Steady State Diffusion of Oxygen in Red
Blood Cell and Model Suspensions

Experimental measurements were made of the steady oxygen permea-
tion rate through films of nonreactive and reactive dispersions, including

suspensions of red blood cells. The data compare well with a theoretical
analysis which incorporates a one-step reversible reaction within the dis-
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persed phase. In the absence of reaction, the red cell permeability could and

be treated as that of a concentrated hemoglobin solution. For reactive sus-
pensions of red cells or water-in-oil emulsions containing hemoglobin at
25°C, substantial facilitation of oxygen transport occurred when oxyhemo-
globin gradients were steep, but both the data and the theory exhibited

KENNETH A. SMITH

Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

considerably less facilitation than would be suggested by an equilibrium

analysis.

SCOPE

The rate of oxygen transport in red blood cells and
through whole blood is of biophysical and physiological
interest. A quantitative understanding of this process is
important in the design and analysis of extracorporeal
blood oxygenators because the blood phase invariably
constitutes the dominant resistance to mass transfer. The
red cell contains a concentrated solution of hemoglobin
in which the diffusion coefficient of oxygen is substan-
tially reduced from its value in water or plasma, and it
is surrounded by a membrane which may, in addition,
offer a significant resistance to oxygen diffusion. Within
the red cell, oxygen reacts reversibly with hemoglobin
to form oxyhemoglobin, and the parallel diffusion of
oxyhemoglobin may augment oxygen transport above that
expected from purely physical diffusion. Although the
topic is venerable, uncertainty still surrounds the rela-
tive importance of these factors.

Experimental measurements were made of steady state
oxygen permeation through red blood cell and model
suspensions. Results were compared with a theoretical
model for oxygen transport through a dilute suspension
of spheres in the interior of which the reaction O, + Hb
2 HbO, occurs, The objectives were to assess the rela-

tive importance of the mechanisms influencing transport,
in particular the extent of facilitated oxygen transport
in the red cell, and to evaluate the adequacy of the
theoretical model and available physicochemical param-
eters.

Measurements were made with one-dimensional sup-
ported vertical films of known thickness under quasi-
steady conditions. Volume fraction of dispersed phase
was varied over a wide range. Materials investigated in-
cluded nonreactive synthetic dispersions of known physical
properties, reactive synthetic water-in-oil emulsions of
known particle size distribution containing hemoglobin
solution in the dispersed phase, and suspensions of red
cells in buffered isotonic saline exposed to oxygen partial
pressure boundary conditions covering both reactive and
nonreactive regimes. Nonreactive suspensions were em-
ployed to provide verification of theory and transport
parameters without the additional complication of chem-
ical reaction. Synthetic reactive emulsions were prepared
with a hemoglobin concentration for which hemoglobin
diffusivity was known more accurately than in the red
cell; in addition, particle shape conformed exactly to that
employed in the model.

CONCLUSIONS AND SIGNIFICANCE

Agreement between theory and data was excellent for
nonreactive synthetic suspensions (Figure 4); the same
was true for nonreactive red cell suspensions (Figure 35)
when the red cell oxygen permeability was taken to be
that of a hemoglobin solution at the same concentration
as the red cell interior and the cell membrane resistance
was ignored. The average permeability of red cell suspen-
sions (Figures 7, 8, 9) depended upon oxygen partial
pressure boundary conditions. Substantial facilitation oc-
curred in the presence of a large oxyhemoglobin gradient
relative to the oxygen gradient. The data fell midway
between the predicted limits for a nonreactive suspension
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and for reaction equilibrium throughout the red cell.
Agreement with a model which incorporated one-step
oxygenation kinetics was surprisingly good; the data scat-
tered between the curves predicted for spheres of 1 and
4 pm radius. Little facilitation occurred with oxyhemoglo-
bin gradients simulating physiological conditions. With re-
active synthetic emulsions (Figure 10), average permeabil-
ity increased with particle size, thereby confirming a depar-
ture from reaction equilibrium in the dispersed phase.
Agreement with theory was satisfactory, but the model
underpredicted the average permeability somewhat. Better
agreement can likely be achieved with an improved ki-
netic model. However, more accurate knowledge of the
hemoglobin diffusion coefficient is required before defini-
tive conclusions can be drawn.
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BACKGROUND

Augmentation of oxygen transport by hemoglobin and
myog.obin solutions has been observed under transient
(Klug et al., 1956a) and steady state (Wittenberg, 1959;
Schoiander, 1960) conditions, Numerous investigations
(for reviews, see Wittenberg, 1970; Kreuzer, 1970; Schultz
et al, 1974; Goddard et al., 1974) indicate that the
phenomenon results from parallel diffusion of oxyhemo-
globin; immobilized hemoglobin is unable to facilitate
oxygen transport (Colton et al, 1973). Roughton and
coileagues (Nicolson and Roughton, 1951; Longmuir
and Roughton, 1952; Klug et al., 1956b) have contended
that augmentation is insignificant at physiological hemo-
globin concentration, but recent analyses (Moll, 1968;
Kutchai, 1973; Spaan, 1973) employing more reliable
diffusivity estimates suggest that facilitated transport can
be significant during transient oxygen uptake or release
by red cells.

Qualitative evidence for augmentation of steady state
oxygen transport across layers of blood and packed red
cells has been reported (Scholander, 1960; Hemmingsen,
1965; Moll, 1969). Measurements of Kutchai and Staub
(1969) with packed red cells and hemoglobin solutions
at 22°C suggest that oxygen and hemoglobin diffusivities
are identical in intact red cells and in hemoglobin solu-
tions of the same concentration, and that the oxygen-
hemoglobin reaction is at equilibrium within the cell.
By contrast, Keller and Friedlander (1966) argued, on
the basis of prior analysis (Friedlander and Keller, 1965),
that the oxygenation reaction is far from local equilib-
rium in a system of red cell dimensions. Spaeth and Fried-
lander (1967) reported higher oxygen flux during blood
deoxygenation than predicted for a nonreactive suspen-
sion but less than that predicted if local equilibrium pre-
vailed. Keller (1969) subsequently cited data indicating
no facilitation in the red cell, even with large oxyhemo-
globin gradients.

