human plasma-serum viscosity ratio seems justified. Buckles
(6) has shown that the diffusivity of oxygen in plasma can also
be esgtimated from the diffusivity in water, using the Stokes-
Einstein relation. Values obtained for the oxygen diffusivity

in plasma by both these procedures are given in Table III.Z2,
Goldstick (30) has carefully measured the non-facilitated dif-
fusivity of oxygefl in concentrated hemoglobin solutions at

25° C. In order fo use this information at body temperature,

it is necessary to assume that the temperature dependence of

the viscosity of these hemoglobin solutions is the same as that



Table III-1.

Serum asnd Plasma.
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Published Values of the Viscosity of

7=25% | T=37% Vz/
Var
¥
Vox serun (85) 1.29 cp 1,00 ¢cp 1.29
3
Viunan serun (10) 1.39 cp 1.08 cp 1.29
Yhuman plasma (10) 1.52 cp 1.21 cp 1.26

b based on temperature dependence of water

Human Ox
Vserun
1.57 1.46
Vwa'ber
Y plasma
l.l2 -




.n&@. JO UOT309LI00 UT93SUTH~-SOH0LG ¢

.oi.ano JO UOT}O0LI00 UTOISUTT-SONOIS

-52-

g
rarmqegadue) JOYJOUR 48 SNTRA POINSEOUW UWOLF UOTFOII0Y UTSFSUTH~SSN0LS T
. 3 om _ 0¥
(0£) 0582 38 29s/,Wd . OT X 9L°0 ="
. . . . . 00Tq XO
19°0 090 | 09T | ORI | ¢ oTole - (50) +o el S
3 €
. . . . . . (poo1q uweumy)
£9°0 85’0 OTEY'T | OT¥T2"T -0Tx68°2 GOTKET 2 (0€) *OTASPTOD
[ [ T
d70 oo oowm T 0,L€ oomm
uka%o - & JoquawrIodxy
\% g WQ KANWQ QN\\«N\O% -

*UOT4UTOg UTQOTSous) PslRIquadue) pue ‘euselq ‘iajepy

uT SOT3TATSNIITQ uadfxg pogroday pue pageROTR)

‘2-III OTA®L




~53~

of water. Cokelet has shown this to be true for serum and
plasma, but it is not clear whether this should be true for more
highly concentrated protein solutions.. If this assumption is
made, then the diffusivity ratio (‘60:,@/ ., P) is independent
of temperature and can be calculated at 25° C. Values obtained

in this way are given in Table III-2.

The non-facilitated diffusivity of oxygen in blood, calculated
from the heterogeneous media theory using a value of 0.62 for the
ratio (‘0;7:/?6/ c{% P) s 1s given in Figure III-1., Fatt and La Force
(45) present a m:thod for calculating the effective diffusivity
of oxygen in a system composed of alternating layers of plasma
and concentrated hemoglobin solution, arranged either in parallel
or in series. These values are included in Figure ITI-1 since

they represent two limiting cases.

Values for the diffusivity and solubility of carbon dioxide
in water are available in the literature (74), the diffusivivy
requiring correction to 37.5° C using the Stokes-Einstein rela-
tion. The solubility of carbon dioxide in blood is also known
(78). The diffusivity of carbon dioxide in plasma can be
estimated using the Stokes-Einstein correction, as discussed
earlier, but no values are available for the diffusivity of
carbon dioxide in' concentrated hemoglobin solution. Thus, in
order to use the conductivity equations to calculate "‘%oz, 8

it is necessary to assume the ratio ( "0;*%@;) to be the same



‘002', B/ﬁoz, P

0.5 -

0.4

FRICKE

= e FATT & LaFORCE

H ] | |

Figure III-1.

0.2 0.4 0.6 0.8 1.0
HEMATOCRIT

The Non~Facilitated Effective Diffusivity
of Oxygen in Vhole Blood, Calculated From
the Heterogeneous Media Theory Using the
Data in Table III-2.
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for carbon dioxide as for oxygen.

B. Krypton Experiments.

1.

Results with Water and Freshly Drawm Blood.

The results of the krypton-water experiments are showm
in Figure ITI-2. Each data symbol represents a different
membrane, and data points for several of the membranes
include values before and after exposure for several hours
to freshly drawn blood. No significant increase in membrane
resistance occurred in any of the ezqaériments, and the trans-
fer rates are shown to be reproducible from one experiment to

ancther.

Theoretical transfer rates were calculated using the
reported solubility and estimated diffusivity of krypton in

water. The diffusivity was estimated by correcting the dif-

‘fusivity of oxygen in water, using both molecular diameter

differences obtained from data on properties such as virial

 coefficients, viscosity, and thermal conduetivity (15,39),

and differences in the molal volumes at the normal boiling
point (15). The ratio of the krypton diffusivity to the
oxygen diffusivity was found to be O. 9k .using an average
of the various values in the literabture for the molecular

diameters, and 0.88 using the molal volumes at the normal
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boiling point. Theoretical lines corresponding to each
of these values are drawn on Figure III-2, and both lines
are within the experimental error of the data.

The experimental results for krypton transfer to freshly
dravn blood are also shown on Figure III-2. The data exhibit,
within reasonable experimental error, a linear relationship
% » indicating that non-Newtonian effects on the
fluid 'm.echanical behavior of the system do not profoundly
affect the mass transfer rate over the range of rotational
speeds studied. Moreover, if the effective diffusivity of
krypton in blood is estimated by correcting the inert effec-
tive diffusivity of oxygen in blood, a theoretical line can
be calculated for whole blood. This line is the one shown
in Fﬁ.gﬁre III-2, and falls close to the measured values.

Thus, the convective diffusion of an inert material in flowing

blood appears to be reasonably well described by the equation

of convective diffusion using the velocity distribution calcu-

- lated from the Navier-Stokes equations for a Newtonian fluid,

and using an effective diffusivity obtained from the theory

for diffusion in a heterogeneous media.

Results with Blood Used in Cardiac Surgery.

