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ABSTRACT The turbulent flow properties of dilute (0.06%, by volume) suspensions of
human red blood cells in 4-mm-bore glass tubing were estimated by laser anemometry.
The flow properties of the dilute red cell suspension were similar to those of a dilute
suspension of polystyrene spheres (0.5 um diameter) in isotonic NaCl solution. Flow
was found to be laminar when the Reynolds number was below 2,000, transitional in
the range of Reynolds numbers from 2,000 to 3,000, and fully turbulent above
Reynolds number 3,000. These results differ from previous studies of more concen-
trated red cell suspensions. The length scales of the turbulence were also estimated:
at a Reynolds number near 4,000 the macroscale is about 1.25 mm, the Taylor micro-
scale is about 0.85 mm, and the Kolmogoroff scale is near 0.075 mm.

The results are discussed in relation to previous measurements of the rate of oxygen
uptake by dilute red cell suspensions in the flow-type rapid reaction apparatus. Our
results suggest that under the conditions of most of these oxygen uptake measure-
ments, the turbulent flow is characterized by eddies about 1 mm across, mixing with
each other on a time scale of about 45 ms. Since most of the reported oxygen uptake
measurements involve a similar time scale, it is possible that an effective “unstirred
layer” influenced the reported rate of oxygen uptake.

INTRODUCTION

Hartridge and Roughton (1), using their flow-type rapid reaction apparatus, showed
that a dilute suspension of sheep red blood cells takes up oxygen some 20 times slower
than a hemoglobin solution of similar oxygen-combining capacity. Hartridge and
Roughton attributed the difference to the resistance offered by the red cell membrane
to oxygen diffusion, and the resistance to diffusion of oxygen of the red cell interior.
Calculations by Roughton (2) showed that the resistance to oxygen diffusion within
the red cell could not account for all the difference in oxygen uptake rates of hemo-
globin solutions and red cell suspensions. He concluded that the red cell membrane is
an important barrier to the passage of O, into the red cell. This conclusion was
strengthened by the theoretical work of Nicolson and Roughton (3) on diffusion and
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chemical reaction of oxygen in layers of hemoglobin solution with and without limiting
membranes. Without attributing significant diffusion resistance to the red cell mem-
brane, it was not possible to reconcile their calculations with experimental data.

Strong experimental evidence in support of the role of the red cell membrane in
oxygen uptake comes from the work of Carlsen and Comroe (4). They measured the
rates of uptake of CO and NO by normal human red cells and red cells converted to a
spherical shape without volume change by brief heat treatment. The uptake of CO by
normal and spherical red cells followed the same kinetic curve. If factors relating to
diffusion inside the red cell were important, the spherical cells should have taken up
CO much more slowly than the disks. Furthermore, there was no significant difference
in the uptake rates of CO and NO, which differ in their rates of reaction with hemo-
globin by a factor of 10. This rules out the rate of combination of the gas with hemo-
globin as a rate-limiting factor. All of this is consistent with the passage of the gas
through the red cell membrane being the rate-limiting step in gas uptake.

There are experiments apparently not consistent with the view that the red cell
membrane limits O, uptake. Kreuzer and Yahr (5) found the rate of oxygen uptake by
thin layers of concentrated hemoglobin solution to be the same as for similar layers of
packed erythrocytes. Kutchai and Staub (6) measured the same steady-state oxygen
diffusion rate through a 165-um layer of packed erythrocytes as through a layer of
concentrated hemoglobin solution of the same thickness.

Nicolson and Roughton (3) showed that the ratio of the permeabilities to oxygen of
the red cell membrane to that of the cell interior (A,,.) could be determined by com-
paring the initial rate of oxygen uptake by a red cell suspension with the predictions of
their equations. The variation in values of A, obtained in various ways is consider-
able. Nevertheless, Roughton (2) points out that for four different processes—QO, up-
take, CO uptake, NO uptake, and displacement of O, by CO—a value of about 1.5 for
A Was obtained. If, however, the additional resistance to oxygen uptake resides not
in the red cell membrane, but in an unstirred layer around the cell, we calculate (see
Discussion) that an unstirred layer 1.4 um thick would account for the effect attributed
to the cell membrane. In stopped-flow measurements of osmotic water flux across the
red cell membrane, Sha’afi et al. (7) found an unstirred layer 5.5 um thick.

