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Abstract:
Quantitative analysis of blood is complicated by several factors.

One observable phenomenon is plasma skimming. Plasma skimming is the reduction in concentration
present in the more slowly flowing branch of a bifurcation.

Due to the problems associated with quantitative measurements on systems the size of vessels in
microcirculation, and because of the complex nature of non-Newtonian blood flow in small vessels,
plasma skimming was investigated by means of a model using a Newtonian suspension of rigid
spheres.

The present research investigated situations of vertical flows through a bifurcation having equal
diameter branches. Also considered were horizontal flows through 45° and 90° bifurcations having
equal diameter branches and a 90° bifurcation whose side branch was two-thirds the diameter of the
main branch. The Reynolds numbers for vertical and horizontal flows, based on flows through the
upstream branch and using the physical properties of the suspending media, were 3 x 10^-2 and 160
respectively. Concentration changes were measured using tube and mixing cup concentration ratios.

On the basis of this research, it was concluded that the ratio of relative flow rates in the two branches
downstream from the bifurcation and the ratio of the diameters of these branches were important
parameters in determining the extent of plasma skimming. The angle of bifurcation and the upstream
concentration had little effect for the 45° and 90° bifurcations with equal diameter branches. The 90°
bifurcation having the smaller diameter side branch exhibited a dependence on upstream concentration.
The degree of plasma skimming being less at the higher concentrations. Of unknown importance is the
particle to tube size ratio, the shape and flexibility of the particle, and the density of differences
between particles and the fluid. There is also the possibility that inertial effects may be present in the
horizontal flows.

The mixing cup and tube concentration ratios are identical for bifurcations having equal diameter
downstream branches. For bifurcations having different diameter downstream branches, the mixing cup
and tube concentration ratios are not identical. 
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ABSTRACT

Quantitative analysis of blood is complicated by several factors.
One observable phenomenon is plasma skimming. Plasma skimming is the 
reduction in concentration present in the more slowly flowing branch 
of a bifurcation.

Due to the problems associated with quantitative measurements on 
systems the size of vessels in microcirculation, and because of the 
complex nature of non-Newtonian blood flow in small vessels, plasma 
skimming was investigated by means of a model using a Newtonian 
suspension of rigid spheres.

The present research investigated situations of vertical flows 
through a 1+5° bifurcation having equal diameter branches. Also 
considered were horizontal flows through U50 and 90° bifurcations having 
equal diameter branches and a 90° bifurcation whose side branch was 
two-thirds the diameter of the main branch. The Reynolds numbers for 
vertical and horizontal flows, based on flows through the upstream 
branch and using the physical properties of the suspending media, were 
3 x 10 ^ and 160 respectively. Concentration changes were measured 
using tube and mixing cup concentration ratios.

On the basis of this research, it was concluded that the ratio 
of relative flow rates in the two branches downstream from the bifurcation 
and the ratio of the diameters of these branches were important parameters 
in determining the extent of plasma skimming. The angle of bifurcation 
and the upstream concentration had little effect for the k5° and 90° 
bifurcations with equal diameter branches. The 90° bifurcation having 
the smaller diameter side branch exhibited a dependence on upstream 
concentration. The degree -of plasma skimming being less at the higher 
concentrations. Of unknown importance is the particle to tube size 
ratio, the shape, and flexibility of the particle, and the density of , 
differences between particles and the fluid. There is also the 
possibility that inertial effects may be present in the horizontal flows.

The' mixing cup and tube concentration ratios are identical for 
bifurcations having equal diameter downstream branches. For bifurcations 
having different diameter downstream branches, the mixing cup and tube 
concentration ratios are not identical. '



INTRODUCTION

The smallest vessels of the circulation system are the capillaries. 

The capillaries form a multiple branched network connecting the arteries 

and veins. It is in this highly "branched network that the transfer of 

metabolites between the blood stream and adjacent cells occurs. This 

transfer occurs via passive diffusion and active transport. Because 

of their basic survival function, the problems of flows through 

capillaries provides a challenging field of study.

Capillary blood vessels were first discovered by Marcello Malpighi 

in l66l. One would think that during the 300 years since then, the 

mechanics of blood flow in the capillaries would be well understood; 

this is not the case however. The lack of understanding is due in 

part to the fact that capillaries are very small. Systemic capillaries 

in humans are about 6 x 10 ^ meters (6 microns) in diameter and several 

hundred microns in length. Also, the mechanical properties of the red 

blood cells and the cells which compose the capillary are not well 

defined. It is reasonable to say that the investigation of the mechanics 

of blood flow in the microcirculation is still exploratory in nature (ll).

In 1921, Krogh (l8) found that when flow in a small artery branching 

from a larger vessel was slowed by partial contraction the hematocrit or 

volume fraction of red blood cells in the artery may be markedly reduced 

Occasionally to the extent that practically no cells could be seen in 

the side branch. This phenomenon came to be known as plasma skimming. 

While posing, an interesting fluid dynamics problem, plasma skimming
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may be of some considerable importance physiologically. It should 

be noted that blood flow in the microcirculation is under a complex 

system of vascular controls. These controls operate via, three 

basic mechanisms; l) basal tone and local control, 2) neurogenic 

control, and 3) hormonal control. These controls have pronounced 

effects on blood flows and distributions in the microcirculation(8). 

These mechanisms of control are by no means completely understood 

but are presented to give "plasma skimming" perspective. The degree 

of plasma skimming is the resultant of the effects of the various 

control mechanisms. By understanding the phenomenon, perhaps a 

better understanding of its causes will follow.

Few systematic studies of plasma skimming exist. Those that 

do are of three basic types with special problems and difficulties 

inherent to each. In vivo or experiments performed on the animal, 

have special problems of measurements and minimization of unwanted 

effects. In vitro experiments, involve exteriorizing the experiment 

from the animal but uses the same physical set up of animal.

Modeling experiments use a convenient scale to perform the experiments. 

Care must be- taken so that the model accurately represents the 

physical situation which is the basis of the model, known as the 

prototype.

Svanes and Zweifach (26) observed that by partially occluding 

capillaries there was a slowing of the flow in the capillary due to



the increased resistance and a striking reduction in capillary 

hematocrit. In situations where the flow in the parent branch was 

rapid, the capillary hematocrit was reduced to nearly zero. When 

the flow in the parent branch was slow, the reduction in hematocrit 

was only slight. There was no significant change in vessel diameter 

except at the point of compression. While providing some useful 

information, these data are of purely qualitative nature and do little 

to quantify the parameters important,to the phenomenon.

Johnson, Biaschke, et al, (15) simultaneously measured red cell 

spacing and red cell velocity in the mesenteric capillaries of the 

cat and obtained some semi-quantitative data on plasma skimming.

Under control conditions, most capillaries exhibited reasonably stable 

hematocrits, although some showed erratic changes and a few exhibited 

a well defined periodicity. During reductions in gross flow, capillary 

hematocrit was generally unchanged though some showed a reproducible 

increase or decrease. They found that in some cases, capillary 

hematocrit was affected by vasomotion. Though providing no quantitative 

information about the important parameters for plasma skimming, Johnson' 

work did present values of the relative hematocrit change associated 

with a change in capillary flow. Of importance is the fact that these 

experiments by their very nature, may have a significant effect upon 

the degree of plasma skimming. The major weakness of these experiments 

is that they provide no quantitative values for the relative size of
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the flows involved.

