The experiments completed on the total liquid holdup
and the step response of a column under periodic control
have not been reported previously in the literature. The
analysis of these experiments in terms of the (2S) model
has provided the basic liquid transfer mechanism in the
column.
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NOTATION

parameter in the 1S model

matrix with elements composed of @ and b
parameter in the 1S model

entrainment rate, kg s—!

dimensionless entrainment

discrete residence time distribution

step response of the system

liquid holdup on a plate, kg

dimensionless holdup

mean cycle number

cycle number

mass of liquid admitted to the column per cycle
number of perfectly mixed tanks; or plate number
number of plates in the column

objective function

time

dimensionless time

weeping rate, kg s—1

output response

Greek Symbols

n = fraction of liquid dropped from a plate in the 1S
model

I’} = dimensionless cycle number

on = variance for n tanks

HMEMNTNZES 23 ST EY NN
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om = variance about m
o = variance about 8
Subscripts

d = drain period

v = vapor period
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An

Analysis of Carrier Facilitated

Transport in Heterogeneous Media

A theoretical model is developed for steady state diffusion in reactive
heterogeneous media in which simultaneous reversible chemical reactions
occur between diffusible carrier species and the transported species. The
heterogeneous systems analyzed are those for which one phase is dispersed
as uniform spheres in a second continuous phase, and either or both
phases may be reactive. The results have a simple physical interpretation
in terms of additivity of resistances. The theory is applied to oxygen dif-

fusion in blood.

PIETER STROEVE
KENNETH A. SMITH
and

CLARK K. COLTON

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

SCOPE

Transport processes in heterogeneous media pose an
important problem in science and engineering. This paper
is concerned with the problem of diffusion with reversible
chemical reaction in such systems. Previous work has
dealt separately with diffusion in nonreactive hetero-
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geneous media and with diffusion and chemical reaction
in homogeneous media, but the combined problem has
not been studied in depth. The theoretical framework
presented here provides a model for heterogeneous reac-
tive systems and serves as a cohesive link between the
two subjects. The heterogeneous media considered are
those for which one phase is dispersed as uniform spheres
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in a second continuous phase. The spheres are required
to be much smaller than any characteristic dimension of
the overall system. Theoretical results are obtained for
the specific case in which a second-order reaction A + B
2 AB between a permeating species A and a carrier spe-
cies B occurs in both the dispersed and the continuous

phase. It is assumed that the interface may present a
significant resistance to the transport of the permeating
species and that it is impermeable to the carrier species.
The theory presented here is applicable to diffusion with
reversible chemical reaction in dispersions and, in par-
ticular, the transport of oxygen, nutrients, and metabolites
in blood.

CONCLUSIONS AND SIGNIFICANCE

Analytical results are obtained for the concentration
field around a single sphere by using the technique of
single-point linearization and for the effective permeability
of the entire system by using the technique employed by
Masxwell, The relationships take into account deviations
from chemical equilibrium and their effect on transport
facilitation in each phase. The effective permeability is
a function of the overall permeabilities of A in the con-
tinuous phase and in the dispersed phase and is a maxi-
mum when the reactions in the two phases are at equi-
librium. The total resistance to transport which is asso-
ciated with the presence of the sphere in the continuous
medium corresponds to serial addition of the resistances
of the interface, the sphere interior, and an additional
resistance due to deviations from chemical equilibrium in
the continuous phase. The problem is so posed that de-
partures from equilibrium in the continuous phase are
induced solely by the presence of the sphere.

The theory is illustrated by application to the diffu-
sion of oxygen in whole blood. The oxygen-hemog'obin
reaction is modeled here as a one-step reaction scheme;
more complex schemes may also be used (Stroeve, 1973).

Physicochemical parameters are taken from the literature.
Predictions are presented for the characteristic reaction-
diffusion length and facilitation factor in the red cell
and for the average effective oxygen permeability of
blood as a function of red blood cell volume fraction,
assumed red blood cell radius, and oxygen partial pres-
sure driving force conditions. The results suggest that
the oxygen-hemoglobin reaction in the red cell is near
but not at equilibrium at 25°C, Small amounts of hemol-
ysis of red blood cells are predicted to significantly in-
crease the oxygen transport rate because the continuous
phase (plasma) is now reactive and the released hemo-
globin has a much larger diffusivity in the plasma than
in the red blood cell. This prediction has important im-
plications for experimental studies.