Measurements with a rapid reaction flow apparatus
(for example, Hartridge and Roughton, 1927; Roughton,
1959; Forster, 1964) suggest that the red cell membrane
is an important oxygen diffusion barrier, but these find-
ings are clouded by the possibility of significant mass
transfer resistance in the liquid surrounding the red cell
(Koyama and Mochizuki, 1969; Mochizuki, 1970). Kreu-
zer and Yahr (1960) found no difference between oxygen
uptake rates by layers of packed red cells and of hemo-
globin solutions of identical concentration. Their results,
and those of Kutchai and Staub (1969) and Stein et al.
(1971), suggest that the oxygen diffusion resistance of
the red cell membrane is insignificant.

Quantitative investigations are few. Studies with blood
in laminar flow (Weissman and Mockros, 1967; Spaeth
and Friedlander, 1967; Buckles et al., 1968; Colton and
Drake, 1971) have yielded estimates of effective oxygen
diffusivities, but these results may be influenced by
shear induced augmentation effects (Keller, 1971; Colton,
1976). Marx et al. (1960) reported a single diffusivity
from measurements of oxygen uptake rates by a stagnant
horizontal layer of initially deoxygenated whole blood.
The diffusivities measured by Hershey and Karhan
(1968), also under transient conditions, were uniformly
higher than those subsequently reported by Stein et al.
(1971) from steady state measurements across films of
red cells. Both studies were carried out at high oxygen
partial pressures to ensure complete oxyhemoglobin satu-
ration.

The model of Fricke (1924) for conduction in a dilute
suspension of randomly oriented oblate spheroids has
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been applied to transport of oxygen (Buckles et al., 1968;
Spaeth, 1970; Stein et al., 1971) and of ionic {Chilcote,
1971) and organic (Colton et al., 1970, 197!) solutes
in blood under nonreactive conditions. The riodel de-
rived by Maxwell (1881) for a dilute suspznsion of
spheres and the model of Fricke give similar numerical
estimates when applied to the red cell (Stein et al,
1971). La Force and Fatt (1962) incorporated the effect
of equilibrium facilitation into the permeability of the
red cell in models comprised of series or parallel ar-
rangements of plasma and hemoglobin solution; later
(Fatt and La Force, 1963) they used a semitheoretical
expression (Meredith and Tobias, 1962) for « suspen-
sion of oblate spheroids. Spaeth and Friedlander (1967)
similarly incorporated equilibrium facilitation into the
model of Fricke. Departure of the oxygenation reaction
from equilibrium has not previously been explivitly con-
sidered as a factor which influences the rate of steady
state oxygen transport in red cell suspensions.

THEORY

In a previous paper (Stroeve et al., 1976a), we have
developed a general analysis for steady state diffusion
through a heterogeneous dispersion in which a carrier
species contained within the dispersed and/or continuous
phases reversibly reacts with the permeating solute, The
analysis incorporates finite-reaction kinetics and a resist-
ance to interphase transport of the permeating solute.
For the present study we consider a dilute random dis-
persion of spheres of volume fraction ¢, radiu: a, and
oxygen permeability Py situated in a ccentinuous phase
of oxygen permeability P, with no interfacial resistance.
The sphere diameter is assumed to be small compared
to the overall thickness L of the dispersion. The interior
of each sphere contains a solution of hemoglobn which
undergoes reaction with oxygen according to the simple
bimolecular scheme

ky
O, + Hb = HbO, (1)
k1
for which K = k;/k.; is the equilibrium constunt. The
diffusivities of Hb and HbO, are taken to ke equa:.
One-step kinetics has had widespread use in describ-
ing oxygen uptake and release (Gibson, 1959), although
it leads to a hyperbolic, rather than sigmoidal, oxyhemo-
globin saturation curve, and it is an oversimplification of
the true mechanism. The four-step scheme of Adair (1925)
is more accurate and has been employed to describe
transport in hemoglobin solution (Meldon et al, 1973;
Stroeve, 1973), We have retained use of Equation (1)
to assess its utility for predictive purpose because of its
advantages of simplicity and the availability of kinetic
parameters for a range of experimental conditions {Bauer,
1971).
From Stroeve et al. (1976a), the solution for tle effec-
tive permeability of the suspension P is

Per  2—2¢+ p(1+ F)(1+2¢)

= 2
P, 2+ ¢+ p(l+F)(1—4¢) @)
where
P,
p= P: (3)
Peff = Deffaeff (4)
aetr = pog + (1 — ¢)ac (5)
FeqY
F =
1+Feq(l—7) (6)
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TasLE 1. ResuLts with HoMoGENEOUS MATERIALS, 25°C

Measured oxygen

Material permeability (P)
cm3 (STP)
—_— e 107
cm X s X atm
MEM-213 membrane 12.0
Distilled water 6.27 = 0.18
Isotonic phosphate buffer 6.00 = 0.12

Calculated
diffusion
coefficient* Literature value
cm?
— X 105
s
P = 121 X 10-7
(General Electric Co.)
2.22 + 0.06 Doy = 2.13 X 10—5
(Goldstick and Fatt, 1970)
2.20 = 0.04 Doy = 2.07 X 105

(Isotonic saline, Goldstick and Fatt, 1970)

¢ Calculated from permeability with @ = 0.0283 cm®STP)/(cm® X atm) for oxygen in distilled water and 0.0272 cm3STP)/(cm® X atm) in iso-

tonic saline (Altman and Dittmer, 1971).

A2 (a) A

= 7
Y A2 a A (7
CED P

a? A a
\ = [ kiagp® + k—y kik_1a4Cr ]_""
- Dy Pal(klﬂldlfAE + k-1)

(8)

As a/\ — 0, physical diffusion dominates, F' approaches
zero, and Equation (2) then reduces to the relation de-
rived by Maxwell (1881). As a/A» — o, the reaction
approaches equilibrium everywhere within the sphere,
and F attains its maximum value

DunwKCr

Feq = (9)
T Doy(1+ Kagp®)?