Gelin (12) perfused blood through channels etched in blocks of 

polymethyl methacrylate. The two channels crossed to form a 

perpendicular junction. Investigation of channels of various 

diameters indicated that plasma skimming would be significant in vessels 

smaller than H O  microns. It was found that increasing the degree of 

aggregation of the red blood cells by the addition of high molecular 

weight dextran, the degree of plasma skimming increased. The usefulness 

of this information is limited even though it provides the first 

quantitative data on plasma skimming. The most important objection to 

the data is that one rarely sees two branches leaving the parent 

vessel at the same location in the microcirculation. Also, the flows 

in the three branches were nearly the same and provided no information 

for other flow situations.

The most comprehensive treatment of the subject is the work of 

Bugliarello and Hsiao (5). Modeling blood with a suspension of rigid, 

neutrally buoyant spheres, they investigated the importance of total 

flow rate, concentration, angle of bifurcation and relative flow rates 

in the branches, in determining the degree of plasma skimming. The 

suspension particles were chosen so that the diameter of the tube was 

ten times the particle diameter, a size ratio in the range where plasma 

■ skimming has been observed. Using bifurcations made from Lucite blocks 

and under situations of vertical flow, the concentration of spheres in
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the side branch was less than for the main branch for almost all 

flow conditions. The concentrations measured were the outflow 

or mixing cup concentrations. The magnitude of the total flow rate 

had only a minor effect on the degree of plasma skimming. For 

bifurcations of ^5° and 90°, whose side branch is the same diameter 

as the main branch, the effect of the angle of branching was 

negligible. Using a bifurcation of ^5° whose side branch was one 

half the diameter of the main branch, it was found that the degree 

of plasma skimming was less than for the corresponding situation 

when the branches were of equal diameters. It was found that 

higher concentrations lessen the effect of plasma skimming, all 

other factors being equal.

Of unknown importance in attempting to relate observations 

discussed here is the fact that the concentrations measured or 

observed are of different types. In the work by Johnson, the 

concentrations measured were those in the vessel while Gelin and 

Bugliarello determined the concentration of the outflow, known as 

the mixing cup concentration.■ Superficially, this seems to be a 

relatively minor consideration. However, because of the nature of 

the Fahraeus effect, significant complications to correlations between 

the two types of measurements may result. Fahraeus and Lindqvist (J) 

observed in 1931 that for blood flowing in small capillary tubes, 

the calculated viscosity of blood decreases as the tube diameter
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decreases from 500 to 40 microns. This dependence of viscosity 

upon tube diameter has been explained by assuming a cell free plasma 

layer at the tube.wall and a core of the same concentration as the 

feed reservoir. This latter assumption is erroneous and results in 

a calculated plasma layer much too large. Data of Barbee and Cokelet (l) 

show that the average tube hematocrit is less than the hematocrit for 

the reservoir feeding the tube. It was also found that for tubes 

larger than 20-25 microns, the discharge or mixing cup hematocrit was 

the same as the feed reservoir hematocrit while for tubes smaller than 

20-25 microns, the mixing cup hematocrit was less than that for the 

feed reservoir. Research now indicates that at normal.physiological 

hematocrits, the reduced cell concentrations at the vessel walls is 

due primarily to physical exclusion of cells and is known as the 

"smooth-wall" or "Vand" effect (4, 20, 27). It is apparent that 

extreme caution is required when attempting to correlate data obtained 

by different techniques, due to the fact the concentration in the 

vessels is not the same as the concentration 'of the outflow.

The phenomenon of plasma skimming has been attributed to the 

nature of the fluid elements deflected into the side branch. Since the 

fluid at the periphery of the upstream branch moves slower, it is 

easier to deflect into the side branch. The composition of this fluid 

will determine the extent to which plasma skimming is observed. In 

order to understand plasma skimming, it is first necessary to understand
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to a certain extent, the behavior of suspensions flowing in a straight 

tube. It would be useful to understand the hydrodynamic aspects of 

flow division at a bifurcation. Perhaps these concepts can be applied 

to the more complicated case of suspensions flowing through a 

bifurcation. With these considerations, a sufficient condition for 

plasma skimming would be that a radial concentration gradient exist 

upstream. Specifically, the concentration near the wall must be less 

than the concentration in the center of the tube. This radial gradient 

has a theoretical basis which is supported by experimental data. The 

most substantial evidence for a radial concentration gradient is that 

single particles and very dilute suspensions exhibit radial migration.

The force responsible for this displacement originates in the inertia 

of the fluid and it is postulated to be akin to the Magnus effect where 

a transverse force arises from the combination of rotary and translatory 

motion relative to the undisturbed flow of the fluid. Segre and 

Silverberg (23) observed that single spheres migrated radially inward 

from the wall and outward from the axis until a equilibrium position 

was reached. The effects of the radial velocity gradient in Poiseuille 

flow is sufficient to explain inward radial migration but cannot account 

the outward movement. Inward migration can be evaluated by analogy to

the theory of Rubinow and Keller (27) for a rotating sphere.
F = TTâ pf(w X V) Where F is the force on the sphere; V the

particle velocity; W the rotational velocity.

I
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While this equation was not derived for Poiseuille flows, it is 

reasonable to assume that it yields a force of the correct order of 

magnitude for such a flow. Repetti and Leonard (2l) were able to 

explain the outward migration by modifying the above equation and 

by considering that the sphere will influence the fluid to some 

distance 6 past the sphere surface. This modification produces 

moderately good agreement with experimental data. This was 

presented only to show that there exists a force which would tend 

to produce radial concentration gradients for Poiseuille flow.

It should be noted that this effect is expected to be much less 

pronounced at higher concentrations because of particle-particle 

interactions. At concentrations above 35%, the concentration 

decrease at the vessel wall can be attributed almost entirely to 

mechanical exclusion by the wall (.16). These higher concentrations 

produce a velocity profile which is blunted considerably from the 

normal parabolic. This blunting is found to occur with blood (13). 

as well as suspensions of rigid spheres (l6).

Also since inflow and mixing cup hematocrits are equal even 

though the tube hematocrits are lower, for blood flow in small 

straight tubes, there must be a radial red cell concentration gradient 

Otherwise, a material balance on the tube could not be closed.

The nature of flows at a bifurcation was studied by Barnett and 

Cochrane (2) for Newtonian fluids. The limiting streamline, the
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streamline which just passes hy the side branch without entering, 

was determined for bifurcations of 4'5° and 90°. It was found that 

the position of the critical streamline was determined by the relative 

flow rates, the angle of branching, the viscosity of the fluid, and the 

diameter of the side branch. .The slower the flow in the side branch 

compared to the flow in the downstream branch, the further the 

streamline is from the center of the upstream tube. For a given 

value of relative flow rates, the smaller angle withdraws fluid more 

toward the center of the upstream branch. This effect is not extreme 

however. The higher viscosity fluid withdraws more fluid from the 

center of the upstream branch, all other factors being equal.

It has been demonstrated that the fluid deflected into a branch 

is the fluid closest to that branch. While the presence of particles 

in a suspension may have an effect, it is not expected that the basic 

nature of the flow division would be affected drastically.

In engineering, it is commonplace to evaluate performance 

characteristics of equipment .and units by test procedures using a 

conveniently sized, model. Models are useful whenever the size or expense 

of the prototype is such that experimentation on it is impractical.

