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Abstract. Because of complicated rheological issues related with sickle cell blood, there exists a practical need to rationally
determine critical hematocrit in transfusions for sickle cell patients. In this research, two major effects, i.e. oxygen concentration
and hematocrit, are considered in a theoretical hydrodynamic model incorporating oxygen transport and lubrication theory. The
pressure drop depends on the compliance of red blood cells, which changes with oxygen concentration in sickle red cells. Under
the assumption that after transfusion, the upper limit of the local resistance of a capillary should not surpass that in the same
capillary of normal blood flow, critical hematocrit values with different exchange percentage rates are determined. The current
clinical ceiling value of 35 percent for total hematocrit after the transfusion, for the first time, finds its analytical reasoning
through mathematical modeling. Plots of critical hematocrit values versus the transfusion exchange percentage are provided in
the paper.
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1. Introduction and literature review

Sickle cell disease is the most common inherited hemoglobinopathy which mainly affects African
Americans in the United States. Vasoocclusive complications account for major morbidity and often
contribute to mortality among patients with sickle cell disease. It has been suggested that the formation
of polymerized deoxy-hernoglobin S decreases sickle cell deformability and alters the hemodynamic
properties of sickle cells. These abnormal cells interact with other blood cells and adhere to activated
vascular endothelium which further compromise the rheologic process and lead to vasoocclusion.

The location of vasoocclusion may vary temporally and spatially, depending on a variety of factors
including endothelial activation state and vascular bed characteristics. In the perfused rat mesocecum,
most red cell adherence occurred at the level of postcapillary venules [9], suggesting that vasoocclusion
is initiated at this site and mediated by endothelial cell adherence. This new data challenges previous
views that vascular obstruction should occur at the precapillary arteriole level as a result of direct
plugging by polymer-containing, less deformable sickle cells [14]. Lipowsky et al. [13] showed that
the FITC-Iabeled sickle cells caused obstruction of the capillary entrance within the terminal feeding
arterioles of the microvascular network. Cell trapping at locations such as arteriolar-capillary bifurcation
and venular junctions has been observed in microvascular flow models [10, II]. Others have argued that
vasoocclusion may involve large vessels [8].
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The importance of red cell rheology to hemodynamics in sickle cell disease is evident from a variety
of experiments and from clinical experiences. Two major effects are discussed in the literature that are
believed to influence sickle cell rheology: oxygen tension and hematocrit. The significance of increased
blood viscosity in sickle cell anemia under conditions associated with deoxygenation of sickle cells has
long been recognized [2]. The rheological behavior of sickle hemoglobin (Hb S) solution following
controlled deoxygenation reflected the molecular events of polymer formation. Lipowsky et at. [13]
introduced human sickle cells into the microcirculation of cremaster muscle in rats and mice, and found
that the apparent viscosity in single unbranched arterioles had a four-fold rise in viscosity following
the reduction in intravascular oxygen tension from 40 mmHg to 7 mmHg. Increasing the hematocrit
of sickle cell blood in vitro, even with nonsickled red cells, increases its viscosity and impairs its flow
properties [17].

Obviously, oxygen tension and hematocrit must influence the decision for blood transfusions for
sickle cell patients, which have been used routinely as an effective method of therapeutic treatment
(e.g. [17]). Sickle cell patients frequently receive transfusions to reverse or prevent some of the more
severe complications of the disease, such as stroke or priapism. Due to complicated rheological issues
related with sickle cell blood, a critical value of total hematocrit after transfusion needs to be checked.
The reason is because on one hand, the higher the hematocrit, the more efficient the transfusion would be
since the number of healthy red cells included is larger. On the other hand, the higher hematocrit would
lead to higher viscosity since there is a relation between hematocrit and viscosity. Higher viscosity would
reduce the blood velocity and increase the flow drag, and therefore increase the possibility of having
vasoocclusion. In this sense, high hematocrit may not give good results. Because of these two conflict
effects of hematocrit, there has been a need to determine critical values of hematocrit in transfusions,
especially for simple and partial exchange transfusions. A ceiling of 35% for total hematocrit level after
the transfusion is generally accepted, but higher values are occasionally achieved, whether deliberately
or inadvertently. There has not been a rational means to predict and determine critical hematocrit values
in transfusions.