An exception to the conclusions concerning the membrane

registance occurred in an early, exploratory krypton experiment
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performed with blood taken from a screen-type oxygenator
following use in surgery for several hours. This blood had
been exposed to the trauma associated with gas-liquid inter-
face oxygenators and with the suction device used to clear
the surgical field. Since quantitative characterization

of the blood was not made, only qualitative information can
be drawn from the results. The data, shown in Figure III-3,
are m#nbered in chronological order, each point representing
an increase in elapsed time of ten to fifteen minutes. The
first four points lie on a straight line drawm through the
membrane resistance, as theory predicts. Succeeding points
then show an ordered increase in total resistance AP/J' .
Following the experiment, the membrane was observed to have

‘a gramalar, reddish-brown film deposited on it. The membrane
was kép‘b submerged 1n distilled water while the apparatﬁs

| was cleaned, and an experiment was then performed with
krypton and water, using the fouled membrane. Extrapolation
of this water data gave a new, five-fold higher value for

the membrane resistance, as shown, and a line originating at
this value of the resistance and drawn parallél to the original
" blood line passes near the final data point. Thus, the obser-
ved increase in transfer resistance resulted from the deposit
on the membrﬁne. This effect was never observed in experiments
with freshly drawn blood. The magnitude of this increase in

membrane resigtance, and its growth rate indicate that it
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would limit the useful life of a membrane oxygenator. How
important this effect is in the operation of membrane
oxygenators is an important unanswered question; this effect
would completely change the nature of the transfer process

from a boundary layer limited process to a membrane limited

one.

C. Oxygen Experiments.

1. Results with Water and Freshly Drawn Blood.

The measured oxXygen transfer rates in water at 37.5° C
were found to be within experimental error of the theoretical
transfer rate, for both oxygenation and deoxygenation of the
water. Deoxygenation data obtained from water experiments
before and after use of the disk membranes in fresh blood

~experiments are shown in Figure III-l. Again, the membrane
permeabilities and transfer rates are reproducible to within
a few percent of theoretical behavior, so no significant,
ordered change in the permeability of silicone rubber mem-
branes to oxygen occurs during exposure of the membranes to

Ifresh blood for periods up to four hours.

Some prel;f;.nﬁ_nary experiments were made to study the
uptake of oxygen by partially saturated blood, but the
technique was found unsuitable for several reasons. The

uptake measurements with blood required an accurate knowlédge
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of the slope of the oxygenation curve, and small errors in
the measurement of this curve, introduced large errors into
the transfer rate data. A further limitation was that

| experiments could only be perfomed on blood nearly saturated
with oxygen. Since the oxygen capacity of blood is so great
in the unsaturated region (£, << 150 mm Hg), and the volume
~of blood in the apparatus is so large, experiments with
highly -unsaturated blood would produce immeasurably small
changes in oxygen tension. The few oxygehation experiments
were carried out with nearly saturated blood { £~ 0.9). The
blood oxygenation curve was determined spectrophotometrically
 (l1). The average of the measured transfer rates was slightly
higher than the transfer rate for saturated blood, but the
experimental error was too large to allow meaningful con-

clusions to be drawm.

The oxygen extraction technique was developed to allow
accurate measurements to be made with unsaturated blood.
~ These transfer rate measurements did not require any infor-
mation about the oxygenation curve, since direct measurements -
were made of the quantity of oxygen gas removed from the
blood, The transfer rates measured during the deoxygenation
of several blood samples at various oxygen pressures are
presented in Figure III-5. The data fall near the theoretical
line for oxygen diffusion through blood in the absence of
chemical reaction ("inert" transfer) only at high values
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of Po, w °* Ab low oxygen pressures the measured transfer
rates are more than three times the theoretical inert transfer

rates for the same driving force.

Several effects can be noted in Figure III-5. The shaded
- data points represent data taken at similar values of Poa,co
in a pressure range jusi above the steep portion of the oxy-
genation curve. These two sets of experimental measurements
show first that the transfer rate is reproducible from one
experiment to another. They alsc show that the relationship
between the flux and w—Vz is approximately linear for
oxygen transfer in blood. This linear behavior indicates the
absence of a net chemical reaction term in the conservation
of species equation, as expected, but also suggests that
local chemical equilibrium exists in the system. If local
equilibrium did not exist, the fractional saturation of the
blood would be unable to keep up with the changes in oxygen
pressure through the boundary layer. The degree of chemical
equilibrium would become a function of the residence time of
the blood in the boundary layer, and since the fluid veloci-
ties, and therefore the residence times, depend on the
rotational speed, the transfer rate wowld be expecbed to
exhibit an abnormal dependence on w , br in other words,

: -4
a non-linear dependence on W % .

Even if local equilibrium does exist, it can be shown
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7

that the linear relationship between transfer rate and W
will hold onls; for a constant set of boundary conditions.
Since the shaded data points correspond to¢ approximately
the same boundary conditions, the observed linear behavior

suggests that local chemical equilibrium is approached within

the boundary layer.

Comparison of the Experimental Results with Three

Theoretical Models.

The deoxygenation rates measured in these experiments
were compared with the transfer rates predicted by solutions
to three forms of the general convective diffusion equation
for blood. First, and simplest, is the "inert" model, which
neglects the existence of any reversibly combined species.

For this model the general equation becomes:

L-(r) = B, vVep (33)

or, for the rotating disk system:

.JL' 2p.
KRR o

This is the equation solved analytically by Levich, whose

solution was presented earlier (equation (29) ). The "inert"
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| model has already been shown to describe the convective dif-

fusion of krypton in blood.

The second model not only recognizes the existence of
reversibly combined species, but assumes that a state of
local chemical equilibrium exists. The diffusivity, however,
is assumed to be unfacilitated. For this "local equilibrium"

model. the general equation becomes:

Be(ep + N) = a0, vR 39

¢

or, for the case of oxygen transfer in the rotating disk

system:

[o(,,,+/s4c,,b( )] = o, ﬁy@z (36)

It can be seen from the form of equation (36) that the

effect of .the oxygen-oxyhemoglobin equilibrium is to increase
the gize of the cohvective term when the oxygen tension drops
to values corresponding to the steep portion of the equili-
‘brium curve, since the derivative term, 1.3k Cp, (d’%{Pc,z) ,
becomes large with i‘espect to ©f, g there. Physically this
can be interpreted as follows: At high partial pressures of
oxygen most of the oxygen convected towards the surface of

the rotating disk is present in the immobile form,
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oxyhemoglobin. Only at low oxygen pressure is this enormous
supply of oxygen released as the diffusible species, physically
dissolved oxygen. When this release occurs, diffusion is no
longer able to remove the additional oxygen rapidly enough to
reduce the partial pressure at the same rate as before. There-
fore, the partial pressure remains at a high value until the
distance to the surface of the disk is so small that large
partial pressure gradients are produced, enabling diffusion
to remove the additional oxygen. This effect is shown in
Figure III-6 wﬁere concentration profiles, obtained by numeri-
cally solving (see Appendix ITI-1) the equations for the
inert model and local equilibrium model, are presented for
the case of equal transfer rate. The Po,,oo required in the
local equilibrium case is a fraction of that required in the
| inert case, and the compression of the boundary layer toward
the surface of the disk (y = 0) is obvious. This effect
'bapers. off at higher values of Paa,m for two reasons. TFirst,
. the fraction of the boundary layer in which the oxygen-
oxyhemoglobin equilibrium is active becomes a smaller fraction
of the total thickness. Second, the region where the con-
vective term is enhanced by the chemical equilibrium draws
closer and cipser to the surface of the disk. Since the
velocity Vy :va.ries with the square of the dis_tance from
the disk, the decrease in velocity tends to offset the

chemical enhancement. Concentration profiles at higher P, o
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are shown in Figure III-7, and the difference between the

equili‘orimn and inert cases is clearly reduced.