Model theory is dependent upon several criteria of similarity.

Geometric similarity exists if all the corresponding dimensions of the 

model and prototype are in the same ratio. Kinematic similarity 

exists if all the velocities at corresponding positions have a constant
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ratio. Dynamic similarity is a point-to-point correspondence 

between inertial, normal, shear, and field forces for the two 

systems. Geometric similarity is a prerequisite to kinematic and 

dynamic similarity because of the requirement of corresponding 

positions (9)• If there is complete similarity between systems,' 

all the corresponding dimensionless groups have the same values in 

the model and prototype. The solutions to the differential equations 

of flow then will be the same for the two systems.

Dimensional analysis consists of characterizing a dimensionally 

homogeneous equation by a relationship among a complete set of 

dimensionless products. Dimensional homogeneity means that each term 

in an equation has the same dimensions. There are several possible 

methods of dimensional analysis but the Buckingham Pi Method has the 

advantages of relative ease of computation and is applicable even 

when the differential equation of flow describing the situation is 

unknown (3).

Analysis starts by postulating that some physical process Q is 

a function of the n dimensional variables Q^, Q^, '** Q .

Q = f (Q , Q2, ••• Qn)

•Since the equation describing the behavoir of the systems must be 

dimensionally homogeneous, this equation can be reduced to 

0 = f ( TT I , TT2,* --TTi)
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where iri, irg, • • • are dimensionless groups.

The number of dimensionless groups i is given by 

i = n - r

where n = number of variables

r = maximum number of these variables which will not form a 

dimensionless group

The dimensionless groups are expressed by

TTl V 1 <

TT2

"i

f  4 ' o f

QI Q.bi Q'Ji

where the exponents are such that the tt 1 s are dimensionless.

There are serious limitations' to the use of dimensional analysis. 

Dimensional analysis gives no indication of the fundamental mechanism 

of the process. Also, the analysis is invalid if any significant 

parameter is neglected (17).

The primary objective of this research is the quantification of 

the important parameters of plasma skimming. The first step involved 

in such an undertaking is the identification of all possible parameters 

that could possibly have an effect on the phenomenon. From these 

parameters, dimensionless groups are formed; these will provide the 

basis of^analysis. Through a careful consideration of the fluid dynamic



aspects of the flow of suspensions and the relatively complex 

geometry of the flow situation, the parameters associated with this 

situation become apparent. Table I presents the parameters considered 

to have a possible effect on plasma skimming. Also listed are the 

appropriate symbols and the dimensions for each quantity.

TABLE I. IMPORTANT PARAMETERS

“12-

Parameter Symbol Dimensions

Upstream Concentration <f>
Total Flow Rate V
Relative Flow Rates, Side to Downstream Vs/Vds
Angle of Bifurcation 0
Ratio of particle to upstream-tube diam. Dp/Dt
Ratio of the diameter of the side branch 
to downstream branch Ds/Dds
Diameter of the branch D
Density of the media P
Density of the particle p

-P (Orientation relative to gravity
Shape of the particle $
Yield Stress
Flexibility of the particle E
Viscosity of the media p

Rone 
L3/T 
None 
None 
None

None

M/L3
M/L3

F/L2 or M/LT2 
F/L2 or M/LT2

M/LT

F = Force: Mass; L = Length; T = Time

Since a number of the parameters are dimensionless, no further 

characterization is necessary. However, the remaining dimensional 

quantities must be combined to form dimensionless groups. The result 

of such an analysis combined with the dimensionless parameters is

given in Table II.
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TABLE II. DIMENSIONLESS GROUPS

$ 6

Vs/Vds U2p/E Orientation
relative to

Dp/Dt E/ty gravity

Ds/Dds Uy/DE

Where U=

The orientation relative to gravity may have an effect and will 

he considered hut not included in the analysis of dimensionless groups.

A ,word must he said about ttie parameters of shape 5 flexibility and 

yield stress.

A red blood cell is a biconcave disc and as such, a rather difficult

shape to reproduce in quantity on a macroscopic sacle. Also there is

the problem of how to characterize the shape. There have been a variety

of methods used ranging from determining an equivalent spherical

diameter to"using ratios of the radii of curvature.

The flexibility of the red cell poses a rather complicated problem

for modeling on a macroscopic scale. Values of elastic moduli for the
b ■ 8red cell membrane of 10 and 10 dynes per centimeter squared have been 

reported (ll, l4). These widely different values are explained as the 

results of.measurements of two different stress mechanisms. Apparently 

the red cell membrane deforms in two different ways. A change in shape 

with constant membrane area requires only small stresses , while changes
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in membrane area require large stresses.

A practial definition of yield stress is that critical stress 

below which fluids plastically deform but do not viscously flow, 

given a reasonable period of observation. Blood has a yield stress 

whereas most suspensions do not.

Since these parameters involve quantities which would be difficult 

if not impossible to model on a macroscopic scale, the model will be 

simplified by using rigid spherical particles in a suspension having 

no yield stress.

Eliminating the three parameters discussed leaves the dimensionless 

groups listed in Table III. Also shown are representative values .of 

these groups based on blood flow in microcirculation along with 

corresponding values for the model.

TABLE III VALUES FOR THE VARIOUS DIMENSIONLESS GROUPS

Dimensionless Micro- Vertical Horizontal
Group____________circulation___________Flow______________Flow

<f>
Vs/Vds 
6
Dp/Dt 
Ds/Dds 
DUp / U

PP/P

<ko%

0 -  1.0 
<_ 90 
> .07 
<1.0

IO2 - 10 
1.07

20%

TSS.OHI
TSS.OOJ

.33 - 2.0 .03 - 3 .0

45° 45°, 90°
.333 .333
1.0 1.0, .667

3.2 x 10""2 40 - 160
1.08 ~  i.o1.07
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The group identifiable as a type of Reynolds number can be 

defined in a variety of ways to account for the particles and their 

size relationship to the tube. As long as the definitions are 

consistent between cases, no complications result. For simplicity, 

it will be defined in terms of flow through the upstream branch 

and the physical properties are those for the suspending media.

/



EXPERIMENTAL APPARATUS AND PROCEDURES

This research was performed in two parts; in one case the flow 

was vertically downward, while in the other, the flow was horizontal.

The apparatus and experimental methods pertinent for these two 

situations will be discussed separately..

Vertical Flow

For the vertical flow portion, the suspension consisted of one-

eighth inch polystyrene spheres suspended in Dow Corning 200 Fluid.

The size tolerance for the spheres is .002 inch and the specific

gravity of the polystyrene is in the range of I.04 - I.O65. The

suspending media, a polymer of dimethylsiloxane, was an equal

proportion mixture of fluids of two different viscosities. The two

base fluids have viscosities of 10 and 100 poise while the resultant
2

mixture has a viscosity of 26.2 poise and a density of 0.975 g/cm 

at 22°C. Due to the density differences between the particles and 

the fluid, the spheres had a sedimentation rate of 1.2 centimeters 

per minute.