In this paper, in order to quantitatively calculate critical values of hematocrit, a hydrodynamic model,
developed by Berger and King [I] and modified later by Cima et at. [4], has been used to describe the
flow of sickle cell blood in capillary that incorporates the dependency of sickle cell rheology on local
oxygen concentration. Oxygen tension levels and pressure drop in a capillary for the flow of sickle
cell and normal blood !Ire determined by using the Krogh model for oxygen transport and lubrication
theory for the cell motion. The coupling and interaction between these parameters depend on the red
cell compliance, which is assumed to vary with the oxygen concentration. The pressure drop, under the
condition of the same level of blood flow rate, is an indicative of the local resistance. Using the criterion
that such resistance should not be more than that in the normal blood after the transfusion, the maximum
allowable hematocrit for transfusion at different exchange rates, and thus the total hematocrit level after
the transfusion, can both be evaluated.

2. Oxygen transport

The study of [I] indicated that, under normal pressure gradients, the oxygen tensions and cell velocities
for sickle cell blood are considerably higher than for normal blood, thus acting against the tendency for
cells to sickle or significantly change their rheological properties in the capillaries. The reason is that
the hematocrit of sickle cell blood is lower (0.25) than of normal blood (0.45). The reduced hematocrit
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causes the total pressure drop across red blood cells to drop, even the pressure drop of each sickled red
blood cell is higher than that of normal blood red cell.

It should be noticed that from the incompressible flow point of view, the blood velocity remains the
same, while the blood pressure gradient would change to mitigate the physiologic change to maintain
the same blood velocity. In this sense, the pressure gradient across capillaries should decrease in sickle
cell blood flow. Hence, we investigate the oxygen tension transport under the constant blood velocity
condition. Following [1], the oxygen tension transport equation for a section of conduit capillary, as
shown in Fig. 1, is

[
nN f{f cn

-
1

] OC (02c laC)u 1+ -=Db -+--
(1+f{fcn)2 ax 01'2 1'01' '

where c(x, 1') is oxygen concentration, x is the blood flow distance in the capillary, r is the radius of the
capillary, u is blood velocity, n is the Hill component, N is blood oxygen binding capacity, K' is the Hill
coefficient, and Db is the radial oxygen diffusivity in blood. As explained in [1], the red cell velocity and
the mass flow velocity are assumed to be the same. In Eq. (1), the effects of convection (axial), diffusion
(radial), and production of oxygen due to the dissociation of oxyhemoglobin are included. Both Henry's
law and Hill equation are employed to lead to Eq. (1). Using the modified Oseen approximation [1], we
have

(1)

oc _ Db~~ (rOC)o~ - r or or ' (2)

where

(3)

where cav(x) is the averaged oxygen concentration defined as

1 ire
Cav = -2 c(x,r)2nrdr .

=: 0
(4)

The boundary condition at r = 0 is the mathematical symmetry:

OCor (x, 0) = 0 . (5)

The inlet boundary condition is chosen for specified inlet oxygen concentration

C(O, 1') = co(r) . (6)

For the purpose of the discussion in this study, we are only interested in how the averaged oxygen
concentration changes at each x section. Therefore, a simple boundary condition of constant oxygen
flux, as in [6], can be specified at the capillary wall (1' = r c), since the issue of negative oxygen
concentration on the capillary wall does not arise [16]. This boundary condition can be expressed as:

oc Arcor (x, rc) = - 2Db ' (7)

where A is a constant flux coefficient.
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Fig. 1. A conduit capillary, the coordinate system, and the boundary conditions.

Integrating Eq. (2) following the definition of Eq. (4), and invoking the boundary conditions at r = 0
and r = t:c- we can obtain

dcav = -A .
d~

(8)

Hence, the solution for Cav is

Cav = CavO- A~ , (9)
where

1 ireCavO= -2 co(r)21frdr.
=: 0

(10)

Based on Eqs. (3) and (8), we can have

dx U [ nNK'cn-1
]

dcav = - A 1+ (1+ K';i:v)2 .

Solving for :r:from Eq. (J 1) using Eq. (9), we have

(11)

x = U [~+: (1 + )-('cn - -1-+-I~-'c-n-)] .av avO
(12)

For a transfusion with a percentage of normal blood, Eq. (12) becomes

x = U {~+N [a ( 1 _ 1 )
A 1 + K~.c~v 1 + K~c~vo

+(1 - a) (1 + )-(~c~v - 1 + I~~C~vo)]} ,

where K~ is the Hill coefficient for normal blood, and K~ is the Hill coefficient for sickle cell blood.