The derivation of Equation (2) proceeded via the
linearization of Friedlander and Keller (1965) which
is valid (Smith et al, 1973) so long as the difference
in partial pressure across each sphere is small compared
to the local value at its center p®. Since P is a func-
tion of p*®, the average permeability which obtains when
a finite partial pressure difference p; — p; is imposed
across the suspension is given by

J: Pegedp

P1— P2

Evaluation of Py requires numerical integration except
for the equilibrium limit which has been obtained in
closed form (Stroeve et al., 1976a).

off =

~

(10)

EXPERIMENTAL METHODS

Materials

Experiments were carried out with nonreactive aqueous
dispersions and oil-in-water emulsions which covered a wide
range in p and which were compatible with the apparatus.
Dispersions of Teflon 120 FEP (fluorinated ethylenepropylene)
and of Teflon 30 TFE (tetrafluorothylene) in aqueous media
containing 5 to 7% (w/v) surfactantes were obtained from E. L.
duPont de Nemours and Co. Dispersions of polystrene latex
beads were prepared by emulsion polymerization of styrene
monomer using the procedure in Table 1 of Woods et al
(1968). Volume fraction dispersed phase was varied by addition
or removal of continuous phase (the latter by centrifugation of
the dispersion) and was evaluated from the densities of the
dispersion and continuous phase as determined by pycnometry.
Particle size was evaluated by electron microscopy.

Emulsions were prepared with an emulsator (Becher, 1967)
consisting of two syringes connected by a double-hubbed needle
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through which the mixture to be emulsified was repeatedly
passed. The following systems were employed: castor oil
(Fisher Chemical Co.) castor oil with 10% (v/v) Span 80
surfactant (ICI America, Inc.), and Wesson vegetable oil
{Hunt-Wesson Foods, Inc.), all in aqueous solution containin,

10% (v/v) Tween 40 Surfactant (ICI America, Inc.,); an

P1D fluorocarbon (perfluoro-1,4-diisopropoxybutane, Allied
Chemical Co.) in aqueous solution containing 50 g Pluronic
F68 surfactant (BASF Wyandotte Corp.)/l of water. Droplet
size was measured by optical microscopy. Details of emulsion
preparation are available (Stroeve, 1973).

Blood from O+ donors in good health was obtained from
the blood bank of Massachusetts General Hospital (Boston,
Mass.), stored in standard vinyl bags containing ACD solution
at 4°C, and used within 7 days of collection. The blood was
centrifuged at 5000 X g for 15 min at 4°C, and the plasma
and buffy coat were discarded. The red cells were washed four
times with phosphate buffer (pH 7.2) made isotonic to plasma
with sodium chloride, recentrifuged, and then diluted to the
desired hematocrit with buffer (final pH about 7.0). The
entire preparation procedure required 2 hr. Hematocrit was
determined by centrifugation in heparinized glass capillary
tubes at 17 000 X g for 5 min and measurement of the resulting
heights of packed red cells and plasma. Hematocrit was
remeasured after permeation experiments; in no case did hemol-
ysis account for more than 1% of the original red cells. To
inhibit bacterial growth, all plastic ware contacting blood was
rinsed with 1% (v/v) formaldehyde solution and with saline
prior to use, and 0.01% (w/v) streptomycin sulfate (Richterich,
1969) was added to red cell suspensions.

Oxyhemoglobin saturation curves at 25°C were measured
in parallel with the permeation experiments. Aliquots were
placed in stoppered flasks and exposed to a flow of humidified
air or humidified nitrogen under gentle agitation at 25°C.
After equilibration, small volumes of fully saturated and fully
deoxygenated suspensions were mixed to produce specified
saturations between 0 and 100%. Oxyhemoglobin saturation
was measured with an IL 182 CO-Oximeter (Instrumentation
Laboratory, Inc.); pH, pos, and pco, were measured with a
BSM Blood Micro System (Radiometer).

Hemoglobin solutions were prepared from washed packed
red cells by three cycles of freeze thawing in a salt-ice slush
at —10°C. The solution was centrifuged at 11000 X g for
30 min to remove red cell stroma; the supernatant was then
diluted as needed with isotonic phosphate buffer. Hemoglobin
was converted to nonreactive methemoglobin when desired by
addition of 1.05 moles of potassium ferricyanide/mole of heme
(Antonini and Brunori, 1971). Total hemoglobin concentration
was measured by the cyanmethemoglobin method (Richterich,
1969). The measured hemoglobin concentration in the red
cells was its normal value, 33 == 1 ¢/100 ml solution.

Reactive synthetic water-in-oil emulsions of known but
polydisperse size distribution were studied to permit a quanti-
tative test of theory. The aqueous phase (pH 7.0) contained
16.3 g hemoglobin/100 ml solution so as to maximize facilita-
tion while providing a more accurate estimate of oxygen
diffusivity than is possible at physiological concentration. The
oil phase was similar to that used for preparing liquid-
surfactant membranes (Li and May, 1972): 90% (v/v) S100N
(a mixture containing primarily paraffins, naphthenes, and
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aromatics) and 5% ENJ-3029 (a high molecular weight amine),
both manufactured by Enjay Chemical Co.; and 5% Span 80.
A fine emulsion (40 ml total volume) was prepared by drop-
wise addition of hemoglobin solution to the oil in a 100 ml
beaker agitated by a 3 cm diameter turbine impeller at 400
rev/min, after which the system was agitated at 1 000 rev/min
for 7 min. After standing 30 min, the foamy layer was skimmed
off. A coarse emulsion was prepared by substituting a 4 cm
diameter magnetically driven stirring bar and by agitating at
400 rev/min for 8 min after addition of hemoglobin solution.
Particle size distribution was evaluated by measuring more
than 500 particles via optical microscopy. Emulsification caused
some deactivation of the hemoglobin, perhaps from denaturation
at the water-oil interface; the remaining activity was measured
by the Van Slyke gasometric technique (Van Slyke and Neill,
1924).

Apparatus

Gas permeation rates were measured with the apparatus
shown in Figure 1. The material under study was supported
vertically in a sample holder between two chambers, and a
sample of the continuous phase was placed in the saturator to
prevent evaporation from the liquid film. The system was first
evacuated to the vapor pressure of the continuous phase, and
the leak rate in the downstream volume (25 cm3) was deter-
mined. During this period, virtually all carbon dioxide was
removed from the red cell suspensions. After equilibration at
the desired downstream partial pressure of the permeating
gas, the partial pressure in the upstream volume (about 3 000
cm3) was increased, and the downstream partial pressure
was monitored with a Baratron Type 77 capacitance manom-
eter (MKS Instruments) sensitive to =1 um Hg. The up-
stream pressure, which changed minimally during the course
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of a run, was measured with a mercury manometer and read
to within 0.1 mm Hg with a cathetometer. After an initial
transient period, but before a substantial pressure increase
occurred, the system became quasisteady, and the rate of
pressure increase was independent of time. Oxygen partial
pressure was calculated b&f subtracting the known continuous
phase vapor pressure and the pressure rise due to leakage
(less than 5% of the total) from the measured total pressure.