The apparatus consisted of a reservoir, a connecting section of 

Tygon tubing, the tubes associated with the various branches of the 

bifurcation and the block which forms the junction, as shown in 

Figure I. The bifurcation was a1Lucite block through which three- 

eighths inch channels have been drilled such that they formed a junction 

with each ottier having an angle of 45°« The transparent acrylic tubes 

which formed the various branches of the bifurcation, were precision
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FEED
RESERVOIR

BRANCHUPSTREAM

BIFURCATION

SIDE BRANCHDOWNSTREAM
BRANCH

Figure I. Flow apparatus for vertical flows.
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machined. When threaded into the block, the inside of the tube 

formed a smooth continuous surface with the channels in the block, 

as shown in Figure 2. Various lengths of tubing were used to alter 

the flow resistance and hence the relative flow rates in the down

stream branches. The suspension flows from the reservoir through 

the connecting tubing and into the upstream branch, of the bifurcation. 

The flow is divided at the bifurcation and the outflow of the two 

downstream branches was collected in large beakers. The volume of 

the reservoir was so large compared to the amount of flow, that the 

change in pressure head was only one inch in ten feet, and can be 

neglected.

The procedures involved in gathering of experimental data, began 

with manually stirring the suspension in the reservoir to resuspend 

the particles that had settled to the bottom. The stirring was done 

manually because the high viscosity of the fluid made it impractical 

to use some automatic method. The system was filled initially with 

particle free fluid. Flow was initiated and the suspension allowed 

to fill the system. After the system was completely filled with 

suspension, the efflux from the side and downstream branches was 

collected in graduated cylinders and the collection period timed with 

a stopwatch. Flow was stopped by plugging the ends of the tubes. The 

number of spheres in several six-inch test sections was determined for 

each of the three branches. From the average number of spheres in a
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A L L  CHANK

DOWNSTREAM

SIDE

Figure 2. Sketch of a H50 bifurcation with equal diameter branches.
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given section, the average tube concentration was computed. The 

flow rates in each branch could be determined from the values for 

the timed efflux for the appropriate branch.

After each such run, the system was purged of particles by 

resuming flow while preventing the particles from leaving the reservoir 

by placing a screen over the tube entrance. This procedure was 

repeated a number of times and the average values of the concentrations 

and flow-rates determined. When sufficient data had been gathered, 

the geometry of the system was altered to change the relative size 

of the flows in the downstream branches. The entire procedure was 

repeated for this new value of relative flow rate.

Horizontal Flows

For the situations where the flows were horizontal, the suspension 

consisted of the same polystyrene spheres as used previously but this 

time the fluid was a mixture of glycerine and water. The fluid 

composition was approximately 21% glycerine by volume and had a viscosity 

of I.9U centipoise at 24°C. It was expected that by using glycerine 

and water, the fluid density could be matched exactly to the particle 

density by adjusting the fluid's composition; thus sedimentation effects 

could be eliminated. However, it was found that the density variations 

among the particles was such that at this particular fluid composition, 

approximately equal proportions of spheres settled to the bottom and
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floated to the surface when the suspension was allowed to stand 

undisturbed for a while. To prevent fluid composition changes due 

to the loss of water by evaporation, the top. of the reservoir was 

covered with Saran Wrap. A small amount of detergent was added as 

a surfactant to reduce the surface tension and disperse the spheres. 

Sodium azide was added as a fungicide to prevent the growth of a 

slime found to be using the glycerine as a food source.

The reservoir consisted of a plexiglas box into which a three- 

eights inch acrylic tube had been threaded so that the tube extended 

more than one particle diameter into the suspension as shown by 

Figure 3A. This tube was coupled to th_e upstream branch of the 

bifurcation by means of a Tygon tubing sleeve. The sleeve kept the 

two tubes aligned so that blockages would not occur at their junction. 

The suspension in the reservoir was kept stirred by means of an 

electromagnetic stirrer. The reservoir and stirrer apparatus are 

shown in Figure SB.

By means of appropriately sized Tygon tubing, the outflow of 

the side and downstream branches flowed into a fluid filled 250 milli

liter Erlenmeyer flask. A fluid and air tight, seal was obtained by 

fitting the Tygon tubing through a hole bored in a #6 rubber stopper.

A six inch I4 gauge hypodermic needle with a bevelled end is fitted 

through the stopper and the entire assembly sealed with Dow Corning 

780 sealant. This portion of the apparatus is shown in Figure 4;
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A. Sketch of the exit tube and reservoir wall.
B. Reservoir and magnetic stirrer assembly.
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Figure b. Flask apparatus for the separation of the spheres 
from the fluid.
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however, the sealant has been omitted for clarity. Only fluid could 

flow out through the needle so the spheres accumulated in the flask. 

Medical Grade polyethylene tubing having an inside diameter of 0.105 

inches was used to connect the hypodermic needle to a Harvard Apparatus 

Series 900 single action syringe pump with a three-way valve intermediate. 

The three way valve permitted the syringe on the pump to be emptied 

while the flow through the apparatus was stopped.

Three bifurcations were used in the study with horizontal flows.

The method and materials of construction were similar in all cases.

The blocks were Lucite and the tubing a transparent acrylic. The 

characteristics of the three bifurcations were:

1) The diameter of all the branches was the same and equal to 

three-eighths of an inch. The angle of branching was 45°.'

2) All the branches had diameters of three-eighths of an inch, 

while the angle of branching was 90°.

3) A 90° bifurcation whose side branch was two-thirds the diameter 

of the upstream and downstream branches. The diameter of the 

side branch was one-fourth an inch and the diameter of the 

upstream and downstream branches was three-eighths of an inch..

Figure 2 shows the 45° bifurcation and figure 5 showns the two 90° 

bifurcations.

The interior of all the tubing was siliconized with Siliclad to
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Figure 5* Sketches of the two 90° bifurcations.
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facilitate flow by eliminating interaction effects of the tube wall 

with the particles of the suspension. Prior to siliconing, it was 

observed that when flow was stopped and then resumed, the particles in 

contact with the tube wall adhered and would not flow. Siliconing 

the tubes eliminated this effect.

A diagram of the assembled apparatus is presented in Figure 6. 

While stirring the suspension in the reservoir continuously, 

flow was initiated by simultaneously turning on the two syringe pumps 

which withdrew fluid from the downstream branches at a constant rate. 

The rate of withdrawal was determined by the size of the syringe and 

the gear setting on the syringe pump. When one of the syringes was

filled to capacity, the flow was stopped by turning off the pumps
/

and the syringes emptied into graduated cylinders by means of the 

three-way valve. Flow was resumed after the syringes had been 

emptied. This procedure was repeated until the apparatus was filled 

with suspension, at which time a photograph was taken of a six-inch 

test section of each branch. Photographs were taken at intervals 

corresponding to the filling of the syringes on the pumps. In all 

cases, the amount of flow between photographs was such that all of 

the particles in the test section in one photograph were washed out

of the section and did not appear in the succeeding photograph. The
o

photographs were taken with an Agfa 35 millimeter single lens reflex 

camera using Kodak Tri-X Pan film. The camera was fitted with a Vemar
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#3 close up lens , which reduced the focal length from 2.8 to 1.0 

feet. This procedure was continued until 21 photographs, seven of 

each branch, were taken. At that time, the entrance to the upstream ' 

branch was blocked using a stopper and the two flasks downstream 

detached. The accumulated spheres were removed, washed, dried, 

and weighed to the nearest hundredth of a gram. The upstream branch 

was then unstopped and a screen fitted over the entrance which 

prevented the spheres from entering the system. The apparatus was 

flushed free of particles and reassembled. From the mass of spheres 

in the flasks and the volume of fluid withdrawn from each branch, the 

average concentration of the outflow for each branch can be 

calculated. The film was developed commercially and the spheres 

present in the test section were counted and an average tube 

concentration for each branch determined. The details of those

computations are enumerated in the appendix.