(13)
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Fig. 2. Averaged oxygen concentration (cav) versus the distance from the arterial side of the capillary (x), under different
exchange percentage (ex).

Table I
Parameters used in the computation

A = 5 x 1O-2mlO2/ml - s
Co = 27.0 x 1O-4m102 / ml
Db = 1,000 fLm2/s
Hn = 0.45 for normal blood
H; = 0.25 for sickle cell blood
j = [0,2]
K~ = 2.32 x 108ml/mlO2 for normal blood
K~ = 7.70 X 107 ml / ml.O» for sickle cell blood
k = 1.5
L = 600 fLm
N = 0.2mlO2/ml
n = 2.7
r; = 5 iun
u = 300 fJ.fnls
VRBC = 100 fLm3

Figure 2 indicates oxygen concentration change versus the capillary length under different values
of ex, by employing Egs. (9) and (13). The parameters used in the computation are listed in Table 1.
When ex = 1, the case is for the normal blood and ex = 0 is for the sickle cell blood. It shows
that the deoxygenation rate is higher for the normal blood than for the sickle cell blood, until oxygen
concentration becomes very small. Then the deoxygenation rate of sickle cell blood becomes faster.
The ex = 0.5 case is located in between the two cases. This trend can be explained by taking partial
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Fig. 3. Fractional saturation (3) versus oxygen concentration (cav), under different exchange percentage (0<).

derivatives with respect to K' on Eq. (11)

o (dCav ) 1 0 (dX)
oK' dx = - (dx/dcav)2 oK' dcav

(14)

Therefore, when K' c~v > 1, which is the case at higher levels of CaV, dcav/dx decreases with increase
of K'. Since K~. > K~, thus the deoxygenation rate is higher in the normal blood than in the sickle
blood when Cav is not very low. It can also be deduced that an equivalent Hill coefficient, K:n, for the
mixed sickle and normal blood should satisfy K~ < K:.n.< K~, since the curves of 0 < Ct < 1would all
locate in between the two cases.

The oxygen concentration property is obviously related with the rightward shift of the oxyhemoglobin
disassociation curve (Fig. 3) for sickle cell blood. Since the fractional saturation, s, is expressed using
Hill equation,

s = K'c~:v
1+ K'c': 'a.v

(15)

then

os
oK'

cn
av > O.

(1 + K'c:iv?
(16)

Hence, the rightward shift of the saturation curve of sickle cell blood is caused by K~ > K~, which
is the same reason for the slower decrease of oxygen concentration of sickle blood at higher levels of
oxygen tension.
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Fig. 4. Comparisons between the experimental data in [15] and the model data for fractional saturation versus apparent residence
time. The lower boundary flux constant A is 5 x 1O-2ml02/ml - s and the upper A is 10 x 1O-2ml02/ml - s.

Figure 3 is plotted based on the same mixture of normal and sickle blood as expressed in Eq. (13),
which gives

(17)

It is difficult to conduct in vivo experiments on oxygen transport in capillaries because of the many
uncontrollable factors. An experimental in vitro 25-p,m-diameter capillary model was used by Page et
al. [15], to provide oxygen flux measurements for hemoglobin solutions, erythrocyte suspensions, and
erythrocyte/hemoglobin solution mixtures. The results showed that by plotting the fractional saturation
versus apparent residence time (defined as capillary axial distance divided by the flow velocity), the
experimental data at different flow velocities collapsed to a single curve. In Fig. 4, the data from the
theoretical model in this paper are compared with a set of experimental data from [15]. The theoretical
data are calculated from Eqs. (13) and (17) for the normal blood (ex = 1), and the experimental data
are for erythrocyte suspension with 30% hematocrit. The lower boundary flux constant, A, is the value
listed in Table 1, and the upper boundary flux value is A = 10 x 1O-2ml02/ml - s. It shows that the
boundary flux constant influences the slope of the curve significantly. Although part of the influence
can attribute to hematocrit difference between the normal blood used in the theoretical model and the
erythrocyte suspension used in the experiment, which causes the difference in the Hill coefficient, the
effects are not significant based on several test cases. The experimental system in [J 5] could in fact have
a larger boundary oxygen flux constant, with a large lumen diameter (25 fLm), the silicon rubber film
used as capillary wall material, and the external suffusing gas, than the boundary oxygen flux constant
of the capillary considered in this paper. Including these effects, Fig. 4 shows that the theoretical model
data can be considered reasonably matching the experimental data.
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Fig. S. Maximum hematocrit of transfusion (maximum Ht) versus percentage of exchange (a), under two different values of j.