The third model applicable to convective diffusion in
blood involves the same assumptions as the local equilibrium
model, with the additiqnal feature of completely facilitated

diffusion. The general convective equation then becomes:

D *Y) ¥
(R + N) = &y Ve (Big VP, (37)
¥ .
where o, (P.) is the facilitated diffusivity obtained
P
from the heterogeneous media theory. For the case of oxygen
‘brahsfer, this effective diffusivity is obtained using the

facilitated diffusivity within the red cell:

* 134 Cup | (dFf )
= 8
“0;,,,« am T Qb Xoppc | \dR, (38)
For oxygen transfer in the rotating disk system, equation
(37) then becomes:

c:l/%z
, .
The facilitated effective diffusivity of oxygen in blood,
calculated using equation (38), is shown in Figure III-8

as a function of oxygen tension.
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The measured deoxygenation i‘ates of blood, adjusted to
standard conditions, are compared with numerical solutions
to these three models in'Figure III-9. An additional com-
parison is made with the local equilibrium model calculatéd
‘at pi = 7.8. The carbon dioxide gradients existing in the
boundéry layer can alter the pH of the blood, depending on
the degree of chemical equilibrium, and this would in turn
changé the oxygenation curve, as discussed earlier. The
oxygengfion curve is alsc changed upon removal of carbon
dioxide because of a steric effect on the affinity of hemo-
globin for oxygen (60). The pH 7.8 curve is included in
Figure III-9 to illustrate tﬁe possible effect of these

phenomena on the oxygen transfer rate.

The experimental data lie sligﬁtly above the local
equilibrium curve, bubt not als high as the facilitated local
equilibrium model would predict, perhaps in part due to
effects associated with the simnltaneous CO2 removal. Since
the local equilibrium model is the closest fit, and is slightly
conservative, it represents a good design theory for oxygen
transfer to flowing blood. Thus, while all of the above
mechanisms may be occurring simultaneously in the boundary

layer, the net effect appears to be satiéfactorily described

by the simple local equilibrium model.
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Test of the Local Equilibrium Hypothesis.

Both the local- equilibrium and facilitated local equi=-
librium models assume that a state of chemical equilibrium
exists between the red cells and the surrounding plasma.
The extent of equilibrium possible in an actual red cell-
plasma system can be visualized by determining the distance

a red cell would travel during the time required for re-

' equilibration, following a perturbation in the plasma tension.

This "re-equilibration length" would vary throughout the
boundary layer because of the variation of the velocity Vy .
Since the equilibration rate of red cells with oxygen has

been found to follow a first-order rate law, the characteristic
time during which a specified fractional approach to equili-
brium occurs, can be easily calculated. The product of this
characteristic time and the velocity of the red cell then

gives the "re-equilibration length."

Since Uy wvaries as yz near the lsurface of the disk, a
conservative value of the residence time would be obtained |
using Y» , the total thickness of the region within the
boundary layer where significant chemieal reaction oeccurs
(that is, the region corresponding to £, < 100 mn Hg).
When R, £ 100 mn Hg, 7, equals §, , the diffusion
boundary layer thickness. For this situa‘bion_'a more reas.on—

able value would be obtained using half the boundary layer
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thickness, since the concentration gradient at the edge of
the boundary layer is very small and lack of chemical
equilibrium would not have as 1arée an effect as it would
nearer the surface of the rotating disk, where the concen-
tration gradient is steep. Values of y, obtained from the
nunerical solutions of the local equilibrium model are given
in Figure III-10. The boundary layer thickness is a ﬁmc£ion
of Pa, o because of the compression effect the oxygen-oxyhemo-
globin equilibrium has on the concentration profile. Irom
Figure III-10, the maximum value is seen to be approximately
hO/u for w =10.0 sec"l, 30u for w =19.0 sec"l, and'25/u,
for W = 30.0 sec™l. These values would be expected to lead

to underestimates of the residence times, and as stated above

one half these values would be more reasonable.

The time required for re-equilibration of a red cell in
response to a sudden decrease in plasma oxygen tension can
be estimated from the rate constant &m: measured in red cell
deoxygenation experiments using the Hartridge-Roughton rapid
reaction apparatus. The average of the reported values at
standard physiological conditions is 25 sec™ L, Using this
value, the time, T , required to attain 95% of chemical
equilibrium in response to a perturba‘hioﬁ jis found to be

about 0,1 second.

The re-equilibration lengths can now be calculated. -
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Using the maximum values of Yr given above to obtain Uy ,

the re-equilibration lengths are found to be 1.8, 2.0, and -
3.3 u respectively, for w =10.0, 19.0, and 30.0 sec™ .
Using the more reasonable value of 0.5 Yr to obtain 1y , the

re-equilibration lengths are found to be only a few tenths

" of a micron over this range of w . Thus, a state of near

equilibrium would be expected to exist within the reacting
region Qf the concentration boundary layer, and the use of

a local eé;uilibribm analysis appe.ars to be justified.

Results with Hemoglobin Solution.

Since the numerical solutions to the convective diffusion

equation require values for diffusivities, solubilities,

oxygen-oxyhemoglobin equilibrium curves, etc., and these
values are generally obtained by correcting published values
ﬁeasured at a variety of experimental conditions, it is
important to obtain an independent experimental check on the
errors introduced by these corrections. This was done by
measuring oxygen transfer rates in a free hemoglobin solution,
since Keller and Friedlander (;2) have shown that the facili-
tated local equilibrium model describes the behavior of this
system. A he\moglobin solution was prepared from fresh blood,
using their procedure, and d_eo:qrgenation transfer rate

measurements were made with the rotating disk apparatus.