In a companion paper (Stroeve et al., 1976), experi-
mental measurements of steady state oxygen permeation
through red blood cell and model suspensions are com-
pared with the theoretical model developed in this pa-
per. The satisfactory agreement between data and pre-
diction provides support for the assumptions made in
the analysis.

Heterogeneous media such as emulsions, slurries, sus-
pensions, and foams are frequently encountered as proc-
ess streams. Biological systems are invariably hetero-
geneous because of their cellular nature. Mass transport
in such systems is a complex phenomenon. For example,
solute molecules in blood must diffuse around plasma
proteins and around or through red blood cells. The
equilibrium distribution of solute between plasma and
red blood cells may be unequal. The solute may undergo
reversible chemical combination with any of the many
species present in the plasma or the red blood cell, and
deviations from chemical equilibrium of the reactions
between the solute and these species may be important.
Further, the red blood cell membrane may offer a sig-
nificant resistance to mass transfer. Diffusion with re-
versible chemical reaction in heterogeneous media is not
limited to transport in blood; such phenomena may take
place in the transport of nutrients, metabolites, and
drugs to tissues or any ensemble of cells.

Numerous theoretical solutions have been given for
mass transport without chemical reaction in hetero-
geneous media. For example, Maxwell (1881) obtained
an effective permeability for the case of uniform spheri-
cal particles dispersed in a continuum. A relationship
for a suspension of randomly oriented spheroids in a
continuum was obtained by Fricke (1924). Relationships
for two-phase media have been reviewed by Meredith
and Tobias (1962) and more recently by Batchelor
(1974). Diffusion and reversible chemical reaction in
homogeneous media has also been extensively treated,
and published experimental and theoretical studies on
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carrier facilitated transport have been reviewed (Schultz
et al,, 1974; Goddard et al, 1974). Except for the
specific case of oxygen diffusion through blood with the
oxyhemoglobin reaction assumed to be at ecuilibrium
(La Force and Fatt, 1962; Fatt and La Force, 1963;
Spaeth and Friedlander, 1967), integration of ~he work
on such simpler systems toward the more complex hetero-
geneous situation has not been examined.

ANALYSIS

Problem Statement

A conceptual diagram of the problem is shown in
Figure 1. Species A diffuses through a layer of medium
composed of uniform spherical particles dispersed in a
continuous phase. Solubilities and diffusivities of A in
the two phases are different. A carrier species present
in each phase can reversibly combine with the diffusing
species. The problem is to predict the steady state mass
transport of A through the layer. Because of cur inter-
est in gas transport, the final result is given in terms
of the effective permeability which relates the average
flux to the partial pressure difference across the layer.
With a small change in nomenclature, the resuits apply
equally to nongaseous solutes. The diameter of each
particle is assumed small compared to the layer thickness
so that an effective permeability can be derived for the
heterogeneous system. More complex kinetics, or a se-
quence of reactions, can be treated in a similar fashion,

The analysis is divided in two distinct problems. The
first is to solve for the concentration field both inside
and outside a single sphere isolated in a continuum. The
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effective permeability of an assemblage of spheres is
then obtained using the technique developed by Maxwell.

Concentration Field

Consider a single sphere of radius a@ and permeability
P49, immersed in an infinite medium of permeability P,°.
At large distances from the sphere, the flux of the dif-
fusing species A is everywhere uniform. A single step
reversible reaction occurs in each phase.

k1
Al + B! 2 AB!
[

where j = ¢, d. This reaction is chosen to be illustrative
and is assumed to follow the kinetics suggested by the
stoichiometry. The reaction-diffusion equations dre thus

r1a aC, 1 ] Ci
D.i’[—— 2 {J) + _— sin06—1-)]
2 or ar r2sin§ o0 o6
= 8[kJCAICx — k—_1¥Csp’] (1)

where
d=+4+1 if i=AB
8d=—1 if i=AB

It will also be assumed that Dgf = Dygf, from which
it is easily shown that the total carrier concentration is
independent of position; that is