The influence of an effective unstirred layer on the rate of O, uptake by red cells in
the rapid reaction apparatus has not been given much attention because it has been
assumed (a) that the flow is turbulent and (b) that this implies effectively complete
mixing of the red cells with the suspending medium. Neither of these assumptions has
been critically tested.

It is established that in flows in tubes at Reynolds numbers exceeding the minimum
value at which turbulence can occur, three types of flows are possible: the flow can re-
main laminar; it can become fully turbulent; or it can be intermittent (i.e., laminar part
of the time and turbulent part of the time). Which type of flow occurs depends in a
complicated manner on the Reynolds number and the details of the flow apparatus.
Most of the studies of gas uptake by red cells in the rapid reaction apparatus have used
very dilute suspensions of red cells (about 0.1% red cells by volume after mixing). We

290 BIOPHYSICAL JOURNAL VOLUME 18 1977



are aware of no studies of turbulent pipe flow by such dilute suspensions of red cells.
In particular, the ranges of Reynolds numbers in which flow is laminar, transitional,
and turbulent have not been directly determined.

Even if it were known that flow of red cell suspensions in the rapid reaction ap-
paratus is unequivocally turbulent at the Reynolds numbers previously employed in
studies of gas uptake, the question of whether the red cells are effectively completely
mixed with suspending medium remains. In turbulent flow, the fluid is composed of
eddies with a spectrum of sizes. Whether or not red cells within such eddies are ef-
fectively completely mixed with respect to the diffusion of oxygen into the red cells de-
pends on the size of the eddies and the time scale in which they exist relative to the
distance and time-dependence of the O, uptake by the cells.

In the present study we have used a laser anemometer to determine the conditions
under which dilute suspensions of red blood cells exhibit turbulent flow in a rapid reac-
tion apparatus. Turbulent flows have been characterized by their root-mean-square
(RMS) velocity fluctuations and by the different turbulence scales. The influence of
turbulence-induced convection on the uptake of O, by red cells in the rapid reaction
apparatus is discussed. Our results show that it is possible that an effective “unstirred
layer” influences that rate of oxygen uptake observed in the rapid reaction apparatus.

METHODS

The flow system is shown in Fig. 1. A dilute suspension of red blood cells (5 ml of freshly
drawn human blood in 4 liters of isotonic [0.9%;] NaCl) is driven at known flow rates through
precision-bore glass tubing having an inside diameter of 4 mm. A magnetic stirrer in the
storage tank prevents the cells from settling. The pump used is a variable-speed Varistaltic
standard model, catalog 72-310-000, Manostat Corp. (New York), with flow rate from 75 to 350
ml/min.

The laser anemometer measures the velocity of either the red cells or small, light-scattering
polystyrene particles added to the flow. These particles are very small (0.5 um in diameter)
and neutrally buoyant, so they follow the motion of the fluid extremely well, even in highly
turbulent flows.

The general layout for the laser anemometer is similar to that described by Morton and
Clark (8) and shown schematically in Fig. 2. Light from the laser is split into two parallel,
equally intense beams by a beam-splitter and focused in the flow with a lens. At the intersection
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FIGURE | Schematic diagram of the flow system. The mixing chamber is a Pyrex t-tube with 3.9
mm inside diameter. The test section is precision-bore glass tubing with 4 mm internal diameter.
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FIGURE2 Schematic depiction of the optics of the laser anemometer s 'stem.

of the two beams, an interference pattern (a series of light and dark regions) is established. As
the scattering particles cross this pattern, more light is scattered from the bright areas than the
dark areas. This scattered light is focused by a second lens (not shown in Fig. 2) on the photo-
detector, which then sees alternating periods of light and dark.

The distance between bright areas (fringes) is given by ¢/2sind, where ¢ is the wavelength
of light and @ is half the angle between the beams. The time T between peak outputs from the
photodetector is related to the velocity, u, by T = ¢/2 usind. Thus the frequency of the output
from the photodetector is f, = 2 u sinf/¢.