Table III-L. Measured and Calculated Properties
Used to Describe the Deo:qrg.enation

Experiment with Hemoglobin Solution.

i, Measured Properties:

PH = 7.23
PCO; = 0
y = 0.015 , (cmz/sec)

Cue =  0.087 (gm/cmB)
37.5° ¢

~
1}

IT. Calculated Properties:

a4 = 2.0x 107 (em?/sec)

d""v‘“ = 2.7 x 10—5 (cc(STP)/cm3 mm Hg)

p
]

0.9

0&”5, = 6.7 x 1077 (cma/sec)

(30)
(L)
(60)

(43)



10X 10-5

5X10-5

.002 Hb (cm?sec)

«80-

FACILITATED

50
P02 (mm Hg)

Figure III-11. 'The Effective Diffusivity of Oxygen in the

Hemoglobin Solution Described in Table III-L.
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The measured physical properties of the hemoglobin solution,
and the published properties adjusted to the experimental
conditions are given in Table III-L. The numerical solutions
for both the facilitated local equilibrium model and the
local equilibrium model are shown in Figure III-12, along
with the experimental data. The data lie somewhat below the
facilitated local equilibrium curve, indicating some error

in the ﬁalues used for the physical constants. The data are
definitely not fitted by the simple local equilibrium curve,
however, so the errors introduced during the calculation of
the physical constants are not so large as to make the mechanism
indistinguishable. It is interesting to note that tﬁe facili-
tation effect is larger for the free hemoglobin solution than
for blood. Since the hemoglobin in whole blood is confined
within the red cells, the facilitation effect does not occur

throughout the fluid, and the overall effect is reduced.

D. Carbon Dioxide Experiments;

The results of the carbon dioxide extraction experiments
with water are shown in Figure III-13. The data represent transfer
rates measured before and after use of the membrane in a blood
\

experiment. The theoretical line represents the case of inert

transfer. It is reasonable to expect this model to hold since
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the kinetics of ' the reaction hetween }12003 and 002 are known to
be slow (75). The data, indeed, fall near this line, especially
at high values of (W , when the residence times in the boundary

layer are short. Clearly ne change in membrane permeability

occurred as a result of exposure of the membrane to blood.

The experimental results for carbon dioxide extraction from
blood are presented in Figure III-1L. The transfer rate calcu-
lated for the case of inexrt blood, using the physical properties
presented eai‘lier, is also shown. The measured transfer rates
are much greater than the inert model would predict, as in the
case of oxygen transfer at low oxygen tension. A linear relation-
ship between the transfer rate and w2 is exhibited, again as
in the case of oxygen transfer. As discussed above, this suggests
either a complete absence of local equilibrium or a close approach
to it. The existence of local chemical equilibrium can beA tested
by solving the local equilibrium model, since the carbon dioxide
dissociation curve for blood is available ‘in the literature
(40,62). The dissociation curve representing the conditions
of the blood used in this experiment was presented earlier in
Figure I-3. The use of the local equilibrium theory for carbon
dioxide transfer camnot be justified as comvinecingly ac in the
case of oxygen trgnsfer, since few red cell équilibration—ra’c.e
measurements are available, Only the carbon dioxide uptake rate
is known to have been measured (1h), and that was found to be

about one-third the deoxygenation rate. Since the concentfation
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boundary layer thicknesses for carbon dioxide transfer are

similar to those for oxygen transfer, the re-equilibration lengths
calculated in section III-C-2 would have to be increased by a
factor of three. This would not seriously affect the equilibrium
assumption near the surface of the disk, but would result in signi-
ficant departure from equilibrium near the outer edge of the con-
centration bouridary layer. These re-equilibration lengths are

fpr carbon dioxide uptake, however, and their use to describe
carbon dioxide removal is not necessarily justified. It is impor-
tant to determine whether the removal rates are even slower, as
is the case for oxygen transfer. Only more detailed measurements
of the carbon dibxide equilibration rates can resolve this

question.

The differential equation representing the local equilibrium

model for the case of carbon dioxide is:

cl(nr)co,_ ch’:oa. - cha (37)
'V[ dp,, ]dy = a‘ca,,x‘Oc/ox,e dy?

The mumerical solution to equation (37) is compared with the
experimental data in Figure III-15, along with the solution to
the inert model. \The assumption of local equilibrium clearly
does not account .{‘or all of the measured transfer rate. A
possible explanation for the high transfor rate of carbon dioxide

in blood is that the actual effective diffusivity is larger than
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the inert effective diffusivity obtained from the heterogeneous
media theory. There could be a facilitation effect produced by

the simultaneous diffusion of bicarbonate ion. Of the total

amount of carbon dioxide removed from blood as a result of a
gradient in Peo, , about 65% of it is originally in the form

of bicarbonate. The bicarbonate diffuses to the red cell, where
the catalyst carbonic anhydrase allows it to react to form carbon
dioxide. Thus, along with a gradient in dissolved carbon dioxide,
there will be a gradienf in bicarbonate ion through the blood,

and a facilitation effect similar to that occurring in the oxygen-
oxyhemoglobin system could result from diffusion of the bicarbonate.
If this indeed occurred, the inert diffusivity calculated from

the heterogeneous media theory would be an underestimate, and cal-
culations based on it would not be expected to account for all of ‘
the measured transfer rate. More detailed studies than this would

be required to confirm such a mechanism,

The primary intent of the carbon dioxide study was to obtain
a value for the transfer rate that would occur in a membrane
oxygenator, From this value, the value for the transfer rate
of oxygen, it can then be determined which of the two is the

limiting process. This subject is discussed in the next chapter.
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CHAPTER IV

APPLICATIONS TO ARTIFICIAL LUNG DESIGN

Local Equilibrium Oxygenation.

In the preceding chapter it was shown that the local
equilibrium model leads to a satisfactory design theory for
oxygen desorption from flowing blood. It therefore becomes
reasonable to study the behavior of the rotating disk system
for the case of oxygen uptske by numerically solving the__ local
equilibrium model, providing that the assumption of local equi-
1ibrium is not violated in this new situation. The results of
such a study on "standard blood" are presented in Figure IV-l.
In this computer experiment, Poz,g (the oxygen partial pressure
;)f the gas flushing the membrane) was varied from 100 to 710
mm Hg, and the value of Po;,w for a given flux was determined
Mericdly. The boundary conditions ( Poz‘a, < Po,ﬁ) are
the reverse of those in the deoxygenation experiments. lThe

calculated boundary layer thicknesses were about the same as

for deoxygenation, and since the red cell equilibration rate

for the oxygenation process is known to be similar to

the rate for the deoxygenation process (68,48), a state of near
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chemical equilibrium should also be followed by blood being

oxygenated in the boundary layer of a rotating disk apparatus.

Two effects are evident from the curves in. Figure IV-1:

1. At high Fp,, the local equilibrium oxygena-
tion rate approaches that of inert blood

more slowly than in the case of deoxygenation -

that is, [J/J inert] ony. > _[%inert]

2. The oxygenation rate is especially dependent

deozy.

upon the oxygen tension of the blood fed
into the boundary layer, as evidenced by
the steep slope of the dashed curves, com-

pared to the slope of the inert curve.