EXPERIMENTAL-RESULTS AND DISCUSSION

Vertical Flow-S

For the case of vertical flow through a b5° bifurcation with 

equal diameter branches the amount of plasma skimming is found to be 

a strong function of the relative flow rates in the branches. Plasma 

skimming is measured by means of the dimensionless ratio of the 

concentration in the side branch to the concentration in the downstream 

branch. This ratio is plotted as a function of another dimensionless 

ratio, the volumetric flow rate in the side divided by the flow rate 

in the downstream branch, in Figure J. It can be seen that the ratio 

(|)s/(f>ds varies from 0.75 to IA  as the relative flow rates, Qs / Qds, 

vary from 0.33 to 1.75 respectively. The concentrations used in 

determining the concentration ratio are tube concentrations. Of 

unknown importance for this case is the amount of sedimentation and its 

effect, if any, on the side branch concentration. Since the spheres 

tend to settle at a rate of about 1.2 centimeters per minute, which is 

appreciable when one considers that the bulk average velocity in the 

side branch is only about 20 centimeters per minute. This settling . 

tends to move spheres from a region of high velocity, the center, to 

a region of low velocity, the tube wall. This translation could 

result in an accumulation of spheres in the side branch. If 

accumulation in the side branch is occurring, the graph in Figure 7 

may be translated upward at each point by the extent to which 

accumulation has increased the side branch concentration over the
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Qds
Figure 7. Tube concentration ratios for vertical flow through 

a 1+5° bifurcation.
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corresponding value had the spheres been neutrally buoyant.

From the results of later investigations, this sedimentation 

and accumulation effect is believed to have occurred. While it is 

unknown as to the extent to which the curve must be translated to 

represent the case for neutrally buoyant particles, the values 

obtained are of use in determining, at least semiquantitatively, the 

effect of changes in relative flow rates. Considering that the 

slowest flows in the side branch result when the ratio of the flow 

rates is less than unity, one suspects that this portion of the curve 

is the region where sedimentation and accumulation effects would be 

most pronounced. It should be noted that accumulation would occur 

only in the side branch since the downstream branch is vertical, 

sedimentation would not tend to cause the particles to move to the 

tube walls.

Horizontal Flow

The decision to switch fluids and the attendant change from 

vertical to horizontal flow is based on two considerations. First, 

it is hoped that by changing fluids to one whose density more closely 

matches that of the spheres , the effects of sedimentation could be 

minimized. The choice of fluids is limited by the fact that most 

hydrocarbons attack the polystyrene and the specific gravity of the 

required fluid has to be greater than unity. Secondly, it is desired
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to investigate the effects of total flow rate, as well as a wide 

range of relative flow rates, on the degree of plasma skimming.

This requires some method of pumping as opposed to altering the 

flows by means of resistances. The switch from vertical to 

horizontal is a convenience.

Using the apparatus detailed previously, investigation is begun 

into the various aspects of plasma skimming. It is also desired to 

investigate plasma skimming in terms of mixing cup concentrations, 

which was not done during measurements with vertical flows. It is 

well documented that for blood suspensions flowing through small 

tubes between two reservoirs, the concentrations in the reservoirs 

are identical even though the concentration in the connecting tube 

is less than the reservoir concentrations. When the tube diameter is 

smaller than a certain critical size, apparently two cell diameters for 

blood, a screening effect is observed. The resultant effect is that 

the exit reservoir concentration is less than the feed reservoir 

concentration. It is felt that the screening effect should be more 

prominent when one considers a suspension of rigid particles instead 

of blood because the deformability of the red blood cells should 

facilitate their entrance into the tube. In the model study, the 

possiblity exists that there may be screening of particles occurring 

at the entrance since the tube diameter is only three times the 

diameter of the sphere. Table IV presents, results obtained in
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attempting to measure the degree of screening which occurs when the 

suspension flows into and through a straight tube.

TABLE IV. MEASUREMENTS
CONCENTRATION

ON SCREENING AS A FUNCTION 
AND FLOW RATE

OF

Flow
Rate ml/min

Reservoir
Concentration

Mixing Cup 
Concentration

<j)MC
d)R

190 W 22.6# .564

114 ko% 23,5#

COCOIA

75 ko% 28.4# .710

190 20# 10.6# OJonLA

114
TsS.OCM 12.8# .642

75 20# 11.3# .565

The experiment is performed to determine whether the phenomenon is 

independent of flow rate. The amount of screening is measured by the 

quantity cf)MC/<j>R, where <j)MC is the outlet concentration and <j)R is the 

reservoir concentration. This ratio should have a value of 1.0 if 

no screening occurred. The degree of screening is dependent on flow 

rate when the reservoir concentration is h0%. Screening is found to 

increase with increasing flow rate. This is reasonable if one accepts 

the postulate that at high flow rates, the spheres are so crowded 

together at the entrance, that they hinder each other's entrance into 

the tube to the extent that at the higher flow rates proportionately 

more fluid is drawn into the tube than spheres. The differences
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shown in Table IV are statistically significant when comparing the 

two high flow rate values to the low flow rate value of <j)MC/<j)R at a 

reservoir concentration of k0%. The differences are not significant 

for any of the differences when the reservoir concentration is 20% 

nor is the difference between the two highest flow rate values’at 

a reservoir concentration of k0% significant. Values of the 

appropriate statistics may be found in the appendix.

From a knowledge of the Fahraeus Effect, the average concentration 

in the upstream branch of a bifurcation is expected to be less than 

the feed reservoir concentration. It has just been shown that a 

screening effect occurs at the tube entrance when the reservoir 

concentration is 40% spheres by volume. Since this screening effect 

is a function of flow rate, one anticipates that the upstream tube 

concentration should also be a function of flow rate at least to the 

same extent as the different degrees of screening at the entrance. 

Another effect may be the accumulation of spheres within the tube at 

the slower flow rates. Seshadri and Sutera (24) found that stirring 

the suspension in the reservoir has an effect on the tube concentration 

in their experiments. Because it is desired to keep the feed 

suspension homogeneous by stirring, the possible effect of stirring is 

considered. Figure 8 provides information concerning the effect of 

the two parameters, stirrer speed and flow rate, on the upstream 

tube concentration. It is apparent that the tube concentrations for



High stirrer speed

High stirrer speed

Low stirrer speed

-----

FLOW RATE ML/MIN.
Upstream tube concentration as a function of flow rate, reservoir concentration 
and stirrer rate. These values are for horizontal flows with a glycerine and 
water media.

Figure 8.
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the two stirring rates approach values of 20% and 30% for high and 

low flow rates respectively, when the feed reservoir concentration is 

k0%. For intermediate values. of flow rate, there is a large discrepancy 

between concentrations obtained at the different stirring rates. A 

plausible explanation of this would be that changing the stirring rate 

affects the flow pattern at the tube entrance, thus providing a 

reason for the differences observed at intermediate flow rates. The 

convergence of the values obtained at high and low flow rates for 

the two stirring rates can be explained thusIy:

1) The convergence at high flow rates occurs because the flow 

pattern at the entrance has little effect in determining 

tube concentration because the flow rate is so large 

compared to the flows in the tank.