For a typical arrangement, the fringe spacing is approximately 1 um. For velocities typically
present in a rapid reaction apparatus, ¥ ~ 100 cm/s, T is approximately 107 s and f is
about 1,000 KH. In laminar flow the frequency of the photodetector output is constant, while
turbulent flow is characterized by rapid fluctuations of the frequency. The transition between
laminar and turbulent flow is thus readily detected. Measurements are made about 120 mm
(30 tube diameters) downstream from the mixing chamber, so that events in the mixing chamber
should not influence the observed turbulent flow.

The red blood cell diameter is approximately an order of magnitude larger than the fringe
spacing, while the polystyrene particles are of the same order of magnitude as the fringe
spacing. In practice, however, the relatively large size of the red blood cells has little effect
on the signal.

Determination of the Length and Time Scales of the Turbulence

The length scales are estimates of the sizes of the fluid domains in motion relative to one an-
other in the turbulent flow. The turbulent scales were calculated from the auto-correlation
function (8). Letu = u(x, t) at a point x and time ¢ in the direction of the flow. This velocity
can be written as the sum of the average or mean velocity and the fluctuating part of the velocity.
Thus, u(x, 1) = u#(x) + u'(x, 1) where u is the mean velocity and «' is the fluctuating velocity.
The auto-correlation function is defined R(x, 1) = <u'(x, Du'(x, t + 7)> /<u'i(x, 1)>
where < > indicates a time average. From this function, two scales are generally defined.
The integral scale, &, also known as the macroscale, is given by & = j;,mR (x,7)dr, and is the
area under the auto-correlation function. This scale indicates the size of the turbulent structure
that contains most of the energy in the flow. For a detailed discussion see Batchelor (9).

Another scale measurable from the auto-correlation function is the Taylor microscale, A:
A2 = d?R/dr*| 7 = 0. The quantity 1/A? is proportional to the rate of dissipation of turbu-
lent energy.

The smallest scale that can exist in a turbulent flow is the Kolmogoroff scale, defined by
n = (v*/€)'/%, where ¢ is the rate of dissipation per unitmass, and » is the kinematic viscosity.
An estimate for e is given by the relation ¢ = 15»(@’2/A?), where #'2 is the mean square turbu-
lent fluctuation and A is the Taylor (length) scale. This relation is strictly valid only for iso-
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tropic turbulence. The value of 5 gives an estimate of the smallest unstirred domain possible
in the turbulent flow and from it one can estimate the minimum unstirred layer around a red
blood cell at any instant in time.,

Determination of Degree of Hemolysis of Red Cells

At the end of each experiment, a sample of the red blood cell suspension was subjected to
centrifugation at 1,000 g for 15 min. The supernatant was removed with a Pasteur pipette and
saved. The cell pellet was lysed in a volume of distilled water equal to the volume of the super-
natant withdrawn. The degree of hemolysis was calculated from the optical density of the cell
lysate and the supernatant at 420 nm (an isosbestic wavelength for oxyhemoglobin and reduced
hemoglobin). The degree of hemolysis was always less than 19,.

RESULTS

The Reynolds number was systematically altered in the range 700-8,000 by varying
the flow rate. Laminar flow was observed for Reynolds numbers below 2,000, both
with and without the red blood cells. Mean velocity profiles are parabolic, as pre-
dicted theoretically. Transition to turbulent flow was observed in the range 2,000-
3,000, and fully turbulent flow was observed for Reynolds numbers above 3,000. It
appears within our experimental accuracy that the addition of a small number of red
cells does not affect the transition Reynolds number. The value of the Reynolds num-
ber at which the flow becomes fully turbulent depends strongly on the details of the
apparatus. In some cases this value might be much larger than 3,000.

TABLE 1
THE FLOW PROPERTIES OF DILUTE SUSPENSIONS
OF HUMAN ERYTHROCYTES.
'/ U represents the amplitude of the velocity fluctuation as a percentage of the mean flow
velocity at various values of the Reynolds number (Re), n is the Koimogoroff scale, A is the
Taylor microscale, and 4 is the macroscale.