The first of these effects results from the wide difference
between the velocities in the unsaturated region of the bound-
ary layer ( o, << 150 mm Hg) for the cases of oxygen uptake
and removal. This effect is shown schematically in Figure IV~2.
During theloxygenation of blood, the unsaturated region forms
the outermost portion of the concentration boundary layer,

\
where the velocity “q; is large. This increases the importance



Ry, (MmHg) DEOXYGENATION

100 |

Poz(mmHg)

100

-vy

~92-

OXYGENATION

Figure IV-2. A Schematic Comparison of the Flow

Velocities in the Chemically Reactive
Region ( Py € 100 mm Hg) for Deoxygena-
tion and Oxygenation of the Concentra-

tion Boundary Layer. o
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of the convective term in equation (6), and since the local
equilibrium effect on the transfer rate depends on convection,
the effect is magnified. During the deoxygenation of blood,
the unsaturated region is next to the surface of the disk,
where the velocity vy is small, and therefore the convective

effect is not as great.

The second effect noted in Figure IV-1l has great signi-
ficance with respect to the design of artificial lungs. If
pure oxygen gas is used to oxygenate blood in the rotating
disk system, and the tension of the blood entering the boundary
layer is raised just 13 mm Hg above venous conditions, the
transfer due to the local equilibrium effect is reduced by more
than 30%, reducing the total transfer rate by almost 15%. For
the same change in conditions, the inert transfer rate is
reduced by only 2%. If arterial blood is introduced into the
boundary layer, the transfer due to the local equilibrium effect
is reduced by 75%, and the total transfer rate reduced by almost
L4o#, while the inert transfer rate is decreased by only 10%.

It is therefore especially advantageous to design an artificial
lung which contimuously introduces blood at low oxygen tension

into the concentration boundary layer.
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B. The Relative Transfer Rates of 02 and '002.

The operation of an artificial lung must be considered
from'k the poinﬁ of view of CO2 removal as well as C)2 uptake.
Using the data presented above for 02 uptake, and the data
presented in Chapter III for 002 removal, the relative rates
of these processes can now be determined. These relative
‘rates wefe calculated for both the case of arterial blood and
the case of venous blood entering the boundary layer, the
blood being oxygenated by wet 02 gas across a 1 mil silicone
rubber membrane. If an artificial lung were to duplicate the
function of the natural lung, it would have to remove enough
carbon dioxide to lower the P“z of the blood from L6 mm Hg
to 4O mm Hg, and simultaneously add enough oxygen to raise
the Po, from 37 mm Hg to 100 mm Hg. To do this, the transfer
rate of oxygen must be about twice that of cerbon dioxide.

The results of the above described calculations, sunmarized

in Table IV-1, show that this condition is exceeded in a silicome
rubber membrane oxygenator by a factor of 2.4 to 4.0 , depend-
ing on the efficiency of the oxygenation process. Thus, the

use of the silicone rubber membrane at atmospheric pressure
results in an excessive loss of 002 from the blood, and as in
the case of non-x\nembra.ne lungs, a back pressure of CO2 would

have to be introduced into the oxygen gas stream. A more



fgble TV-1l. The Relative Rates of Oxygen Uptake and
Carbon Dioxide Removal in Standard Blood
at 37.500, Exposed to Wet Oxygen Gas
Across a 1 mil Silicone Rubber Membrane.

-V - '
(J;-og w z) = 2.90x10 5 (cc(STP)/cm?secl/‘?)
Yy |
(Jo,, w ) venous = 2.h5 x 10"S (ee(STP)/cn'’ secl/z)
blood i
(Jo,w )arterial = l.3x 107 (ce(STP)/em’ secl/z)
blood
Je Je
0z 0a
Condition Jos Jco,, required
Venous Blood . 1.2 2.4

Arterial Blood 2.0 L.O
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fruitful way of reduecing the relative 002 flux would be to
operate the artificial lung hyperbarically. This would not
change the CJO2 concentration difference across the boundary
layer, since there is no CO2 in the oxygen stream, but would
increase the 02 concentration difference, thereby selectively
increasing the oxygen transfer rate. The total pressure of the
system could be raised to the point where the oxygen flux
becane twice the carbon dioxide flux, and then any desired
adjustment in the 002 tension of the blood leaving thé artifi-
cial lung could be made by simply varying this total pressure.
At these hyperbaric conditions, the lung would be operating at
maximum efficlency, as opposed to the case of operation at
atmospheric pressure, where the carbon dioxide transfer rate
must be deliberately retarded. Of course, a hyperbaric lung
would have to allow the highly oxygenabted blood leaving the
boundary layer to equilibrate with the reduced blood outside,
80 that the oxygen tension falls to a sub-atmospheric level
before the blood is decompressed. Otherwise, gas bubbles would

form during the decompressiqn.

Artificial Lung Design.

On the basis of the analysis presented above, the following

‘comments can be made concerning the improvement of the mass
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transfer efficiency of a membrane lung:

1. The nature of the local equilibrium augmenta-
tion of oxygen transfer in blood makes it
especially important to introduce highly
reduced blood into the concent:'c'ation boundary

layer.
2. A silicone rubber membrane lung should be

+ion the 02 and CO2 transfer rates at the

condition of maximum oxygen transfer rate.

These suggestions are made solely from the point of view of/'
improving mass transfer efficiency. The actual design of a
membrane lung must be viewed on a much broader basis, however,
taking into consideration medical, operational and eventually

economic criteria as well.

The major objective in improving the mass transfer effi-
ciency of an artificial lung is to‘ reduce the surface area
contacted by the blood, thereby reducing the protein denaturation

and other interfacial trauma. It must be remembered, however,

that the lung is only one of the devices in an extracorporeal
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circuit. A reduction in lung surface area would become
ineffective when the remainder of the extracorporeal circuit
comprised most of the total surface area. An interesting pos-
sibility for reducing the 'botal surface area in this case
would be the multiple use of surfaces. Heabt transfer and mass
transfer couid oceur sim:ltanéously across the same surface,
and perhaps this suxji‘ace could even be incorporated into the

pumping mechanism.

Reduction in blood trauma can also be accomplished by
developing more compatible surfaces. The long-term use of
an artificial lung depends on this. Adequate mass transfer
is a necéssary condition for the use of a lung, but such a
lung is useable only as long as no irreparable damage is done

to the blood.

Correctly proportioned gas exchange capacity is necessary
to prevent GO2 retention (respiratory acidosis) or 802
depletion (respiratory alkalosis). A valuable feature in
a.ﬁ artificial lung would be a means of varying the relative
rates of O2 and COI2 transfer to allow correction of an imbal-
"ance. As stated above, hyperbaric operation would provide

this without sacrificing the oxygen transfer rate.
!