3. Pressure drop in the capillary

It should be noted that the significant difference of hemodynamic parameters between normal and
sickle cell blood is in two key parameters: the hematocrit and the Hill coefficient. In sickle cell blood,
the hematocrit is about half of the normal blood, while the Hill coefficient is about one third of the normal
blood.

The low hematocrit of sickle cell blood is also in the benefit of delaying vasoocclusion since it reduces
the pressure difference within a 'certain length of capillary if the blood velocity remains the same, as
assumed in this study. If the pressure difference is the same, then the blood velocity is faster, thus reduces
the time for the cell being deoxygenated. The pressure drop through each brood cell follows Lighthill's
lubrication theory [7,12,18],

1-k
b..p = '"Y(3~ , (18)

where v is a coefficient related with plasma viscosity, blood velocity, capillary radius and all the constants
listed in [1], (3 is the compliance of the red cell, and the k value depends on the capillary radius. 1

When using Eg. (18) to calculate the pressure drop, the key parameter distinguishing differences
between normal blood and sickle cell blood is the compliance of the red cell, (3. In normal blood, the red
cell compliance is independent of oxygen concentration. However, in sickle cell blood, one of the key
issues is the influence of oxygen concentration on sickle red cell compliance. Chien et al. [3] performed
experiments to measure both viscous and elastic components of complex viscosity. That study illustrated
that the viscous and elastic components increased when the oxygen saturation was reduced. Dong et
al. [5J used the experimental data in [3] to model the cell deformation and hydrodynamic resistance
indices. In this paper, a simple power law relationship between oxygen concentration and the red cell
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Fig. 6. Maximum total hematocrit after the transfusion (maximum He) versus percentage of exchange (a), under two different
values of j.

compliance, as assumed in [1], is adopted:

/3 ( Cav )j
/3a = Cava '

(19)

where 0 :S j :S 2, /30 is the compliance of a normal cell. Eq. (18) then becomes

)

j (1 k)
l-k ( C sv :

A /3 ,- a.vup=, 0' - .
Cava

(20)

For normal blood, j = 0, i.e., the compliance of the red cell and the oxygen concentration are not
coupled.

The total pressure drop through the capillary can be calculated as N 6.p, if the pressure drop through
plasma is neglected, and the total number of the red cells, N, is expressed as

N = (7rT~L) H = MH
VRBC

(21 )

where L is the capillary length, VRBC is the volume of a red cell, and H is the volumetric hematocrit.
If a simple transfusion or partial exchange brings in healthy blood with a hematocrit of H; and a

volumetric percentage of ex, then the resultant total pressure drop becomes

!Vs

Nt(6.P)n + I)6.p)Si
i=1

(22)
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where

(23)

J-k
(b.P)n = 1'(3~ ,

Ns = (1 - a)Hsfl./f ,

(24)

(25)

(26)

and

L
Xi = A (i - 1) .

N; -1

Here H, and H; are the transfusion and sickle cell blood hematocrit, respectively. We assume that
VRBC are the same for the normal and sickle red cells, that sickle red cells are uniformly distributed in
the capillary, and that the size of the length of the red cell is neglected in comparison with the length of
the capillary.

(27)

4. Determination of critical hematocrit

The local resistance of the capillary is

R = ,£b.p
Q ' (28)

where R is the resistance, '£b.p is the total pressure drop, and Q is the flow rate. When the blood
velocity of the capillary remains the same as discussed previously, so does Q. Therefore, the resistance
is proportional to the total pressure drop in the capillary. The criterion for the critical hematocrit of
transfusion blood used here is that the transfusion should not increase the total pressure drop. That is, the
transfusion should not increase the total resistance through the capillary to more than that in the normal
blood flow. Using this criterion, we can have

(29)

where Hn and H; have the values of 0.45 and 0.25, respectively. !
Figure 5 is the plots of the maximum allowable H, versus a under two different values of j. The

computation is carried out with the following procedure: the oxygen concentration versus the distance in
the capillary is first calculated using Egs. (9) and (13). The data is imported into a cubic spline subroutine
which can output the oxygen concentration values at uniformly distributed locations specified in Eg. (27).
Then, the critical hematocrit is calculated using Eg. (29). The parameters used in the computation are
those listed in Table I.