All experiments were carried out at 25°C unless otherwise
specified. The sample holder, saturator, and downstream col-
lection volume were placed in a constant temperature water
bath maintained within +0.001°C by a YSI Model 72 propor-
tional temperature controller (Cole-Parmer); temperature
change was measured to the same precision with a Beckman
differential thermometer. Precise temperature control was nec-
essary to prevent variation in vapor pressure for the liquid
in the saturator. The remainder of the vacuum apparatus was
enclosed in an insulated wooden box maintained about 3°C
above the water bath temperature to prevent liquid condensa-
tion in the apparatus, especially in the capacitance manometer
pressure sensing head.

Details of the sample holder are shown in Figure 2. The
liquid film was contained in a volume defined by a rubber
gasket placed between two identical MEM-213 silicone-
polycarbonate membranes (General Electric Co.) of 25 or 50
pm thickness. The membranes were supported by disks of low-
density (91% void fraction) nickel foametal (General Electric
Co.) inserted in Plexiglas plates. All contacting surfaces were
first coated with a thin film of silicone vacuum grease, and
the entire assembly was tightly clamped between metal plates.
The desired liquid film thickness (450 to 2200 um) was
assured by placing circular metal spacers in holes around the
periphery of the slightly thicker gasket. The area available
for transport was 25.5 cm?. Liquig was introduced into and
removed from the assembled sample holder through two filling
ports with a syringe. The membrane was punctured and liquid
was passed through a slot in the rubber gasket; filling was
carried out slowly to prevent entrapment of bubbles.

A vertical film was selected so that any sedimentation or
creaming occurred in a direction perpendicular to that of gas
transport. Significant phase separation occurred in some systems
with ¢ <04. The sample was redispersed just prior to in-
troduction of the permeating gas by rotating the sample holder
180 deg. around its axis. In no case was the height of clear
continuous phase at the end of a run more than 10%% of the
total film height.

The mass transfer resistances of the gas phases and the
porous foametal supports were negligible in comparison to
that of the liquid film. The contribution of the membranes
was small but finite, and the partial pressure drop Apm across
each membrane was calculated from

P
N = — AApm (11)
Lm
The calculated gas partial pressure at each liquid-membrane
interface was then used to evaluate the average film: perme-
ability from

7’-eft‘
L

N= A(ps — p2) (12)

RESULTS AND DISCUSSION

Homogeneous Materials

Results with homogeneous materials are summarized
in Table 1. The measured oxygen permeability of the
MEM-213 membranes agreed well with the value re-
ported by the manufacturer. The permeability of distilled
water and of isotonic phosphate buffer was measured
with a variety of film thicknesses (655 to 2330 um)
and po, driving forces (15 to 190 mm Hg). The calcu-
lated diffusion coefficients were in good agreement with
those of Goldstick and Fatt (1970) and witkin the
range of reported values, 1.87 to 244 X 1075 cm?/s
(Goldstick and Fatt, 1970).
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TABLE 2. PROPERTIES OF NONREACTIVE SYNTHETIC SUSPENSIONS, 25°C

System Dispersed Permeability Particle size
number phase cm®(STP)/(s X cm X atm) X 107 dy = v, um
Py P
1 Polystyrene latex 0.0913 6.02 0.12 == 0.008
Robb (1971)
2 Teflon 120 FEP 0.967¢ 1124 0.20 + 0.02
Pasternak, et al.
3 Teflon 30 TFE 0.890% 130t 0.05 to 0.5*
Pasternak, et al.
(1970, 1971)
4 Castor oil 2.55 542 10
(range 1 to 15)
5 Castor oil 2.76 5.42 9+4
10% Span 80
8 Vegetable oil 9.09 542 10+4
7 P1D fluorocarbon 200 =+ 30 6.02 11+4

® Particles formed irregular flakelike aggregates extending up to 10 um in their longest dimension.

+ Carbon dioxide permeation.
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Fig. 3. Oxygen diffusion coefficient in hemoglobin solution, 25°C,

pH 7.0. Dashed curve represents recommended values of Kreuzer

(1970). Solid curve represents Kreuzer's correlation adjusted to a
diffusivity of 2.20 X 10~5 em2/s in isotonic saline.

Physical properties of the nonreactive synthetic sus-
pensions are tabulated in Table 2. Permeabilities of the
dispersed and continuous phases were measured individu-
ally in this study unless otherwise indicated. Oxygen
transport was studied in all cases except for the Teflon
dispersions with which carbon dioxide was employed.

Oxygen permeability was measured for several buf-
fered solutions of increasing hemoglobin concentration
in which the hemoglobin had been inactivated by con-
version to methemoglobin. Oxygen solubility was esti-
mated by linear interpolation between the value for iso-
tonic saline, 0.0272 em® (STP)/(cm3 X atm), and that
for red cells (33% (w/v) hemoglobin), 0.0276 cm3
(STP)/(cm® X atm), as given by Altman and Ditmer
(1971). Oxygen diffusivities calculated from these ex-
periments are shown in Figure 3. Kreuzer (1970) re-
viewed the available data for oxygen diffusion through
hemoglobin solution. His recommended correlation, which
adjusted all data to a saline diffusivity of 2.07 X 10-5
cm?/s (Goldstick and Fatt, 1970) is also plotted in
Figure 3 and is uniformly about 6% lower than the
results of this study. At 33% (w/v), oxygen permeability
is estimated to be 2.05 X 10=7 cm3(STP)/{(cm X s
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Fig. 4. Relative permeability of nonreactive synthetic suspensions,
25°C. System number refers to Table 2.

1.0

X atm). The measured permeability of distilled water
and of 15.49% (w/v) hemoglobin solution did not change
significantly from 25° to 37°C, indicating that the de-
crease in solubility (Altman and Dittmer, 1971) was
balanced by an increase in diffusivity.
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Nonreactive Suspensions

The results of permeation experiments with the non-
reactive synthetic suspensions are summarized in Figure
4. The data in Figure 4a conform well to the predictions

of Maxwell’s equation. The data for P1D fluorocarbon
emulsion (Figure 4b), for which p = 33.4, fall between
the predictions of Maxwell and of Bruggem:n (1935).
Similar behavior has been observed with otker systems
(Meredith and Tobias, 1962) when p >>> 1. The results
in Figure 4 indicate that Maxwell's equation provides
accurate prediction even at large values of ¢, except
when p is substantially greater than unity.