CBj + CABj = CTJ (2)

In most physical situations, this idealization is approached
rather closely. With it, the reaction-diffusion equations
may be reduced to

1 @ opa’ ) 1 d opat )]
P, [ —_—— 12 ——\ sin @
R or or + r2sin 8 a6 - Ll
= kiaa¥pa’Cp! — k—1Cr + k_,iCg (3)

and
3 [ ] . _ ]
—— | 12— (DgrICrI — PLip4l
ar ar (Dg'Cp APA)
1 a[ 3 L ) ]
——| sin § — (DgiCgi — Pyip,i) | =0 (4
sin @ 99 a9 (PeCs’ = Papa’) (4)
where the substitutions C4f = aa’psf and Pyi = ap’Dys

have been made in anticipation of the desirability of
relating the flux of A to the external partial pressure dif-
ference.

Solutions are sought of the form

NA,a

pac = pa® _W[r—aﬂr)] cos ¢
A eq

(5)
NA,mFeqc

Cp® = (Cp%)* + —————
8= () + T T For)

[r+ ag(r)] cosé

(6)
pal =pa® + H(r) cos (7)
Dp[Cp? — (Cp%)®] — Pad(pa® — pa®) = G(r) 005(08)

where the asterisk indicates the value at r = 0, and Feo®
is the equilibrium facilitation factor in the continuous
phase [see Equation (16)]. The form of Equations (5)
and (B) is selected on the assumption’ that the reaction
in the continuous phase attains equilibrium (f, g — 0)
within such a short distance from the sphere that the
equilibrium solution may be taken to be linear in r.
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CONTINUOUS PHASE:
AS + B°z=AB®

DISPERSED PHASE :

Ad + Bd 2= ABd

0 e

Q
@@Q

— X

0] L

Fig. 1. Diffusion of species A in a reactive heterogeneous slab.
Superscript ¢ denotes continuous phase; superscript d denotes dis-
persed phase.

It is further required that perturbations from the values
at r = 0 be small so as to permit linearization of the
kinetics in the manner of Friedlander and Keller (1965).
In this event

k_{C
(Co)® = 0T (9)
kiapaipa® + k¢
Furthermore, the boundary conditions for r — o and #
= 0 require

1 g0 as r—> (10)
an
H(0) =G(0) =0 (11)

The solutions are

(= )re(2) ()
= — e———— | — K — —_—
f(f) 1+ Feqc 2 + 2 ; ;
AC
(1 + ——) [ cosh—i—- - sinh-—f—] (12)
r AC A°
1 a?
g(r) =_l4:;?[f(r) +Kl—r-2—] (13)
Naw Na.0 ( a )V'
H = —K —_
(r) ’ PAd(l"‘Feqd) T PAd K4 r
A\ %2 r sinh r/)g
() L= =05=] as
G(r) = KsNa,or (15)
where

Dyglas’kik_{C
Fop = ‘ B.aA. 1Ky T!V (16)
Poi(kianipa® + k—17)?
N o= [kljaAij# + k4 aatkdkiCr! ]-x/,
- Dyl Pyi(kianipa® + k—yf)
(17)

Feq and A are obviously identical to those used by Fried-
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lander and Keller in their analysis of facilitated transport
in a single phase of planar geometry.