2) The convergence at low flow rates occurs because the same 

steady state concentration is reached regardless of stirrer 

speed, because of the accumulation of spheres within the tube.

This accumulation at low flow rates is exactly the effect that is 

supposedly eliminated by the use of a neutrally buoyant media of 

glycerine and water. However, there is a region in which the effects 

of accumulation are minimal. Specifically, the region of flows larger 

than 100 milliliters per minute. Thus by choosing a total flow rate 

well into this range, the flows in the branches should be such that 

accumulation would be of lesser importance. All data presented here



-37-

after is obtained at the higher level of stirrer speed.

Investigation of the effect of total flow rate on plasma 

skimming proceeded using the k^0 bifurcation of Figure 2 and one 

value of relative flow rate, namely Qs/Qds equal to Q.60. The curves 

in Figure 9 represent values of concentration ratios obtained over a 

range of flow rates from 30 to 300 millileters per minute, with a 

reservoir concentration of h0% , when the bifurcation is horizontal. 

Values for both mixing cup and tube concentration ratios approach 

unity for small flow rates. For higher flows, the values of the ratios 

are less than unity. The curve for the tube concentration ratios 

consists of two straight line segments. It is shown statistically in 

the Appendix that the differences between the tube ratios for 50 and 

120 milliliters per minute are significant, while the differences 

between 120 and 300 milliliters per minute flows are not significant. 

The non-horizontal segment of the line corresponds to the region of 

flows where accumulation occurs. It appears that accumulation occurs 

to the extent that at low flows the concentrations in the two tubes 

approaches the same steady state value.

There seems to be no ready explanation for the behavior of the 

mixing cup values at differing flow rates. The mixing cup ratios 

decrease with increasing flow rate from a value near unity at low 

flows through a minimum of about 0.7 at 120 milliliters per minute 

and increases to about 0.85 at the highest flow rate. The differences
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Figure 9. Plasma skimming as a function of total flow rate for a 45° bifurcation and 
under situations of horizontal flows.



-39-

between the ratios at 50 and 120 milliliters per minute are probably 

significant as are the differences between the values at 120 and 300 

milliliters per minute.

Investigation of the effect of total concentration and relative 

flow rate upon plasma skimming begins with choosing to investigate 

these factors when the total flow rate is approximately 150 milliliters 

per minute. This total flow rate is chosen for two reasons. First, 

at this total flow rate, the curves in Figure 9 are horizontal or 

very nearly so for a range of flow rates. This is important to assure 

that small changes in total flow rate do not produce profound changes 

in plasma skimming. Second, this total flow rate provides the 

optimum number of possibilites for pairs of flows whose combination 

is approximately 150 milliliters per minute. This is necessary to 

assure the widest range of relative flow rates possible at a nearly 

constant value of total flow rate.

For a tank concentration of b0% and bifurcations of ^5° and

90° having branches of equal diameters. Figure 10 presents information

for values of ratios of mixing cup concentrations as a function of

relative flow rates in the downstream branches. To reiterate one

more time, plasma skimming is measured by the dimensionless ratio of

the concentration for the side branch to the concentration of the
\

downstream branch. This ratio is plotted as a function of the 

dimensionless ratio of volumetric flow rates, the flow rate in the
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Figure 10. Mixing cup concentration ratios for the ^5° and 90° "bifurcations having
equal diameter tranches. Reservoir concentration is k0%.



in the side branch divided by the flow rate in the downstream branch.

It is found for the 45° bifurcation, that the concentration ratio 

is relatively constant over a wide range of relative flows, increasing 

from 0.70 to about 1.0 as the relative flow to side branch is increased 

from 0.33 to 3.0 respectively. For relative flows less than 0.33, the 

concentration ratio decreases rapidly to about 0.2 as the relative flow 

is decreased to about .04. For the 90° bifurcation, the same trends 

are observed. In fact, statistical analysis shows that there are no 

significant differences between values for the 90° and 45° bifurcation 

except at flow ratios less than 0.33. The pertinent statistics are 

given in the Appendix.

Figure 11 gives values of concentration ratios for various flow 

rates for the two bifurcations but this time the reservoir concentration 

is 20%. For this tank concentration, there are no significant 

differences between concentration ratios obtained at the same relative 

flow rates for the two different bifurcations. The value of the 

concentration ratio increases sharply from zero to 0.6 as the ratio of 

flows is increased from 0.35 to 0.33 respectively. As the relative 

flow ratio is increased to about '3.0, the concentration ratio increases 

slowly to a value of approximately 1.2. Statistics for the comparison 

of values between the two bifurcations may be found in the Appendix.

It is important to remember that the concentration ratio is evaluated 

from mixing cup concentrations for the above situations.

-41-
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Figure 11. Mixing cup concentration ratios for the U50 and 90° "bifurcations.
Reservoir concentration is 20$.
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When the concentration ratio is determined from tube concentrations 

a complication arises due to the possibility of unequal accumulation in 

the different downstream branches because of different flow rates. For 

the cases where concentration ratios are determined from tube concen

trations, the actual data will be presented as well as data which 

have been adjusted to account for the effects of accumulation. It is 

found that at low reservoir concentrations, accumulation effects are 

not present over the range of applicable flows. The reader is referred 

to Figure 8 for evidence of this. However, for high concentrations, 

accumulation is found to be a factor. In applying the relationship 

for adjusting the tube ratios, it will be assumed that the increase 

in tube concentration at lower flow rates as shown in Figure 8, is 

due entirely to accumulation because of the reduced flow. While this 

assumption may not be completely valid, it will supply an upper limit 

for possible values. The actual data provides a lower limit as it 

assumes no accumulation occurs. Therefore, the true curve should be 

bracketed by these two curves.

The values one obtains for concentration ratios defined In terms 

of tube concentrations and the corresponding adjusted ratios for a 45° 

bifurcation with a reservoir concentration of k0% are given in Figure 

12. The unadjusted concentration ratio is found to rise sharply from 

zero to 0.70 and then slowly rises to about 1.0 as the ratio of 

relative flows is increased from 0.035 to 0.33 and then to 3.0
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Figure 12. Tube concentration ratios for the ^5° bifurcation. Reservoir concentration 
is b0%.



respectively. The effect of adjusting these ratios is that the 

portions of the curve for relative flows greater and less than unity 

are shifted upward and downward respectively. The magnitude of the 

shift is dependent upon the relative amount of accumulation in each 

branch as determined from Figure 8. The curve for the adjusted values 

is very closely approximated by a portion of a parabola. The adjusted 

ratio increases smoothly from zero to about 1.4 as the ratio of 

relative flows increases from 0.035 to 3.0. The differences between 

values obtained at high and low values of relative flow rates are 

highly significant as shown in the Appendix.

For the 90° bifurcation and the high, reservoir concentration 

the adjusted and unadjusted ratios for various relative flows are 

plotted in Figure 13. The unadjusted values of the concentration 

ratio rise sharply from zero to 0.7 and slowly to 0.9 as the relative 

flow ratio increases from 0.035 to 0.5 and then to 3.0. The adjusted 

ratios increase smoothly from zero to 1.3 as the flow increases 

through the same range as stated previously. Here again the signi

ficance of values obtained at high and low flow ratios is high. For 

more information concerning the statistics involved, refer to the 

Appendix.