Experiments for which the downstream oxygen partial
pressure was above 50 mm Hg so that hemoglobin was
fully saturated and therefore nonreactive were also car-
ried out with red cell suspensions. The results are shown
in Figure 5, along with a theoretical prediction calcu-
lated from the assumptions that the permeability of a
33% (w/v) hemoglobin solution is representative of
the red cell interior and that the relative resistance of the
red cell membrane is negligible. The excellent agreement
between theory and data substantiates both assumptions
and supports the finding of others (Kreuzer and Yahr,
1960; Kutchai and Staub, 1969; Stein et al., :1971) that
the red cell membrane is not an important barrier to
oxygen transport.

Also plotted in Figure 5 for comparison are the results
of Hershey and Karhan (1968) and of Stein et al. (1971),
Agreement with the latter study is satisfactory; the higher
value of p reflects the lower hemoglobin concentration,
31.6% (w/v), found in the red cells they employed, as
well as the lower permeability of their continuous phase
(agar gel). The relative permeabilities measured by Her-
shey and Karhan are higher than either of the other
studies. The disparity may result from the effect of sedi-
mentation in a thin horizontal film, a likely possibility
of which the authors were aware. The curves in Figure
5 were calculated for a suspension of spheres, whereas
the human red cell is a biconcave disk with « diameter
of 85 um and maximum and minimum thicknesses of
2.4 and 1.0 pm, respectively (Whittam, 1964). However,
Stein et al. (1971) showed that the effect of dispersed
phase shape variation was relatively insignificant over
the parameter range of interest here.

Reactive Suspensions

The saturation curve for all reactive suspensions is
shown in Figure 6; it demonstrates consistent behavior
between samples. Also plotted is the hyperboiic satura-
tion curve which corresponds to a cne-step reaction
scheme with the kinetic parameters listed in Table 3.

Results from three sets of experiments with reactive
red cell suspensions, in which p, was less than 5 mm Hg
and p; was varied, are compared with theoretical pre-

TABLE 3. PrROPERTIES OF REACTIVE SUSPENSIONS, 25°C

Red cell
Parameter suspensions

Hemoglobin, % (w/v) 33
Cr, moles heme/1 2.04 x 10—2
Dyp, cm?/s 7 %x 10—8
Pg, cm3(STP)/(cm X s X atm) 2.05 x 107
P., em3(STP)/(cm X s X atm) 6.00 x 107
ag, cm3(STP)/(cm3 X atm) 0.0276
k1, 1/ (mole X s) 3 x 108
k_y, 51 68.5¢
Particle size, um Fine Emulsion
Range lto6
dn %+ oy 2.5+ 0.9
dy = oy 38+ 14
Hemoglobin activity remaining,

% of original 46

® Calculated from kipso/k-1 = 1, as suggested by Bauer (1971).
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Reactive
emulsions

16.3
1.01 x 102
2.25 x 107
4.03 x 1077
7.05 X 107

0.0274
3 x 108
68.5°

Source

Kreuzer (1970)

This study

This study

Altman and Dittmer (1971)
Hartridge and Roughton (1925)

Coarse Emulsion
2.5 to 50

9.3 + 8.7
332+ 123

58
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diction in Figures 7, 8, and 9. The lower curve in each
figure is for a nonreactive suspension (Figure 5). The
uppermost curve (dashed) represents the true equilib-
rium limit when the reaction is at equilibrium throughout
each red cell; in that case Fq is evaluated from

DmpCr dS
o = —m—— —— 18
(Feq) t Pd dp ( )

where dS/dp was evaluated from the analytical relation
proposed by Margaria (1963) which was fitted to the
oxyhemoglobin saturation curve, Figure 6. The remain-
ing solid curves are calculated from the theory presented
earlier for one-step oxygenation kinetics and correspond,
in descending order, to the equilibrium limit (¢ — o)
and to the nonequilibrium regime for spheres of two
different radii (4.0 and 1.0 pm) which bound the physi-
cal dimensions of the red cell.

Parameters employed in the theoretical calculations
are tabulated in Table 2. Uncertainty is greatest for Dyp
at physiological concentration. Measurements for 33 =
2 g hemoglobin/100 ml range from about 3 X 1078
cm?/s (Adams and Fatt, 1967) to about 1.5 X 1077
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cm?/s (Keller et al, 1971). We have employed the
compromise value recommended by Kreuzer (1970).
The backward rate constant k_; was selected so that the
hyperbolic saturation curve intersects the true saturation
curve at pso, the po, where oxyhemoglobin is half satu-
rated (see Figure 6).

The relative permeabilities in Figures 7, 8, and 9 are
all greater than expected for a nonreactive suspension;
they increase as p; decreases (and the gradient in oxy-
hemoglobin saturation increases), they fall midway be-
tween the limits of true reaction equilibrium and no
effect of reaction, and they generally scatter between
the curves for radii of 1 and 4 pm with one-step kinetics.
These observations indicate that substantial facilitated
transport of oxygen can occur in the red cell, and they
suggest, subject to the uncertainty in Dy, that the oxygen-
hemoglobin reaction is significantly departed from equi-
librium, The difference in prediction between the two
equilibrium calculations is a measure of the extent to
which the saturation curve for one-step kinetics deviates
from the measured curve. In view of this disparity, the
agreement of the data with the nonequilibrium prediction
of one-step kinetics is gratifying, and it suggests that
the model and parameters employed have utility for
predictive purposes.

Under conditions of normal physiological blood oxy-
genation, oxyhemoglobin saturation varies from about
75 to 100%. An experiment was carried out to simulate
these conditions at 37°C with p; = 100 mm Hg, p, =
35 mm Hg, pH 6.85, hematocrit of 45, and zero partial
pressure of carbon dioxide. The average permeability
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decreased from 4.05 X 10-7 to 3.89 X 10~7 cm?® (STP)/
(ecm X s X atm) when carbon monoxide was introduced
into both gas chambers at a partial pressure of 20 mm
Hg so as to render the red cell suspension nonreactive.
The 4% increase under reactive conditions compares
favorably with predicted enhancements of 8 and 10%
for 1 and 4 pm radius, respectively (Stroeve, 1973). The
predicted enhancement due to reaction effects in whole
blood at 37°C is slightly larger, about 159 (Stroeve et al.,
1976b), because of the lower oxygen permeability of
plasma. Thus, facilitation of oxygen transport by red
cells will be significant only when the oxyhemoglobin
saturation gradient is steep, for example, in the case of
hypoxia and in devices for blood deoxygenation (Colton
and Drake, 1969).