The four constants are determined from the boundary
conditions at r = a. If the continuous and dispersed phases
are separated by an infinitely thin shell of resistance Rq™,
then continuity of flux across the surface requires that

apac apa

pa® — pat
Pye = P,¢ =
4 or 4 ar Ry

; r=ua, all#
(18)

Furthermore, if the carriers (which may be chemically
distinct if present in both phases) cannot transit from
one phase to the other, then

d
. dCg° — D, aCp
or or

Dg

=0; r=a, allée (19)

The solutions for the constants are

N.V [ + as Kl ] ,
=Nu. t + ———————-| cos
A 12 1+ Feq }

For a spherical cluster of reactive spheres, such that the
cluster has a radius R as shown in Figure 2

3 K
NAczNA,,V{[r+ 2 —-—1—-]c«:)50}

12 14 Feg¢
(27

N4V [ +n @ Ky ]058
= - r —_— | co
A 2 14 Fe

where it has been assumed that the point of observation
is so distant from the cluster that r, == r and that the
individual spheres are sufficiently distant from each other
that their interactions are negligible. Alternatively, the
entire cluser may be viewed as a single sphere with an
effective permeability Pegr. In this case

PA°Rs™
X Pao(1+ For®) — Pa*(1 + F9) { (1= WoFo?) — ——2— (1 + Fof® }
1
14 Foi® QP CR,m
T opae(1 4 Fog®) + Pat(1 + F9) { (14 2WeFeq?) + ———— (1 + Foff } (20)
2K1 ) [ R3 Kll ]
———— N6 = Nyu,V o —
Fei ( 1 T A A, { =+ 71X Fu cos ¢
Ky = A\ 2 A€ a a a (28)
(—) [<2+2-——+——-)(cosh—-—sinh—)] and
a a X A A Ky  Pp*(l+ Feg®) — Pett (29)
(21) TPt 2227(1+ Feg®) + Pug
Ke=1-— 2K, (22) Equivalence of the two formulations requires
1 + Feqc a 3
1 F.. ¢ K’l =n (-—) K1 = (I)Kl (30)
() () avpee -2 R
1+ Fof 1+ Fob or
= K
A4\ % Mo a a a . a 1— 9@ ——t
(a—) [ 2( - smh):d— — cosh}\—;—) + vl sinh F] Post _ 1 +’Feqc (31)
(23) Pao(1 + Feo®) 140 K,
where 14 Fet
14 x/a .
We = - - (24) In all important respects, this derivation is eguivalent
2+ 2x/a + a/x to that employed by Maxwell for the case of nonreactive
Ad \2 a Ad media.
[3( —) + 1] tanh; - 3— Lastly, it should be noted that P is defined only for
Fegd d e a single value of p,, that is, ps®. If, in a given experi-
[2 ( _)f_ )2 i1 ] canh a 9 E ment, the range of p, is significant, then P.y may also
g a Ad a
A \2 s
[3 (—) + 1]tanh-‘1— 3L
a Ad a
14 Fd{ 1—

[ ()\a 2 ) a 34
2 -—-) 1] tanh — — 2 —
a + " Ad a
(25)
F¢ is the facilitation factor for the dispersed phase, and
Fé — Foq¢ as X¥/a — 0.
The solution for the case in which the shell is per-
meable to the carrier is given elsewhere (Stroeve, 1973).

Effective Permeability

At any point in the continuous phase, the total flux of A
is given by

Dsgr®
NAc—___PAcV [PA°+ AB CABC]
Psc
(26)
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Imposed Gradient of A

Fig. 2. Spherical cluster of reactive spheres in g reactive continuum.
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vary significantly. In such a case, the appropriate average
value of P is given by

— 1 pa®

Pess = WJ‘:‘L Pesrdpa
provided that the geometry corresponds to a simple slab,
as sketched in Figure 1.

(32)

DISCUSSION OF RESULTS

General

The physical situation becomes much clearer if one
sets

K; _ Paf (14 Feg®) — P4
14 Fogt 2PA¢(1 + Feqt) + #¢

so that $2 is the equivalent permeability of a sphere im-
mersed in a continuum of permeability P,°(1 + Fe).
Comparison with Equation (20) then gives

(83)

G a a
—_— R m + WcF c
pa T P(1 FY) * P4°(1 + Feq®) N
(34)