The plots are generated for two values of j. The j = 1 curve provides higher critical hematocrit
values. At a = 20%, the critical hematocrit value reaches almost 1, which is not physiologically
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plausible. Therefore, while j = 2 is the upper bound of the j value, j = 1 is probably the lower
bound of j. It can be seen that the critical hematocrit value decreases with the increase of percentage of
exchange, ex. The range of ex is between 20% and 80% in this calculation, since it is the range of possible
transfusions or exchange percentage. The lowest critical hematocrit asymptotes to 0.45, which is the
normal blood hematocrit. Such an asymptotic behavior is reasonable since at high exchange percentages
most of the blood is normal blood. For the j = 2 case, the critical hematocrit value reduces from 0.76 at
ex = 20% to 0.46 at ex = 80%. This means the higher the exchange percentage, the lower the transfusion
hematocrit should be. At ex more than 80%, the transfusion blood should not be concentrated to increase
the number of the normal red blood cells. Instead, the blood with normal hematocrit, about 0.45, should
be used. The concentration can only be used in lower exchange percentage case, in order to increase the
number of normal red blood cells in transfusions.

The total hematocrit, He, after the transfusion can be calculated as

(30)

Figure 6 shows the maximum total hematocrit, based on the maximum Hi, versus different exchange
percentages with the two j values. It can be seen that the total hematocrit levels are between 0.35 to
0.44, within the exchange percentage of 20% to 80%. The higher the exchange percentage, the higher
the allowable total hematocrit. As the same case as with Ht, the lower j value allows higher He, since
the lower value of j means less strong relation between the sickle cell compliance and the oxygen
concentration. As shown in Fig. 5, the j value of 2 is more reasonable. In current clinic practice, the
transfusion hematocrit, Hs, is approximately 0.60. Then according to the j = 2 curves in Figs. 5 and 6,
the exchange percentage can be as much as 30% for the total hematocrit, He, to reach 0.36. Therefore,
the ceiling total hematocrit of 0.35 is not too far away based on the analysis in this paper, and it is the first
time that such a ceiling value finds its analytical reasoning through mathematical modeling. In addition,
this value can be higher if the exchange percentage is higher, since the percentage of normal blood is
higher. Although the higher hematocrit normal blood still increases the viscosity, the local resistance
does not increase, due to the higher compliance of normal blood red cells.

5. Conclusion

r

It has been shown that oxygen concentration and hematocrit influence the rheological property of
sickle cell blood. Due to a lower value of the Hill coefficient in sickle cell blood, it causes the rightward
shift of the saturation curve of sickle cell blood, resulting in lower deoxygenation rate than that in normal
blood. However, the compliance of the sickle red cell is influenced by the oxygen concentration, so
is the pressure drop of sickle cell blood flow in the capillary. Because the blood velocity remains the
same for incompressible flow, the resistance of a capillary is proportional to the total pressure drop in the
capillary. The pressure drop depends on the compliance of red blood cells, which changes with oxygen
concentration in sickle red cells. Under the assumption that the resistance after transfusion should not
be more than that in normal blood, the critical values of hematocrit in transfusion have been determined
with different exchange percentages, based on the change of sickle red cell compliance due to the change
of oxygen concentration. The maximum allowable transfusion hematocrit value decreases with increase
of exchange percentage, while the maximum allowable total hematocrit after transfusion increases. Plots
of critical hematocrit versus the exchange percentage have been generated. The rational reasons of the
current clinical ceiling value of 35 percent of total hematocrit after the transfusion are for the first time
presented.

au
tho

r's
 pe

rso
na

l c
op

y



236 z. C. Zheng / A hemodynamic analysis for determining critical hematocrit

Acknowledgment

The author would like to express thanks to Prof. Johnson Haynes Jr., M.D., Department of Internal
Medicine and the USA Comprehensive Sickle Cell Research Center at University of South Alabama,
for pointing out the importance of the transfusion hematocrit issue, and to Prof. Felicia Little, M.D.,
Department of Pediatrics at University of South Alabama, for explaining to the author the detailed
procedures of transfusions for sickle cell patients.