Re = @ n (mm) A (mm) £ (mm)
U

710
1065
1420 Laminar
1686
1908
gg;g Transition
3506 2.42 0.076 0.85 1.23
4083 2.42 0.073 0.82 1.25
4837 2.22 0.070 0.87 1.28
5059 2.36 0.070 1.01 1.34
5858 2.30 0.068 1.03 1.33
6169 2.35 0.066 1.04 1.34
6967 2.22 0.066 1.11 1.38
7367 2.09 0.066 1.13 1.35
7544 2.08 0.060 1.13 1.46
Averages: 2-25 0.069 1.00 1.33
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Table I shows the variation of the turbulence levels, Kolmogoroff scale, Taylor
scale, and macroscale with Reynolds numbers for the dilute suspensions of red
blood cells. These measurements are made at the center of the tube, 160 tube
diameters from the entrance region. Turbulence intensity levels are slightly smaller
than previously measured in turbulent pipe flows. As seen from the table, the
smallest scale (n) that exists in the flow is almost an order of magnitude larger than
the average diameter of the red blood cell (8 um).

Table II shows the same parameters of the flow in the absence of red cells, but
with 1 um-diameter polystyrene spheres (0.02% by volume) added to scatter the
laser light. Previous work in this laboratory has shown that at this concentration,
the polystyrene spheres do not significantly alter the properties of the flow. The

TABLE II

THE FLOW PROPERTIES OF DILUTE SUSPENSIONS OF
POLYSTYRENE SPHERES IN ISOTONIC NaCl SOLUTION.

The symbols are explained in the legend to Table 1.

Re T (%) n (mm) A (mm) £ (mm)

710

888

1420 Laminar

1580

1908

2307

2663 Transition

2796

3018 2.88 0.068 0.74 1.09
3062 3.31 0.055 0.56 1.36
3240 2.87 0.062 0.64 1.44
3550 2.50 0.068 0.71 1.06
3594 2.68 0.064 0.66 1.39
3683 1.64 0.073 0.94 0.72
4127 2.38 0.065 0.66 1.01
4260 2.88 0.060 0.74 1.40
4260 2.98 0.058 0.70 1.38
4379 2.69 0.058 0.65 1.45
4970 2.36 0.065 0.83 1.14
5147 2.61 0.057 0.72 1.36
5591 2.67 0.054 0.72 1.30
6346 2.46 0.061 0.93 1.21
6657 2.50 0.055 0.79 1.38
6701 2.37 0.054 0.74 1.35
7455 2.25 0.052 0.72 1.33
7456 2.18 0.062 0.98 1.21
7588 2.23 0.052 0.72 1.34
7677 2.27 0.052 0.73 1.38
7722 2.29 0.052 0.72 1.36
7811 2.28 0.052 0.72 1.33
7899 2.20 0.053 0.73 1.34
8032 2.08 0.062 0.99 1.21
Averages: 2.48 0.056 0.75 1.27
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FIGURE 3 The autocorrelation coefficient is plotted versus the time increment, 7, for the flows
Reynolds number.

of a red cell suspension and a suspension of polystyrene spheres (no cells) with about the same

length scales are slightly smaller than in the presence of red cells, consistent with the
improved spatial resolution obtained with the smaller polystyrene spheres. The data
indicate that the addition of the small number of red blood cells does not change the
principal characteristics of the turbulent flow.

Fig. 3 shows a typical auto-correlation coefficient with and without red blood cells
at approximately the same Reynolds number. The auto-correlation coefficient is a

Su/u?
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-=-no cells
102}
103}
10'4 N . i
10’ 102 10°

10°

frequency (Hz)
FIGURE 4 The spectrum Fourier transform of the auto-correlation coefficient is plotted for a
flow of a dilute red blood cell suspension and for a dilute suspension of polystyrene spheres (no
cells) with about the same Reynolds number (given in Fig. 3).
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measure of the statistical character of the velocity fluctuations, and Fig. 3 shows that
over time intervals (7) greater than 4 ms, the two instantaneous mean velocities
u(?) and u(r + 7) are statistically independent. That the curve for the red cell
suspension is almost identical with the curve in the absence of red cells suggests that
the small volume fraction of red cells has only minimal influence on the turbulent
flow properties of the isotonic NaCl solution.

Fig. 4 shows energy spectra (Fourier transforms of the auto-correlation coef-
ficient) for the two cases of Fig. 3 at approximately the same Reynolds numbers with
the area under each curve normalized to unity. In these plots the ordinates are
proportional to the fraction of the total energy associated with the frequencies
shown on the abscissa. The spectra are quite similar in the presence and absence of
red blood cells.