The left-hand side is simply the total resistance to trans-
port which is associated with the presence of the sphere.
The first two terms on the right correspond to serial
addition of the resistances of the shell and of the sphere
interior. Furthermore, it is again evident that F¢ does
represent the transport facilitation within the sphere.
The last term represents an additional resistance in the
continuous phase which is associated with deviations
from chemical equilibrium in that phase. These departures
from equilibrium are induced solely by the presence
of the sphere. Clearly, there is no induced resistance if
Foif = 0 or f We = 0, where the latter would corre-
spond to very fast external kinetics (A¢/a — 0).
As derived here, F¢ has the form

d ?()\d/a)Feqd
T 14 [1— ¢ (A¥/a)]Fed

as does the relation obtained by Friedlander and Keller
(1965) for the case of a slab. A comparison of the

(85)

I.OE T T T T T 171177 T
’_ :
L SPHERE TV
= and —~
2
0. - 14 (2a/2%) 3
y [ / 1 [2a )2 N
I ////“Y— 20 ( N .
. /7 _
v I /L2
0.0l // YT 2 Ux —
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Fig. 3. Comparison of the facilitation factor for a slab with that for a
sphere.

AIChE Journal (Vol. 22, No. 6)

values of y appropriate to the two geometries is showp
in Figure 3. A qualitative correspondence was to be
expected, but the quantitative similarities are surprising.
In fact, the two curves approach unity in exactly the
same manner.

The possibility of reaction in the continuous phase
also raises a question as to the range of volume fraction
for which the analysis is valid. For inert media, it is
known experimentally (Meredith and Tobias, 1962) that
Maxwell’s treatment is surprisingly good for all volume
fractions, provided that the particles are not highly
anisotropic and that P4/P¢ is not extremely large relative
to unity. The same conclusion, with the latter constraint
generalized to P4/P°(1 + Fe°), presumably applies to
the present analysis, except for the complications asso-
ciated with the deviations from chemical equilibrium
which are induced in the continuous phase by the pres-
ence of the sphere. Conservative criteria for validity when
reaction occurs in the continuous phase would be to
require both that the nonequilibrium reactive volume in
the continuous phase be a modest fraction of that phase

Ac \8 [}
[(1+5) -] 2=
a 1—-o

and that the induced resistance be a small fraction of
the continuous phase resistance

WeF o = e

(36)

(87)

This should also ensure that the simplifications inherent
in Equations (5) and (6) be valid.

Fig. 4. Flux and potential plots for a single reactive sphere in a
nonreactive continuum with F¢ — 4, P4/Pc — 1/9, and a/\% = 14.
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Fig. 5. Characteristic length A9 for conditions inside the red blood
cell.
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Fig. 6. The facilitation factor in the red cell as a function of oxygen
partial pressure and equivalent sphere radius.
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Fig. 7. Local effective permeability for whole blood at 25°C with ® =
0.45.

Finally, it should be noted that the reaction within
the sphere may be shut off either by letting Fe® — 0
or by letting A4/a — . The external reaction may be
shut off only by letting Fo,¢ — 0, because the analysis
initially assumed a single sphere in an infinite medium.

It is evident from Equations (4) and (26) that

Dyl
¢ = PAj e é

Pi

Cg! 4 const (38)
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TasLE 1. PrysicocHEMICAL PARAMETERs EMPLOYED FOR
THE DIFFUsION oF OXYGEN IN WHOLE Broop aTt 25°C

Parameter® Value Source
k2 3.0 X 1061 mole—1s—1 Gibson (1953)
k-9 42,851 Gibson (1959)
Dyd 0.65 X 105 cm2s—1 Kreuzer (1970)
asd 1.75 X 10~6mole]~!  Altman and Dittmer

(mm Hg) —1 (1971)

Dpgd 0.76 X 107 cm?2s—1 Kreuzer (1970)
Cré 0.020 mole heme 11

Ppc = apDac 2.80 x 1014 moles—1
cm~! (mm Hg) -1

Altman and Dittmer
(1971),

Hershey and Karhan
(1968)

® A = O3 B = hemoglobin.

describes a suitable potential function. That is, it satisfies
Laplace’s equation and its gradient is proportional to the
total flux. kurthermore, a suitable conjugate (siream or
flux) function is given by

j 3
N paingd (39)
a0 or
W e (40)
a9

This representation is particularly useful in the continuous
phase. In the dispersed phase, however, lines of con-
stant ¢ are simply parallel to § = 0, and lines of con-
stant ¢ are parallel to # = «/2. Furthermore, th: poten-
tial function is discontinuous across r = a. Figure 4 shows
the flux and potential lines in the continuous plase and
lines of constant p4 within the sphere. Since the sphere
is less permeable than the continuous phase [P¢(1 +
Fe?) < Pe], the flux lines bend away from the sphere.
Within the sphere, lines of constant p, are concentrated
near the surface r = a as a result of the fact that the
reaction is fast (\¢/a = 1/14).