A consideration of overriding importance in the design of

an artificial lung is the reliability of the device, since it
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will be used to support the life of ths patient. The develop-
ment of a lung with a low priming volume might be of great
benefit in this respect, since such a lung could be replaced

in an emergency without excessive logs of blood from the cirqui‘h.
Another consideration is the overall size of the lung, since it
must be located near the patient in the operating room without
crowding the surgical team. The iung mist also be easy to
operate and control. Some of the current lung designs are so

difficult to operate that widespread use is not possible (27).

Finglly, the design of a membrane lung should lead to a
commercially feasible unit. Complicated construction, the ﬁse
of costly materials, difficult servicing (cleaning, sterilizing,
etc.) can result in prohibitive costs. Perhaps a disposable

"lung is the ultimate goal in this respect.
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CHAPTER V

SUMMARY AND CONCLUSIONS

Principal Results of This Research.

The convective diffusion of axygen, carbon dioxide and

krypton in blood was studied from the point of view of the

| general convective diffusion equation:

Br(an+N7) = -v-3 + FrM“N) (o

Transfer rates oi" these gases in freshly drawn, citrated whole
blood were measured using a rotating disk apparatus especially
designed for this purpose. Analytical techniques were developed
for use with this device, which do not require handling of the
fluid being studied.

The apparatus utilizes a one mil silicone rubber membrane
as the surface of the rotating disk. Since this membrane is
highly permeable to the gases studied, most of the transfer
resistance resultqd from the boundary layer on the membrane
surface. qu:erime;lts performed with oxygen and water confirm

the well-defined behavior of this system.
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The permeability of the silicone rubber membrane was
unaffected by exposure to freshly drawn blood for periods of
up to four hours. The membrane permeability was affected in one
experiment made with blood obtained from a non-membrane oxygen-
ator following several hours use in surgery. The blood corres-
ponderi' to the priming volume and was a combination of the
patient‘s'blood and the original priming volume. After about
two hours operation of the rotating disk apparatus, the resis-
tance of the membrane increased more than four-fold over a
period of about 30 minutes. This increase in resistance resulted
from the deposition of an unknown material from the blood onto

the surface of the membrane.

The results of the transfer rate studies using inert
krypton gas are adequately described by equation (6) » using the
velocity field calculated from the Navier-Stokes Equations and
agsuming that the diffusive flux is given by:

J; % 062,9 VR (38)
where 00:’,5 is evaluated using the theory for conduction in a
stagnant heterogeneous media. These equations should hold for

\
the transport of other inert materials as well.
2

The results for the convective diffusion of oxygen in blood

with simultaneous carbon dioxide transfer, fell slightly above
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the values predicted by' the simple "local equilibrium model™:

W

D (@ R+ No) = 4, &, VB, (39)

Cz

The measured transfer rates were also compared' with both the
maximum value, given by the "facilitated local equilibrium

model®:

T (B +ND) = g, V(& vE) (10)

where a@’;: g includes the effect of oxyhemoglobin diffusion,

and with the minimum value, given by the "inert model®:
D : (L)
5r(R,) = L, Ve

The transfer rate of carbon dioxide in blood was found
to be greater than a simple local equilibrium model would
pfedict. The simultaneous diffusion of HCO'B' may explain this
result. The compl?x nature of the reaction of carbon dioxide
with blood preven‘bs: quantitative development of this theory

here.
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Application of the Resulis.

The variation in the transport properties of the blood.
samples used in this s‘oﬁdy was not large enough to significantly
affect the design criteria for an artificial lung, so the results
presented here should be generally applicable to the design of
these devices. . On the basis of oxygen transfer rates calculated
for a one mil silicone rubber membrane lung, the tra.nsfer rate
of carbon dioxide was shown to be several times greater than
that necessary to restore venous blood to arterial conditions.
Therefore, the operating conditions would have to be adjusted

to bring the oxygenation and carbon dioxide removal rates into

‘balance. It is recommended that the oxygenation rate be increased

by operating the lung hyperbarically, since the efficiency of
the device would then be at its maximum value. It is also
recommended, on the basis of the nature of the local equilibrium
effect occurring during the oxygenation of blood, that the
meulbrane lung incorporate a mechanism for introducing blood at

low tension into the concentration boundary layer.

Further Studies.

\

In order to apply the results of this work to the design

of membrane lungs suitable for long-term use, it will be necessary |
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to study the deposition of material onto the membrane surface
in greater debail. The drasbic decrease in membrane resistance
observed during the isolated experiment described above, and its
rapid occurrence, would severely limit the useful life of a

membrans oxygenator.

Since hypothermia is often used in conjunction with extra-
corporeal circulation, studies on gas transfer rates in flowing
blood at lower temperatures should be performed. The increased
viscosity of the blood at these conditions could affect the

conclusions presented here.

It would be of value to determine the transport properties
of ox;ygen and carbon dioxide in whole blood at various hemato-
crits and temperatures, to test the use of conductivity theory

to avaluate .DC-,, . It would also be of interest to measure

&,

a

,R¢ to determine the extent to which facilitated diffusion
takes place within the red cell. This could be done using

packed red cell layers in the 02 electrode device described by
Keiler and Friedlander (hz); The determination of a@f,z' RC

would be of great significance in the case of physiological gas
transport. The mechanism of carbon dioxide transport in blood
should also be evaluated, since this too would contain important
physiological impiications. Such a study would involve red

cell equilibration rate measurements, as well as detailed transfer.

neasurements.
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The state of knowledge concerning convective diffusion
of gases in blood has now reached the point where it is possible
to compare various convective systems theoretically. It is
suggested that such a theoretical study be performed to compare
stagnation flows against parallel flows, pulsatile flows against
steady flows, etc., within the framework of the design criteria
for artificial .1ungs, to determine the most fruitful areas for
future study. This would represent a break with the empirical
trial and error method used in the past, and hopefully would

result in an acceleration of the design process.
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APPENDIX II-1

THE ¢ COUNTING TECINIQUE USED TO MEASURE

KRYPTON UPTAKE RATES

Introduction.

The rate of uptake of radiocactive Kr-85 was determined by

monitoring the ¥ activity of the rotating disk apparatus. A

Harshaw NaI (T1) Integral Line Scintillation Detector (Type-
125/QGX) was mounted against the side of the disk apparatus and
shielded by two inch lead bricks. The entire experiment was
placed in a ventllated hood, and is shown in Figure IT-1-1. The
scintillation detector was comnected in series to a Baird Atomic
Model 250 single-channel analyzer and Baird Atomic }Model 132
scaler. A Nuclear Chicago Model 1620 B Analytical Count Rate-
meter was'used to monitor counting rates. The analyzer 'was
tuned with a Cs-137 reference source so that the 0.66 Mev peak
was positioned as shown in Figure II-1-2. The equipment
apparently reached thermal equilibrium with the laboratory

after about one day's operation, after which the tuning remained
quite stable. The \‘tuning was checked after eéch experiment, and
the COs-137 peak was always found to be stationary to within * 2%

of the analyzer scale. The window used in counting the Kr-85
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was centered on a portion of the photopesk where slight drifting
would not significantly affect the count rate.