DISCUSSION

Turbulence Properties of Dilute Red Blood Cell Suspensions

We find that very dilute red cell suspensions (0.06%, by volume) do not differ markedly
from isotonic NaCl solutions in their turbulent flow properties. Flow is laminar below
Reynolds number 2,000, transitional in the range of Reynolds numbers between 2,000
and 3,000, and fully turbulent above Reynolds number 3,000. Different results have
been reported with more concentrated red cell suspensions and with whole blood.
Coulter and Pappenheimer (10) studied bovine blood flowing in glass tubes (2.5-6.8
mm diameter). They reported that flow becomes turbulent at a Reynolds number
(diameter-based) of 1,940 + 60 and that the critical Reynolds number is relatively in-
dependent of tube size, hematocrit, and temperature.

Munter and Stein (11) used a hot film anemometer to study turbulence in human
blood forced through an orifice of 3.18 mm diameter. The turbulence intensity was
found to depend markedly on the hematocrit (20-60%;). Depending on the hematocrit
and the Reynolds number, the turbulence intensity in the flowing blood could be
greater than, less than, or equal to that in plasma. The microscale of the turbulence
was found not to depend markedly on hematocrit. Stein and Sabbah (12), using simi-
lar techniques, found that human blood (10-40%, hematocrit) has greater intensity of
turbulent flow than isoviscous plasma over a range of Reynolds numbers. Turbulence
intensity depended on hematocrit and maximum turbulence intensity occurred near
20%; hematocrit.

Turbulent Flow during Oxygen Uptake in the Rapid Reaction Apparatus

In the mixing chamber, convection due to turbulence is responsible for rapidly mix-
ing deoxygenated red cells with oxygenated saline solution. As the mixture flows
through the flow tube of the rapid reaction apparatus and the uptake of O, proceeds,
both diffusion and convection maintain the suspension well mixed with respect to the
oxygen concentration. When the flow is turbulent, the mixing by convection is many
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times faster than in laminar flow. One contribution of our work is to define the ranges
of Reynolds numbers in which the flow of dilute suspensions of red cells is laminar,
transitional, and turbulent. Some investigators have assumed, from the work of Coul-
ter and Pappenheimer with rather concentrated suspensions of bovine red cells (10),
that dilute red cell suspensions will show a transition to turbulent flow at Reynolds
numbers just below 2,000. Our results indicate that this transition Reynolds number
is grossly low for dilute red cell suspensions, which do not show a transition to un-
ambiguously turbulent flow until the Reynolds number approaches 3,000. While most
rapid reaction apparatus measurements of oxygen uptake have been made at Reynolds
numbers that assure turbulence, this has not always been the case.

Convective Mixing in the Rapid Reaction Apparatus

It is necessary to know the time scales of the turbulence as well as the length scales to
consider the mixing by convection of the layers adjacent to the red cell with the rest of
the suspending medium in a turbulent flow. Consider conditions in our experiments
when the flow is demonstrably turbulent (e.g. at a Reynolds number around 4,400,
with a mean flow velocity of 100 cm/s). Under these conditions the RMS velocity
fluctuation (Table I) is about 2.25 cm/s. Using the relation that the time scale is equal
to the length scale divided by the RMS fluctuation velocity (9), we obtain the time
scales listed in Table I11. Eddies in turbulent flow are transient structures. The time
scale gives an indication of the life-span of the average eddy of a particular size. Over a
time equivalent to several time scales, an eddy can be expected to have become com-
pletely mixed with other eddies. While the macroscale represents the largest eddy
possible and the Kolmogoroff microscale represents the smallest eddy possible, the
Taylor microscale cannot be associated with any particular group of eddies. It does,
however, provide a useful estimate for the time scale associated with mixing of the
eddies, in this case about 45 ms.

TABLE 11l

APPROXIMATE VALUES FOR THE
VARIOUS LENGTH SCALES (A, macro-
scale; A, Taylor microscale; 5, Kolmogoroff
scale) AND THE TIME SCALE AP-
PROPRIATE TO EACH LENGTH
SCALE FOR REYNOLDS NUMBER

ABOUT 4,400.
Length scale Cor.respondmg
time scale
mm ms
L=133 59
A=1.00 44
n = 0.069 3
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Kinetics of O, Uptake in the Rapid Reaction Apparatus

Assume that in the flow-type rapid reaction apparatus the incoming streams are
completely mixed in the mixing chamber. As the mixture flows down the flow tube at a
Reynolds number of 4,400, to ensure turbulent flow, the red cells take up oxygen and
the solution immediately surrounding each red cell becomes somewhat depleted of
oxygen. Diffusion and convection will tend to restore the oxygen concentration in the
layers immediately surrounding the red cells toward the mean value of the O, con-
centration in the whole suspension. To the extent that the replenishment of oxygen to
these layers lags behind the uptake by the cells, these boundary layers will remain
somewhat oxygen-depleted and the kinetics of oxygen uptake by the cells will behave
as if there were an “‘unstirred layer” surrounding each red cell.