Results with synthetic reactive emulsions are shown
in Figure 10, and properties are tabulated in Table 3.
Dy, was estimated to be that for a 16.39% (w/v) solu-
tion, but the oxygen-combining capacity Cr was calcu-
lated for the hemoglobin activity actually measured with
each emulsion, as described above. The saturation curve
of the remaining active hemoglobin was the same as in
Figure 6. The reduced uncertainty in Duy, as compared
to that for the red cell interior, provides for a more ac-
curate comparison between theory and data than is pres-
ently possible with red cell suspensions.

In the nonequilibrium regime, the facilitation factor F
is a function of particle size. The procedure of Stroeve
et al. (1976a) was employed for a distribution of particle
sizes. The result is that Equation (2) is replaced by

pll+ F(a)]~1
p[1+4+ F(a)]+ 2

p[l+ F(a)] -1
pl1+ F(a)l+2

Pus 142 ; ¢ (a;)

1- z;: ¢ (a:)

P,

(14)

F(a;) is the dispersed phase facilitation factor, and
#{a;) is the volume fraction, for spheres of mean radius a.
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#(a;) is evaluated from

3
pla) = —2 ¢

nad

(15)

i

where n; is the number of particles in the " interval
of the size distribution of mean radius @;. These expres-
sions were evaluated from the measured particle size
distributions (Tutunjian, 1973).

As with the red cell suspensions, the data in Figure
10 indicate significant facilitation of oxygen transport
within the dispersed phase. Relative permeabilities for
the reactive emulsions are greater than for the nonreac-
tive case (data obtained after reaction with carbon monox-
ide) and increase with increasing mean particle size
as the reaction approaches closer to equilibrium. The
curve for true equilibrium again lies substantially above
the prediction for one-step kinetics. Likewise. the data
lie somewhat above theoretical prediction, but the agree-
ment with the one-step kinetic model is nevertheless
satisfactory.
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NOTATION

A mass transfer area in sample holder

i

a radius of particles in dispersed phase

a; mean radius of particles in ¢ interval of size
distribution

Cr = concentration of heme groups in dispersed phase
(four times total hemoglobin concentration)

Do, = oxygen diffusion coefficient in dispersed phase

Du, = bhemoglobin diffusion coefficient in dispersed
phase

d, = nd; / n;, number average particle size
w3

d, nd;* / nidi®, volume average particle
size

F = facilitation factor, defined by Equation (8)

Feq = equilibrium facilitation factor, defined by Equa-
tion (9) for one-step reaction scheme; true value
defined by Equation (13)

K = ki/k_;, equilibrium association constant for
Equation (1)

ki = forward rate constant for Equation (1)

k-; = backward rate constant for Equation (1)

L = thickness of film across which permeation occurs

N = oxygen permeation rate

n; = number of particles in ith interval of size dis-
tribution

P = Da, permeability

p = oxygen partial pressure

S = fractional saturation

Greek Letters

oxygen solubility
function defined by Equation (7)

o
Y
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A = reaction-diffusion length scale, defined by Equa-
tion (8)
P = P,4/P,, ratio of permeabilities for dispersed and

continuous phases

on = [ E ni(di-—c—in)z/ 2 m]% , number aver-
i i

age standard deviation
Ya
oy =[ 2 nidi"(di——av)z/ 2 nidé*] , volume
i i

average standard deviation
¢ = volume fraction dispersed phase (hematocrit/100
for red cell suspensions)

¢(a;) = volume fraction dispersed particles of radius ¢;
Subscripts

¢ = continuous phase

d = dispersed phase

eff = effective value for dispersion

m = membrane

1 = upstream membrane-liquid interface

2 = downstream membrane-liquid interface

Superscripts

* = local value, at center of spherical particle

— = average effective value for suspension as a whole
(overbar)

LITERATURE CITED

Adair, G. S., “The Hemoglobin System. VII. The Oxygen
Dissociation Curve of Hemoglobin,” J. Biol. Chem., 63,
529 (1925).

Adams, L. R., and 1. Fatt, “The Diffusion Coeflicient of Human
Hemoglobin at High Concentrations,” Resp. Physiol., 2,
293 (1967).

Altman, P. L., and D. S. Dittmer, ed., Respiration and Cir-
culation, p. 16, Fed. of Am. Soc. for Exp. Biol.,, Bethesda,
Md. (1971).

Antonini, E., and M. Brunori, Hemoglobin and Myoglobin in
Their Reactions with Ligands, North-Holland, Amsterdam
(1971).

Bauer, C., “Influence of 2,3 DPG and Hydrogen Ions on the
Kinetics of the Oxygen Hemoglobin Reaction,” in Oxygen
Affinity of Hemoglobin and Hed Cell Acid Base Status,
M. Rorth and P. Astrup, ed., p. 511, Munskgaard, Copen-
hagen (1971).

Becher, P., “Effect of Preparation Parameters on the Initial
Size Distribution Function in Oil-in-Water Emulsions,”
J. Coll. Interface Sci., 24, 91 (1967).

Bruggeman, D., “Berechnung verschiedener Physikalischer
Konstanten von heterogenen Substanzen. I. Dielekirizitats-
konstanten und Leitfahigkeiten der Mischkorper aus isotro-
pen Substanzen,” Ann. Fhysik. Lpz., 5, 636 (1935).

Buckles, R. G, E. W. Maerrill, and E. R. Gilliland, “An
Analysis of Oxygen Absorption in a Tubular Membrane
Oxygenator,” AIChE ]., 14, 703 (1968).

Chilcote, D. D., “The Diffusion of lons in Agar Gel Suspensions
of Red Blood Cells,” Ph.D. Thesis, Cal. Inst. Technol,
Pasadena (1971).

Colton, C. K., “Fundamentals of Gas Transport in Blood,” in
Artificial Lungs for Acute Respiratory Faiiure, W. M. Zapol
and ]. Qvist, ed., p. 3, Hemisphere Publishing Co., Washing-
ton, D.C. (1976).

, and R. F. Drake, “Analysis of In Vivo Deoxygenation
of Human Blood: A Feasibility Study for an Implantable
Biological Fuel Cell,” Trans. Am. Soc. Artif. Internal Organs,
15, 187 (1969).