Application to Oxygen Diffusion in Blood

For oxygen diffusion, whole blood may be treated as
a reactive suspension with no reaction in the continuous
phase. Physicochemical parameters used in the calcula-
tions are listed in Table 1. The one-step reaction scheme
employed above is a useful approximation to represent
oxygen-hemoglobin kinetics (Hartridge and Roughton,
1923, 1925). Furthermore, the techniques developed
here can be extended to more realistic kinetic schemes
(Stroeve, 1973) such as that of Adair (1925).

The characteristic length A4 for the oxygen-hemoglobin
reaction inside the red blood cell at 25°C is shown in
Figure 5 as a function of the oxygen partial pressure po,.
It varies from 0.1 to 0.15 pm over the po, range plotted
and reaches a maximum value at about 24 mm Hg. The
facilitation factor F¢ is plotted as a function of sphere
radius and po, in Figure 6. The upper and lower bounds
for the equivalent spherical radius are taken to be the
smallest (1 pm) and largest (4 pm) half thicknesses of
the biconcave red blood cell. Within these bounds, Fd
varies from 40 to 80% of its equilibriumn value, Fe.¢
is approached asymptotically at large a. The curves de-
pend markedly upon po,, primarily because of its effect
on the equilibrium facilitation factor Fe,? and only sec-
ondarily because of the dependence of A on partial pres-
sure. For a one-step reaction scheme and fixed radius, F4
attains a maximum value as the oxygen partial pressure
approaches zero.
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Values of Py consistent with these facilitation factors
are shown in Figure 7 as a function of po,. The local
effective permeability is obtained from Equation (31)
with Rs™ equal to zero since the red blood cell mem-
brane resistance to oxygen transport is negligible (Kreuzer
and Yahr, 1960; Stein et al., 1971; Stroeve et al., 1976).
The curves are plotted for the bounding estimates of
equivalent sphere radius, for a sphere with equivalent
red cell specific area (1.6 um), and for the nonreactive
and equilibrium limiting conditions. All curves approach
the nonreactive case at high po, as oxyhemoglobin be-
comes saturated and the effect of the chemical reaction
becomes negligible.

Figure 8 shows the ratio of the average effective per-
meability of a layer of blood to that of plasma as a
function of sphere radius and volume fraction red blood
cells in plasma with po,l = 0 and po,° = 40 or 140
mm Hg. Peors/P° was evaluated numerically from Equa-
tion (32), except for the equilibrium limit which may
be obtained in closed form:

1.0 T 77 L I
Y 7 [ T l L '
@« L Y 09l EQUILIBRIUM _|
S b
= EQUILIBRIUM a®
05 1.4 -
- >
o ;. 08— —
= 2 l
@ 2 0.7 i0pum -
< i
\; 1.0 s 4um
i 1.6pum
x w 0.6 |— 4
. 08 a=lpm
1)
;J > 05— —
=06 = NONREACTIVE
pu} -
0.4—
¥ o4 o ()
0.3 | i L l I | I | !
9] 02 04 06 08 10 [e] 0.2 0.4 06 08 1.0
VOLUME FRACTION, &

Fig. 8. Average effective permeability ratio for po,~ = 0 and (a)
Pos® = 40 mm Hg; (b) pos® = 140 mm Hg.