For low concentrations, there is no adjusting factor. Figure I4 

presents data for tube concentration ratios for the 90° and 45°

bifurcations at low reservoir concentrations. Detailed calculations
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Figure 13. Tube concentration ratios for the 90° bifurcation.
Reservoir concentration is ^0%.



Figure lb. Tube concentration ratios for the and 90° bifurcations.
Reservoir concentration is 20$.
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presented in the appendix show that the differences of values 

obtained for the two bifurcations are not significant. The ‘ 

concentration ratio rises sharply from zero to 0.J0 and then slowly 

to 0.95 as the ratio of the relative flow is first increased from 

0.035 to 0.33 and then to 3.0.

From an examination of Figures 11, 12, 13 and l4, an interesting 

point can be seen. As the ratio of the relative flows changes from 

1.0 to 1.3, there is a rather significant increase in concentration 

ratio. In other words, as the flow in the side branch becomes larger 

than the flow in the downstream branch, there is a significant increase 

in the concentration in the side branch compared to" the concentration 

in the downstream branch. This increase is rather drastic when 

compared to the changes observed for flow changes of a similar 

magnitude. This large change can be attributed to the effect of the 

angle.

The final bifurcation investigated has a 90° angle of branching 

and the diameter of the side branch is two-thirds the diameter of the 

downstream branch. The diameter of the side branch is twice the nominal 

average diameter of the spheres. Since at all times any sphere in 

the side branch must have some portion at the centerline, accumulation 

in the side branch will be neglected. Also of importance for this case 

is the size distribution of the spheres. Since a number of the spheres 

have diameters slightly larger than half the diameter of the side branch



it is possible that two spheres the sum of whose diameters is 

larger than the tube diameter might attempt to enter the side branch 

simultaneously and cause an occlusion of the tube. This is found to 

occur with increased frequency with increasing relative flow through 

the side branch. The data presented here are for the entire range of 

flow rates obtainable. The dotted portion of the curve is an 

extrapolation based on values obtained at relative flow rates such 

that blockages occurred repeatedly.

Figure 15 presents data on concentration ratios determined from 

mixing cup concentrations. The curve for a reservoir concentration of 

h0% is sigmoid shaped. The concentration ratio varies from zero for 

a relative flow of 0.QU to about 0.85 for a relative flow ratio of

0.25. For relative flow ratios greater than 0.25, blockages occur 

repeatedly at the side branch entrance. For a reservoir concentration 

of 20%, the curve increases smoothly from 0.024 to 0.60 for flow ratio 

increases from 0.1l4 to 0.35- At flow ratios larger than 0.35, the 

side branch plugs repeatedly.

Concentration ratios based on tube concentrations are plotted 

in Figure l6 for two levels of reservoir concentration, k0% and 20%.

For the lower reservoir concentration, the concentration ratio increases 

from zero to 0.50 as the flow ratio is increased from 0.05 to 0.34.

The ratio of concentrations increases from zero to 0.50 for flow ratios 

from 0.05 to 0.25. Plugging of the side branch occurs repeatedly at
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Figure 15. Mixing cup concentration ratios for the 90° bifurcation.
The diameter of the side branch is 2/3 the diameter of the main branch.
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Figure l6. Tube concentration ratios for the 90° bifurcation.
The diameter of the side branch is 2/3 the diameter of the main branch.



flow ratios greater than 0.25 and 0.34 for the high and low reservoir 

concentrations respectively. Investigation of the pertinent 

statistics reveals that the differences between the values of 

concentration ratios obtained at high and low relative flow ratios 

and high and low levels of reservoir concentration are very significant.

It is desirable to compare the values obtained for the cases of 

vertical and horizontal flows through the 45° bifurcation. Figure 17 

compares the values obtained during vertical flow with the values of 

the tube concentration ratios for the 45° bifurcation at a reservoir 

concentration of k0%. In both cases, the upstream tube concentration 

is about 20%. Characterizing the flows by a Reynolds number 

evaluated using the properties of the suspending media results in
__ Q

values of 3.2 x 10 and l60 for vertical and horizontal flows 

respectively. Referring to Figure 17, one can see that the curve for 

vertical flow is of a different general shape and has generally higher 

values of concentration ratios than the curve for horizontal flows.

These differences can be explained by means of two considerations.

First, the shape of the curve may not be representative of the true 

nature of the flow separation due to the effects of sedimentation 

and accumulation in the side branch. This is particularly true for 

the lowest relative flows where the bulk velocity in the side branch 

is only 10 centimeters per minute. Since the sedimentation rate is 

1.2 centimeters per minute, an appreciable fraction of the bulk
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Comparison of tube ratios for vertical and horizontal flows for the 
1|50 bifurcation. Upstream tube concentration is 20$.
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velocity. It is reasonable that accumulation would be most prominent 

the slower the flow. Therefore, one would expect the curve to be 

translated upward at each point by an amount equal to the degree of 

accumulation present. This distance would be the greatest for the 

smallest values of the ratio of flow in the side to the flow rate 

in the downstream branch and would decrease as the ratio increased, 

provided total flow rate was constant. It is entirely possible that 

the curve for vertical flow would be identical to that for horizontal 

flow if accumulation effects could be accounted for. Secondly, the 

lower values obtained for horizontal flow may be attributable to 

inertial effects present flows at the higher Reynolds number. If 

inertial effects are present, it is harder to deflect particles into 

the side branch.

Figure 18 compares values obtained in this research with values 

reported by Bugliarello and Hsaio (6). A straightforward comparison 

of curves is not possible because of two irreconcilable differences 

between the two studies. Bugliarello uses a tube diameter to 

particle diameter ratio of ten and at flows resulting in a tube 

Reynolds number of 800, while the corresponding values for the present 

research are three and l60 respectively. Another problem to 

correlations between the two works is that while the reservoir 

concentrations may be the same, the upstream tube concentrations need 

not be. In fact, it is expected that for different particle to tube
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Figure l8. Comparison of present research with the published data of Bugliarello and Hsiao.
The bifurcations considered are the 45° and 90° with equal diameter branches.
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diameter ratios the upstream tube concentrations should be 

different because of the Fahraeus effect. Bugliarello makes no 

mention of this, so the data of Seshadri and Sutera is used to 

determine the tube concentration for each stated value of reservoir 

concentration (2'4). They found that the concentration reduction in 

the tube was constant for the range of reservoir concentrations 

applicable. For a tube to particle diameter ratio of ten, the 

concentration in the .tube is 80% of the reservoir concentration.

In the present research, the tube concentration is 50% of the reservoir- 

concentration. Table V shows the appropriate tube and reservoir 

concentrations for the two studies.

TABLE V. RESERVOIR AND TUBE CONCENTRATIONS

Reservoir Tube
Concentrations Concentrations

Bugliarello & Hsiao 30%

-3*CM

20% 16%
Present Study W 20%

20% 10%

It is apparent from Figure 18 that the curves are of the same 

general shape for the two studies. The data of Bugliarello and Hsaio (5) 

show a dependence upon upstream concentration, having higher concentration 

ratio values for higher concentrations while the present work exhibits
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no dependence on concentration. The data of Bugliarello have 

consistantly lower values of concentration ratios indicating a greater 

degree of plasma skimming. This is contrary to the expected effect 

that the larger the particle to tube diameter ratio the greater the 

extent of plasma skimming. However, it is unknown when inertial 

effects become important. The higher the Reynolds number, the 

greater the possibIity that inertial effects are important. Inertial 

effects would explain the observed decreased ratio values because it 

would be more difficult to deflect the particles into the side branch.