—————— “Effect of Boundary Conditions on Oxygen
Transport to Blood Flowing in a Tube,” Chem. Eng.
Progr. Symposium Ser. No. 114, 67, 88 (1971).

Colton, C. K., K. A. Smith, E. W. Merrill, and S. Friedman,
“Diffusion of Urea in Flowing Blood,” AIChE ]., 17, 800
(1971).

Colton, C. K., K. A. Smith, E. W. Meriill, and ]. M. Reece,

AIChE Journal (Vol. 22, No. 6)

“Diffusion of Organic Solutes in Stagnant Plasma and Red
Cell Suspensions,” Chem. Eng. Progr. Symposium Ser. No.
99, 66, 85 (1970).

Colton, C. K., P. Stroeve, and J. G. Zahka, “Mechanism of
Oxygen Transport Augmentation by Hemoglobin,” J. Appl.
Physiol., 35, 307 (1973).

Fatt, I., and R. C. LaForce, “Dispersion Conductivity Theory
Applied to Oxygen Diffusion in Blood,” J. Phys. Chem., 61,
2260 (1963).

Forster, R. E., “Rate of Gas Uptake by Red Cells,” in Hand-
book of Physiology. Section 3. Respiration, W. D. Fenn
and H. Rahn, ed., Vol. 1, p. 827, Amer. Physiol Soc.,
Washington. D.C. (1964).

Fricke, H., “A Mathematical Treatment of the Electric Con-
ductivity and Capacity of Disperse Systems. I. The Electric
Conductivity of a Suspension of Homogeneous Spheroids,”
Physical Rev., 24, 575 (1924).

Friedlander, S. K., and K. H. Keller, “Mass Transfer in Re-
acting Systems Near Equilibrium,” Chem. Eng. Sci., 20,
121 (1965).

Gibson, Q. H., “The Kinetics of Reactions Between Hemoglobin
and Gases,” Progr. Biophys. Chem., 9, 1 (1959).

Goddard, J. D., J. S. Schultz, and S. R. Suchdeo, “Facilitated
Transport via Carrier-Mediated Diffusion in Membranes:
Part II. Mathematical Aspects and Analyses,” AIChE J., 20,
625 (1974).

Goldstick, T. K., and I. Fatt, “Diffusion of Oxygen in Solutions
of Blood Proteins,” Chem. Eng. Progr. Symposium Ser.
No. 99, 66, 101 (1970).

Hartridge, H., and F. J. W. Roughton, “The Kinetics of
Hemoglobin. III. The Velocity with which Oxygen Combines
with Reduced Hemoglobin,” Proc. Roy. Soc. (London),
A107, 654 (1925).

— “The Rate of Distribution of Dissolved Gases
Between the Red Blood Corpuscle and Its Fluid Environ-
ment. Part I. Preliminary Experiments on the Rate of
Uptake of Oxygen and Carbon Monoxide by Sheep’s Cor-
puscles,” J. Physiol. ( London}, 62, 232 (1927).

Hemmingsen, E., “Accelerated Transter of Oxygen Through
Solutions of Heme Pigments,” Acta. Physiol. Scand., 64,
(Suppl. 246), 1 (1965).

Hershey, D., and T. Karhan, “Diffusion Coefficients for Oxygen
Transport in Whole Blood,” AICKE ]., 14, 969 (1968).

Keller, K. H., “Mass Transport Phenomena in Biological
Systems,” in Biomaterials, L. Stark and G. Agarwal, ed,,
p- 103, Plenum Press, New York (1969).

, “Effect of Fluid Shear on Mass Transport in Flowing

Blood,” Fed. Proc., 30, 1591 (1971).

, E. R. Canales, and S. I. Yum, “Tracer and Mutual
?iﬁusion Coefficients of Proteins,” J. Phys. Chem., 75, 379

1971).

Keller, K. H., and S. K. Friedlander, “The Steady-State
Transport of Oxygen through Hemoglobin Solutions,” J. Gen.
Physiol., 49, 663 (1966).

Klug, A., F. Kreuzer, and F. J. W. Roughton, “The Diffusion
of Oxygen in Concentrated Hemoglobin Solution,” Help.
Physiol. Pharm. Acta., 14, 121 (1956a).

— “Simultaneous Diffusion and Chemical Re-
action in Thin Layers of Hemoglobin Solutions,” Proc. Roy.
Soc. (London), B145, 452 (1956b).

Koyama, T., and M. Mochizuki, “A Study of the Relationshi
between the Oxygenation Velocity of the Red Blood Ceﬁ
and the Flow Velocity in a Rapid Flow Method,” Jap. J.
Physiol., 19, 534 (1969).

Kreuzer, F., and W. Z. Yahr, “Influence of Red Cell Membrane
on Diffusion of Oxygen,” J. Appl. Physiol., 15, 1117 (1960).

Kreuzer, F., “Facilitated Diffusion of Oxygen and Its Possible
Significance; A Review,” Respir. Physiol., 8, 280 (1970).

Kutchai, H., and N. C. Staub, “Steady-state Hemoglobin-
Facilitated Og Transport in Human Erythrocytes,” J. Gen.
Physiol., 53, 576 (1969).

Kutchai, H., “Numerical Study of Oxygen Uptake by Layers
of Hemoglobin Solution,” Respir. Physiol., 10, 273 (1973).
La Force, R. C., and 1. C. Fatt, “Steady-State Diffusion of
Oxygen Through Whole Blood,” Trans. Faraday Soc., 58,

1451 (1962).

Li, N,, and S. May, “The Immobilization of Urease Using

Liquid-Surfactant Membranes,” Biochem. Biophys. Res.

November, 1976 Page 1141



Comm., 47, 1179 (1972).

Longmuir, I. S, and F. J. W. Roughton, “The Diffusion
Coefficients of Carbon Monoxide and Nitrogen in Haemo-
globin Solution,” J. Physiol. (London), 118, 264 (1952).

Margaria, R., “A Mathematical Treatment of the Blood Dis-
sociation Curve for Oxygen,” Clin. Chem., 9, 745 (1963).

Marx, T. I, W. E. Synder, A. D. St. John, and C. E. Moeller,
“Diffusion of Oxygen into a Film of Whole Blood,” J. Appl.
Physiol., 13, 1123 (1960).

Maxwell, J. C., A Treatise on Electricity and Magnetism, Vol. 1,
p- 440, Clarendon Press, London, England (1881).