References

[I] S.A. Berger and W.S. King, The Flow of Sickle-Cell Blood in the Capillaries, Biophysics Journal 29 (1980), 119-148.
[2] S. Chien, A.A. Kaperonis, R.G. King, H.H. Lipowsky, E.A. Schmalzer, L.A. Sung, K.L.P. Sung and S. Usami, Rheology

of Sickle Cells and Its Role in Microcirculatory Dynamics, in: Pathophysiological Aspects of Sickle Cell vaso-Occtusion,
Alan R. Liss, Inc., 1987, pp. 151-165.

[3] S. Chien, R.G. King, A.A. Kaperonis and S. Usami, Viscoelastic Properties of Sickle Cells and Hemoglobin, Blood Cells
(NY) 8 (1982), 53-64.

[4] L.G. Cima, D.E. Discher, 1. Tong and M.C. Williams, A Hydrodynamic Interpretation of Crisis in Sickle Cell Anemia,
Microvascular Research 47 (1994),41-54.

[5] c. Dong, R.C. Chadwick and A.N. Schechter, Influence of Sickle Hemoglobin Polymerization and Membrane Properties
on Deformability of Sickle Erythrocytes in the Microcirculation, Biophysics Journal 63 (1992),774-783.

[6] w.J, Federspiel and I.H. Sarelius, An Examination of the Contribution of Red Cell Spacing to the Uniformity of Oxygen
Flux at the Capillary Wall, Microvascular Research 27 (1984),273-285.

[7] J.M. Fitz-Gerald, Mechanics of Red-Cell Motion through Very Narrow Capillaries, Proceedings of the Royal Society of
London B 174 (1969),193-227.

[8] R.B. Francis, Large-vessel Occlusion in Sickle Cell Disease: Pathogenisis, Clinical Consequences, and Therapeutic
Implications, Medical Hypotheses 35 (1991), 88-95.

[9] D.K. Kaul, M.E. Fabry and R.L. Nagel, Microvascular Sites and Characteristics of Sickle Cell Adhesion to Vascular
Endothelium in Shear Flow Conditions: Pathophysiological Implications, Proceedings of National Academy of Science
of USA 86 (1989), 3356-3360.

[10] D.K. Kaul, M.E. Fabry and R.L. Nagel, Erythrocytic and Vascular Factors Influencing the Microcirculatory Behavior of
Blood in Sickle Cell Anemia, Annals of New York Academy of Science 565 (1989), 316-326.

[II] 1. Kurantsin-Mills, P.P. Klug and L.S. Lessin, Vasoocclusion in Sickle Cell Disease: Pathophysiology of the Microvascular
Circulation, American Journal of Pediatric Hematology and Oncology 10 (1988),357-372.

[12J M.J. Lighthill, Pressure Forcing of Tightly Fitting Pellets along Fluid Filled Elastic Tubes, Journal of Fluid Mechanics
34 (1968),113-143.

[13] H.H. Lipowsky, S. Usami and S. Chien, Human SS Red Cell Rheological Behavior in the Microcirculation of Cremaster
Muscle, Blood Cells 8 (1982), I 13-126.

[14] C.']' Noguchi and A.N. Schechter, The Intercellular Polymerization of Sickle Hemoglobin and Its Relevance to Sickle
Cell Disease, Blood 59 (1981),1057-1068.

[15] TC, Page, W.R. Light, CB. McKay and J.D. Hellums, Oxygen Transport by Erythrocyte/Hemoglobin Solution Mixtures
in an in Vitro Capillary as a Model of Hemoglobin-Based Oxygen Carrier Performance, Microvascular Research 55
(1998), 54-64.

[16J A.S. Popel, Theory of Oxygen Transport to Tissue, Critical Reviews in Biomedical Engineering 17(3) (1989),257-321.
[17] E.A. Schmalzer, 1.0. Lee, A.K. Brown, S. Usami and S. Chien, Viscosity of Mixtures of Sickle and Normal Red Cells at

Varying Hematocrit Levels: Implications for Transfusion, Transfusion 27 (1987),228-233.
r 18] H. Tozeren and R. Skalak, The Steady Flow of Closely Fitting Incompressible Elastic Spheres in a Tube, Journal of Fluid

Mechanics 87 (1978),1-16.

au
tho

r's
 pe

rso
na

l c
op

y