Experimental Procedure.

A portion of the ratemeter output during a typical uptake

experiment is shown in Figure II-1-3. The experimental procedure

wag ags follows:

1. The apparatus was filled with the fluid to

be studied, as described in Chapter II.

2. The background count rate was measured without

Kr gas in the core of the disk., -

3. The stationary disk was flushed with Kr gas
for about 30 seconds, the gas flow was stopped,
and then the total background count rate was

measured.

L. At t=0 the disk rotation and gas flow were
begun simultaneously.
5. After the desired At, the disk rotation and

Kr gas flow were stopped, and the fluid stirred
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6. After obtaining a statistically significant
plateau reading (5 - 10 minutes), the setting
for the rotational speed was changed and steps
Ly through 6 repeated to obtain a new measure-

ment.

Discussion.

Theoretically the instantaneous transfer rate is given by
the slope of the count rate versus time tracing shown in
Figure II-1-3. In practice, it was found more accurate to
measure the initial and final count rates and divide their
difference by 4t. The increase in count rate during each run
was usually sbout 500 cpm. The data were used to calculate the
total transfer resistance of the membrane and boundary layer,
using the equation:

2P _ | (AXAP), (%)
J' B (Rot"Ro)/ G

(42)

vhere C s 1s the geometrical factor relating the dissolved gas
concentration to the measured count rate R , and (4P)y, is

the log mean value of the pressure difference across the membrane

and boundary layer:
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(R/C.)

=R Xy

(L3)

The geometrical factor was determined by comparing the activity

of a saturated water solution with the activity of a sample taken
from the apparatus. The variation of this factor with the activity
of the Kr gas is shown in Figure II-1-k.
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APPENDIX IT.2

A MANGANESE OXIDATION METHOD USED TO MEASURE

DEOXYGENATION TRANSFER RATES

Introduction.

Morgan and Stumm (59) have shown that the oxidation of
Mn (II) by dissolved oxygen at 25° C proceeds heterogeneously
and autocatalytically, with a reaction rate degendent on the
second power of the hydroxide ion concentration. Thus, the
reaction can be controlled by varying the pH of the solution -
at high pH ( > 10) fhe reaction proceeds rapidly, and at low
pH ( < 7) the reaction is effectively frozen. The amount of
oxldized manganese formed is directly proportional to the oxygen
concentration, and is reproducible at a given pH and temperaturs.
The oxidized manganese can be measured spectrophotometrically,

following reaction with o-tolidine.

Experimental Method.

This chemical reaction was adapted for use with the rotating
\
disk system to measure deoxygenation transfer rates. The N2 gas
stream leaving the core of the disk during a deoxygenation experi~ |

ment contains only a trace amount of 02 (about 100 PPM). In order
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to coliect a measurable quantity of oxygen, this gas stream was
made to displace an oxygen-free 1072 1 Mnsoh solution in a
specially constructed collection flask, as shown schematically
in Figure II-2-1. Sufficient gas was collected to displace all
but 36 ml. of the MnSOh solution. The volume of the flask
(250-500 ml) determined the time period of collection, since
the N2 gas flow rate was held constant. The pressure within the
core of the rotating disk was maintained at its normal value by
setting the flow rate of the MnSOL solution leaving the flask
equal to the flow rate of the gas leaving the apparatus. Blanks
vwere obtained in this same way by shunting the N2 gas past the
disk apparatus.

The samples collected in this manner were then treated as

follows:

1. L.0 ml. of oxygen-free IM NaOH were carefully

added to each flask through the syringe stopper.

2. The flasks were shaken overnight to allow all
of the oxygen to diffuse into the liquid phase
and react.

_ \_
3. The reaction was quenched by adding 5.0 ml. of

oxygen-free 60% perchloric acid, and the solution
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developed by adding 5.0 ml. of 0.1% o-tolidine.

L. The resulting yellow solution was diluted
quantitatively to 100 ml., using a solution
containing 8% IM NaOH and 103 concentrated
perchloric acid. The absorbance of this
diluted solution was measured at LLO mu
against distilled water, in a 1 mm cell.
This measurement was made between 15 and 30

minutes after the time of development.

A standard curve, obtained by adding various amounts of
distilled water at known oxygen tension to a series of nitrogen
blanks, is shown in Figure II-2-2. The method is seen to be
quite accurate over the desired range of oxygen concentrations

(1-3 /umoles). The absorbance of a typical nitrogen blank was

10.03 T 0.01. The development time for the o-tolidine reaction

was determined by following the absorbance of a single sample

with time, as shown in Figure II-2-3.

Discussion.

The only difficulty encountered during this analysis
resulted from the use of greased standard taper joints in the

collection ﬂasks._ " The grease was ‘taken up by the solution
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during the shaking procedure and subsequently coated the silica
cells during the absorbance measurements. Apiezon grease was

found to reduce this problem, but the use of plastic joints

would eliminate it completely.
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APPENDIX ITI-3

BLOOD ANALYSIS PROCEDURES

Introduction. : .

In order to characterize the blood used in the experiments
described in Chapter III, the following series of chemical and

physical measurements were made.

Hemoglobin.

The total blood hemoglobin was measured spectrophotometrically
by converting all the hemoglobin to cyanmethemoglobin (31). The
concentration of methemoglobin originally present in the blood
vas determined in a separate spectrophotometric analysis (32),
and the total ferro-hemoglobin was obtained from the difference
between the two analyses. The methemoglobin concentrations were
always less than two percent of the total hemoglobin conéentra-
tion. The total plasma hemoglobin was also measured using the

cyammethemoglobin method.

The cyanmethemoglobin method was standardized using the
: \

whole~blood iron méthpd of Comnerty and Briggs (13). Since

about 99.5% of the total iron in blood is contained in the hemo-

globin molecules, a determination of the total iron provides an
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accurate measure of the hemoglobin concentration. The results
of the iron analyses for the hemoglobin standard solution are
shown in Figure II-3-1. This ca.librate.d hemoglobin solution was
then used to prepare a series of cyammethemoglobin solutions,
giving the standard curve shown in Figure 1I-3-2., These cyan-
methemoglobin standards were stored in a refrigerator, and their
absorbance was observed to remain constant during the period in

which the hémoglobin analyses were made.

Hematocrit.