Meldon, J. H., K. A. Smith, and C. K. Colton, “Analysis of
2,3 Diphosphoglycerate-Medicated, Hemoglobin-Facilitated
Oxygen Transport in Terms of the Adair Reaction Mecha-
nism,” in Oxygen Transport to Tissue: Instrumentation,
Methods, and Physiology, H. 1. Bicher and D. F. Bruley,
ed., p. 199, Plenum Press, New York (1973).

Meredith, R. E., and C. W. Tobias, “Conduction in Hetero-
geneous Systems,” in Advances in Electrochemistry and Elec-
trochemical Engineering, P. Delahay and C. W. Tobias, ed.,
Vol. 2, p. 15, Interscience Publishers, New York (1962).

Mochizuki, M., “Oxygenation Velocity of the Red Cell and
Pulmonary Diffusing Capacity,” in Blood Oxygenation, D.
Hershey, ed., p. 24, Plenum Press, New York (1970).

Moll, W., “The Influence of Hemoglobin Diffusion on Oxygen
Uptake and Release by Red Cells,” Respir. Physiol., 6,
1(1968).

, “Measurements of Facilitated Diffusion in Red Blood
Cells at 37°C,” Pflugers Arch. ges. Physiol., 305, 269
(1969).

Nicolson, P., and F. J. W. Roughton, “A Theoretical Study
of the Influence of Diffusion and Chemical Reaction Ve-
locity on the Rate of Exchange of Carbon Monoxide and
Oxygen between the Red Blood Corpuscle and the Sur-
rounding Fluid,” Proc. Roy. Soc. (London), B138, 241
(1951).

Pasternak, R. A., M. V. Christensen, and J. Heller, “Diffusion
and Permeation of Oxygen, Nitrogen, Carbon Dioxide, and
Nitrogen Dioxide Through Polytetrafluoroethylene,” Mac-
romol., 3, 366 (1970).

Pasternak, R. A., G. L. Burnes, and J. Heller, “Diffusion and
Solubility of Simple Gases through a Copolymer of Hexa-
fluoropropylene and Tetrafluoroethylene,” ibid., 4, 470
(1971).

Richterich, R., Clinical Chemistry, S. Karger, Basel (1969).

Roughton, F. J. W., “Diffusion and Simultaneous Chemical
Reaction Velocity in Haemoglobin Solutions and Red Cell
Suspensions,” Progr. Biophys. Biophys. Chem., 9, 55 (1959).

Scholander, P. F., “Oxygen Transport through Hemoglobin
Solutions,” Science, 131, 585 (1960).

Schultz, J. S., J. D. Goddard, and §. R. Suchdeo, “Facilitated
Transport via Carrier-Mediated Diffusion in Membranes:
Part I. Mechanistic Aspects, Experimental Syitems and
Characteristic Regimes,” AIChE J., 20, 417 (1974).

Smith, K. A,, J. H. Meldon, and C. K. Colton, “An Analysis
of Carrier-Facilitated Transport,” ibid., 19, 102 (1973).

Spaan, J. A. E., “Transfer of Oxygen into Haemoglobin
Solutions,” Pflugers Arch. ges. Physiol, 342, 289 (1973).

Spaeth, E. E., “The Oxygenation of blood in Artificial Mem-
brane Devices,” in Blood Oxygenation, D. Hershey, ed.,
p- 276, Plenum Press, New York (1970).

, and S. K. Friedlander, “The Diffusion of Oxygen,
Carbon Dioxide, and Inert Gas in Flowing Blood,” Biophys.
J., 7,827 (1967).

Stein, T. R., J. C. Martin, and K. H. Keller, “Steady-State
Oxygen Transport through Red Blood Cell Suspensions,”
J. Appl. Physiol., 31, 397 (1971).

Stroeve, P., “Diffusion with Reversible Chemical Reaction in
Heterogeneous Media,” Sc.D. thesis, Mass. Inst. Technol.,
Cambridge (1973).

, K. A, Smith, and C. K. Colton, “An Analysis of Carrier-
Facilitated Transport in Heterogeneous Media,” AIChE ].
22, 1125 (1976).

Stroeve, P., K. A. Smith, and C. K. Colton, “Facilitated
Diffusion of Oxygen in Red Blood Cell Suspensions,”
Proceedings 2nd International Symposium on Oxygen Trans-
port to Tissue (Mainz, W. Germany, Sept., 1975, Plenum
Press, New York (1976b) (In press).

Tutunjian, R. S., “Model Systems for Transport in Reactive
Heterogeneous Media,” M.S. thesis, Mass. Inst. Technol.,
Cambridge (1973).

Van Slyke, D. D., and J. M. Neill, “The Determination of
Gases in Blood and Other Solutions by Vacuum Extraction
and Manometric Measurement,” J. Biol. Chem, 61, 523
(1924).

Weissman, M. H., and L. ¥. Mockros, “Oxygen Transfer to
Blood Flowing in Round Tubes,” J. Eng. Mech. Div,
Proc. Am. Soc. Civil. Engrs., 93, 225 (1967).

Wittenberg, J. B., “Oxygen Transport—A New Function
Proposed for Myoglobin,” Biol. Bull., 177, 402 (1959).

, “Facilitated Oxygen Diffusion: Role of Myuglobin in
Oxygen Entry into Muscle,” Physiol. Rev., 50, 539 { 1970).
Whittam, R., Transporé and Diffusion in Red Bleod Cells,

p- 2, Williams and Williams Co., Baltimore, Md. (1964).

Woods, M. E., J. S. Dodge, and 1. M. Krieger, “Monodisperse
Lattices: I. Emulsion Polymerization with Mixtures of Ani-
onic and Nonionic Surfactants,” J. Paint. Technol., 40,
541 (1968).

Manuscript received May 14, 1976; revision received September 15,
and accepted September 16, 19786.

Turbulent Non-Newtonian Transport in a Circular Tube

ORVILLE C. SANDALL, OWEN T. HANNA, and MARC GELIBTER

This work is concermned with turbulent heat or mass
transfer in a circular tube to nonelastic fluids whose
rheological behavior can be approximated by the power
law model expressed as

TZK(—%)n (1)
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For the important case of large Prandtl numbers, an
analytical expression for the heat transfer coefficient is
derived. The asymptotic results obtained depend on the
limiting behavior of the eddy diffusivity near the wall.
An expression for the eddy diffusivity variation in the
wall region derived by Notter and Sleicher (1971) was
used in this work. This expression was derived from con-
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