Most of the measurements of oxygen uptake by red cells have been made under con-
ditions such that the uptake process requires 10-100 ms. Our data suggest that the
replenishment by convective mixing of oxygen in the layer immediately around the
red cell requires on the order of 45 ms and thus partly limits the rate of O, uptake ob-
served under these conditions. i(oyama and Mochizuki (13) found that red cells in a
flow-type rapid reaction apparatus take up oxygen some 16%, slower at Re = 3,000
than at Re = 6,000. This is qualitatively consistent with the data we obtained on dilute
red cell suspensions (Table I). The data of Table 1 show that a typical red cell at Re =
3,000 is contained in an eddy about 0.8 mm (Taylor microscale) across, while the red
cell at Re = 6,000 is in a somewhat larger eddy (about 1.0 mm across). Calculation of
the time scales, however, shows that at Re = 3,000 the time scale for mixing of the
eddies is about 50 ms, while at Re = 6,000 mixing occurs faster (time scale of 33 ms).
On going from Reynolds number 3,000 to 6,000, the decrease in the time scale of mix-
ing is proportionally greater than the increase in the size of the eddies, so that if mixing
by convection were limiting, the rate of uptake observed should increase on increasing
the Reynolds number.

Effect of Unstirred Layers on O, Uptake

Sha’afi et al. (7) used the delay in the onset of red cell shrinking when a red cell
suspension was rapidly mixed with a hypertonic solution to estimate the thickness of
the unstirred layer around the cell. From a mixing chamber the suspension flows down
an observation tube with Re from 8,720 to 10,900. Flow was rapidly stonped and a
record of cell volume (from light scattering measurements) vs. time was obtained. The
delay in onset of cell shrinking was consistent with the presence of an unstirred layer
about 5.5 um thick around the red cell. Sha’afi et al. were able to show that this un-
stirred layer had a negligible effect on the red cell water permeability coefficients
measured previously by Sidel and Solomon (14).

If the resistance to oxygen uptake previously postulated to reside in the red cell
membrane were really due to an unstirred layer, how thick would the unstirred layer
need to be? As discussed in the Introduction, a number of experimental results are
consistent with the assumption that the ratio of the oxygen permeability of the red
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cell membrane to that of the red cell interior is 1.5. That is, A = (D /t,)/(D./t.) =

1.5, where D, and D, are the diffusion coefficients for oxygen in the membrane and
cell interior, respectively,and ¢,, and ¢, are the thickness of the membrane and half-
thickness of the cell, respectively. If we consider that the membrane has no effect on
oxygen uptake, but that an unstirred layer around the red cell is responsible for the
unexpectedly slow uptake of O,, the above equation will apply, but with D, and ¢,
referring to the unstirred layer. Take the half-thickness of the red cell to be 0.8 um,
D, =2x 10°cm?/sand D, = 0.75 x 107% cm?/s (16). Solving the above equation
for ¢,, and substituting the numerical values just given, we obtain a calculated un-
stirred layer thickness of 1.4 um. That is to say that an unstirred layer roughly one
quarter as thick as that observed by Sha’afi et al. would suffice to explain the resistance
to oxygen uptake hitherto postulated to be due to the red cell membrane.

Conclusions

The length and times scales reported in this article for the turbulent flow of dilute
suspensions of red blood cells are consistent with the hypothesis that under the con-
ditions employed in previous measurements of the rate of oxygen uptake by red cells,
some limitation was present due to incomplete mixing by convection (an effective un-
stirred layer) during the time span of the measurement. Further research is needed
to define more precisely the roles of the red cell membrane and the unstirred layer in
determining the rate of oxygen uptake by the red cell in vitro and in the pulmonary
capillary.
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