Cum, it follows that the product remains nearly constant
over a wide range of Cup. For instance, a thirtyfold re-
duction in concentration level relative to that present

tan"l[ (Koaa®pa® + 1) (_Z_)‘/z] _ tan‘l[ (Keglanpak + 1) (-Z—-)%]

(41)

Per s q
Pe g  Kefaah/qu Pa® — par
where in the red blood cell results in only a 2.5 fold reduction

Dye pe
= 2t et = (1)

DpiK*Cr?
(42)
_ Dy? [2 2c1>+Pd (1+2<1>)]
T DpoKeq"Cr? pe

(43)

pé
t=— (1+20) (44)

pd
uch (1—@) (45)

The intercept at ® = 1 for the nonreactive case is simply

Pd/Pe, As anticipated from Figure 7, Pogs is higher when
pos at both boundaries falls within the range where
oxyhemoglobin is not completely saturated. Under such
conditions, transport facilitation within red blood cells
can actually increase the average effective permeability
of blood above that of plasma.

Figure 9 shows the average effective permeability
divided by the normal plasma permeability as a function
of the initial volume fraction for a case in which 5%
of the original red cells have been hemolyzed. The driv-
ing force conditions are the same as in Figure 8a. Oxygen
permeability and hemoglobin diffusivity in plasma were
estimated as a function of the total protein concentration
(plasma proteins and hemoglobin) from the correlation
of Kreuzer (1970). It is obvious from Figure 9 that even
small amounts of hemolysis can substantially increase
the oxygen tramsport rate in red blood cell suspensions.
This occurs because the hemoglobin released into the
plasma renders the continuous phase reactive with re-
spect to oxygen transport. It might be thought that the
facilitation in the plasma would be minimal because the
hemoglobin concentration in the plasma would ordinarily
still be small, even if not zero. However, since the flux
augmentation is proportional to DyCun [see Equation
(16)7 and since Dy, exhibits an inverse dependence on
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in DgyCrp. The effect of the oxygen-hemoglobin reaction
in the continuous phase poses severe constraints on the
extent of hemolysis allowable in experimental studies of
oxygen transport in blood.

It should be noted that the curves with and without
hemolysis cross at high initial volume fractions. This be-
havior is physically unrealistic and reflects the fact that
for hemolysis and high initial volume fractions, the cri-
terion given by Equation (37) is not satisfied.
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Fig. 9. Average effective permeability ratio in the presence and
absence of hemolysis. pos® = 40 mm Hg and po,l = 0 mm Hg,
5% hemolysis.
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NOTATION

a = sphere radius

Cc = concentration

Cr = fu(Cg’ + Cas’)du, total carrier concentration (all
forms) in phase §

D = diffusivity

f = function given by Equation (12)

F = facilitation factor

g = function given by Equation (13)

G = function given by Equation (15)

H = function given by Equation (14)

ki = forward rate constant

k1 = backward rate constant

Ky, Ky, K3, Ky = constants defined by Equations (20) to
(23)

Keq = ki/k_4, equilibrium constant

L = slab thickness

n = number of spheres

N4 = flux of species A

p = partial pressure

P = Da, permeability

Pys = effective permeability of dispersion at single
value of partial pressure

#¢ = equivalent permeability of a sphere in an in-
finite medium

Por = average effective permeability of dispersion

q = parameter defined by Equation (42)

r = radial coordinate

Tn = distance from sphere n to point of observation

R = radius of cluster of spheres

R,™ = interfacial mass transfer resistance for species A

s, t, u = parameters defined by Equations (43 to 45)

v = volume

We = parameter defined by Equation (24)

x = cartesian coordinate

Greek Letters

@ = Bunsen solubility coefficient, C = ap

¥ = function defined by Equation (35)

) = switching function, Equation (1)

€ = tolerance specification, Equations (36) and (37)

0 = cone angle in spherical coordinate system

A = characteristic length, defined by Equation (17)

¢ = potential function

® = volume fraction of dispersed phase

] = stream function

Subscripts

A, B, AB = species A, B, or AB

eq = equilibrium

i = species i

O; = oxygen

0 = at large distances from a particle (r — )

Superscripts

¢ = continuous phase
d = dispersed phase

i = either phase, ¢ or d
L =atx=1L

o =atx=0

L] —_—

condition at r = 0
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