The hematocrits of the blood samples were obtained in two
ways - by centrifugation in 1 mm diameter capillary tubes with
subsequent visual measurement of the relative volume fraction
of the packed red cells, and by Coulter counter measurement of
the actual mumber of cells (5). The Coulter counter measure-
ments always gave a somewhat smaller relative volume (about -0,02),
when multiplied by the normal red cell volume (85 2 3 ). The
average of the two numbers was used in the calculations. A

typical red cell éize distribution is given in Figure II-3-3.

Viscosity.

\

The viscosity of the blood samples was measured using two

Cannon-Fenske glass capillary viscometers. The standard procedure



‘uoJay Te30] J03J pogary sdSTap—Lq.I9UU0)
oy} SUTs) UOTIN[OG PIEPUERLS UTQOTIOUSH ouj Jo UOTIesdfrey eyl °[-¢- I oIndTd

‘v-v

~12h-

L0 90 Go

v0

€0

20

I'0

NOILNTOS NIEOTOOW3H -+
SOYVANVLS NONI

@)

Q

o
o

o
)

o
<

(wb7) NOILYYLNIONOD NOHI



*SUOTREUTULISGR( UTqoTdoudy
T830] 22Ul UT PIS[} 9AIN) PJIBPUB]G GMQOHw.oEmSo»mEG@nu ayy *Z2-€-IT exndty

Ov-v
90 Y0) 0 ¢'0 - 20 I'0 0

=125~

1 _ | I

(lw/Bbw) NOILYHLNIONOS NIGOTI9OWIHLIWNYAD




-126~

400 - -

(60
O
o

200

100

PARTICLE CONCENTRATION (n1™)

0 | " | ]
0 50 100 150

MINIMUM VOLUME (u3)

Figure II-3-3. The Red Cell Size Distribution of a
' v Typical Blood Sample, Adjusted to
*  Normal Red Cell Volume.
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~rates in the viscometers were estimated to be 1000 and 500 sec”
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described in ASTM D LL5 - 65 was followed as closely as possible,
using standard laboratory equipment. The viscometers were cleaned
with chromic acid "cleaning solution" between experiments, and
ringed with reagent grade acetone before drying. The viscometers
were suspended vertically in a constant temperature water bath

set at 37.5° C. The calibration constant for each viscometer was
determined using two National Bureau of Standards calibrating
liquids bracketing the viscosity of the blood samples. ‘The cali-
bration constants were found to be 1.73 * 0.03 x 107k (em/sec)®

and 1.11 * 0.02 x 10"1‘l (cm/sec)2 for viscometers #100 and #200

respectively. Two viscometers were used to insure that the

Newtonian viscosity (high shear) was measured. The wall shear
1

respectively, using the relation:

. (a)(am) '
b’m - _2:‘_‘T"‘_" (M&)

Both these values are in the range of near Newtonian behavior for
blood flow in capillary tubes (58), and indeed the two measured

values for the viscosity of blood always agreed within experimental
erroxr.

\

pH and Gas Tensiong.

The pH, f%, , and Fp, were measured using the Radiometer

Gas Monitor pHA 927 with thermostatted microelectrodes E5021
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5036, and 50L6. The oxygen and carbon dioxide electrodes were
calibrated using dissolved gas solutions obtained by bubbling
calibrated gas mixtures through distilled water in a device

maintained at the electrode temperature (37.5° C).

b



-129-

APPENDIX III-1

NUMERICAL SOLUTION OF THE CONVECTIVE

DIFFUSION EQUATION

A, Introduction.

In order to analyze the experimental results described
above, it was necessary to solve the convective diffusion
equation for several theoretical "models." The general form of

the differential equation is:

%D; c/R
Qd_;;_ = A(yd (L5)

where A includes the velocity profile and the non-linear terms
describing each model. This equation was solved numerically

using the IBM 709L digital computer.

B. Method and Results.

Equation (45) was solved by expressing it as a system of

linear i‘irst-orde:q differential equations:

dY, _ \ d. _ 7
EZ R A -
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——

A is the function A calculated at each mmerieal interval,
assuning ( df/de) to be constant over the interval. The boundary
conditions Y/ (0) and ¥(0) are used to start the integration at
y= O , and the integration is carried out until the computed
value of ):g (ie. d%y ) approaches zero. The value of Y, at
these conditions is then the value of P‘-,m corresponding to the
specified boundary conditions.

The numerical procedure used to solve this system of first
order equations (63) employs a variable interval size with auto-
matic error control. The method of Runge-Kutta=-Gill is used to
start the integration, and is used to restart the process whenever
the interval size is changed. During the period of fixed interval
size, the more efficient Adams-Moulton predictor-corrector formulas
continue' the integration. Both the Runge~-Kutta-Gill method and
tﬁe Adams-Houlton method incorporate double preclision calculations
to control round-off error. An upper bound on the truncation error
in the Adams-lMoulton method is input to the program. This is equiv-
alent to specifying the number of significant figures which are to
be preserved locally throughout the integration. These values
were chosen so that the total error for the integration of the
"inert r:io:iei“ was leas than ¥ 0.5%, and so that the precision of
solutions for the"'local equilibrium model" over the experimental

‘range of w was * 24.
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NOMENCLATURE

radius (cm)

area (cmz), or absorbance

hemoglobin concentration (gm/ml)

count-rate geometric factor (cpm/cc{STP) )
diameter (cm)

diffusivity of Z in fluid # (em®/sec)
fractional saturation of hemoglobin

Sveringhaus pH factor

hematocrit

transfer rate (cc(STP)/cm® sec)

diffusional flux of 7 (cc(STP)/em® sec)

chemical reaction rate with species

(cc(STP)/em sec)

red cell equilibration rate constant

length (cm) |

concentration of dissolved material (cc(STP)/cm3)
total concentration of reversibly bound material
(cc(STP)/cn?)

partial pressure (mm Hg)

total pressure difference = /?J P R, (mm Hg)
R ]

. count rate (cpm)

time (sec)

temperature (°C)
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- velocity (cm/sec)
= _volume of the rotating disk apparatus (cm3 )

normal distance from the disk surface (cm)

~location of the edge of the reactive region within cgc |

solubility coefficient (cc(STP)/em® mm He)
1

shear rate (sec”

stoichiometric factor

concentration boundary layer thickness

hydrodynamic boundary layer thickness
= membrane thickness
= angular velocity (sec™)

= viscosity (gm/cm sec), or symbol for micron

total pressure (mm Hg)

kinematic viscosity (cmz/sec)

permeability

N Y XX E e ] w <
I

characteristic re-equilibration time (sec)

Superseripts:

* equilibrium value

Subs cripts:

1: = sper;ies L
. J = reaction with species j
B =

blood
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red cell
serum

plasma

total

gas phase

membrans, or at membrane' surface
outside concentration boundary layer
wall value

in y - direction
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