The flexibility of red blood cells is known to be important in 

the flow of blood through the capillaries whose diameter is less 

than that of the red cell. On the basis of this research it 

appears that red cell flexibility may be a factor affecting flow 

through branched channels when the vessel is twice the cell diameter. 

This is indicated by the plugging of the side branch when using rigid 

spheres and a side branch whose diameter is about twice the nominal 

diameter of the spheres. Such plugging does not occur with red blood 

cells. '

On comparison of the values one obtains using the two 90° 

bifurcations, it is found that the bifurcation having the smaller side 

branch diameter results in less plasma skimming for corresponding 

values of the relative flow ratio. This can be explained as the result 

of the smaller diameter branch withdrawing a larger fraction of its 

total flow from the central portions of the upstream branch, resulting
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in a higher side branch concentration. This is to be expected based 

on the results of Barnett and Cochrane (2). Working with Newtonian 

liquids, they found that the smaller the side branch relative to 

the downstream branch proportionally more fluid is withdrawn from the 

central portions of the upstream branch. This reduction in plasma 

skimming for the smaller diameter side branch is also reported by 

Bugliarello and Hsiao for a 45° bifurcation whose side branch is 

one-half the diameter of the main branch. A direct comparison of 

values is not possible because the range of relative flow ratios 

investigated in the two studies do not overlap.

Of obvious concern is whether the observations based on the two 

different concentrations results in identical concentration ratios.

For the cases where the diameters of the two downstream branches are 

the same, the concentration ratios obtained by the different methods 

are identical for corresponding relative flow ratios. For the case 

where the side branch is smaller than the downstream branch, the values 

of concentration ratios obtained using tube and mixing cup concentrations 

are different„ This is to be expected if one analyzes the flows 

downstream from the bifurcation as flow through straight tubes. From 

data of Barbee and Cokelet (l) and a knowledge of the Fahraeus effect 

one anticipates that for tubes of equal diameters, the concentration 

change upon flowing from a tube into a reservoir should be in the same 

ratio for the two tubes. Thus if one considers the ratios of the
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concentrations for the two tubes, the ratio will be the same regardless 

of the type of concentration used because the factor will cancel. The 

major determinant of the concentration change between tube and mixing 

cup values is the particle to tube size ratio. When the tubes considered 

are not the same diameter, this cancelling effect is not present. The 

concentration ratios should be different for mixing cup and tube values.



CONCLUSIONS

On the basis of this research, the major conclusions that can 

be drawn are:

1. The upstream tube concentration is a function of flow rate 

and stirrer speed for a reservoir concentration of k0% .

2. For a reservoir concentration of 20%, the average upstream 

tube concentration is independent of flow rate.

3. Screening of particles at the entrance to the upstream 

branch occurs when the tube to particle size ratio is three 

to one. This screening is a function of flow rate for a 

reservoir concentration of h0%.

4. For horizontal flow through a 45° bifurcation at a relative 

flow ratio of 0.60, the degree of plasma skimming is a 

function of flow rate.

5. There are no significant differences’ between values of plasma 

skimming for the 45° and 90° bifurcations having equal 

diameter branches.

6. Upstream tube concentration has no significant effect on 

plasma skimming for the 90° and 45° bifurcations when mixing 

cup concentrations 'are used. However, tube concentrations 

ratios show some dependence on reservoir concentration for 

both the 45° and 90° bifurcation.

7. ( For the 90° bifurcation whose side branch is two-thirds the

downstream branch, only a limited range of flow ratios could
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be investigated. This is due to the plugging of the side 

branch as the relative flow through the side branch is 

increased.

8. Upstream tube concentration is found to have an effect on 

plasma skimming for the 90° bifurcation with the side branch 

two-thirds the diameter of the main branch. The degree of 

plasma skimming is less for the higher concentrations.

9. For all bifurcations at all concentration levels, the 

relative flow ratio is the prime determinant of the degree 

of plasma skimming.

10. For the same angle of bifurcation, 90° the smaller diameter 

side branch results in less plasma skimming.

11. The important dimensionsless groups are Ds/Dps and Vs/Vds, 

while the angle of branching, 0, and total concentration are 

unimportant. The importance of particle to tube size Dp/Dt 

and Reynolds number DUp/p could not be determined.

12. The mixing cup and tube concentration ratios are the same for 

bifurcations with equal diameter downstream branches. These 

ratios are not identical if the downstream branches have

different diameters.



RECOMMENDATIONS FOR FURTHER WORK

Using the macroscopic model, investigation into a b̂ ° bifurcation 

with a smaller diameter side branch remains. After this is completed, 

two avenues of investigation present themselves, One line of investi

gation would be to analyze the present sytem to determine at which point 

inertial effects become an important determinant of plasma skimming.

In this manner, existing data could be analyzed and the true magnitude 

of various effects determined.

Another possiblity would be to begin the investigation of various 

suspensions flowing through channels the size of vessels in the micro- 

circulation. If the problems of producing very small bifurcations can 

be resolved, the possibility of investigation and quantification of 

several heretofore unstudied parameters exists. A,complete understanding

of plasma skimming will not be possible until this work is performed.

Once the experimental techniques required are developed, investigation of 

the effects of yield stress, red cell flexibility, red cell shape and 

even the effects of the viscosity of the red cell contents can be 

determined using blood that has been treated in various ways. It is 

possible to produce red cell suspensions in which the cells have been 

hardened to produce rigid biconcave discs thus enabling a direct 

observance of the effect of red cell flexibility. Red cells can also 

be crenated to produce rigid spheres permitting the effect of red cell 

shape to be determined and related to data for rigid spheres. Blood 

suspensions possessing a yield stress can be compared to suspensions
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lack ing a yield stress. The contents of the red cell can be removed 

using an incubation process by Goldsmith (13) and the effect of the 

red cell contents determined.

It can be safely said that this research is only a small step 

towards a comprehensive understanding of plasma skimming.
i
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The calculations involved in determining the tube concentrations 

are straightforward. The concentration is defined as the volume 

fraction of spheres in a given section. This fraction is determined by- 

dividing the total volume of all the spheres present in a section by 

the volume of that section. The number of spheres present in a section 

are determined by counting. In terms of the number of spheres p, the 

tube concentration based on a six inch test section is given by:

n • 4/3 ir(l/l6)3
6 • Tr (3/l6)2

n
-=--- x 100#
648

The calculations for the mixing cup concentrations are more 

involved and require the assumption that the flow is 100# plug flow.

While it is known that this assumption is not strictly true, the magnitude 

of the error can be made small by making the volume of flow through each 

branch much larger than the volume of the branch. Since the system is 

initially filled with particle free fluid, there will be a time lag 

between the initiation of flow and the particles entering the flasks 

(Figure 5)* This lag will consist of two portions, the time it takes for 

the spheres to reach the bifurcation and the time required for the spheres 

to traverse each of the downstream branches. The time periods associated

*t =

which reduces to:

*t =



-66-

with each portion are given by

Tup = Vup
Qs + Qds

Ts Vs
Qs

Tds Vds
Qds

The mixing cup concentration is based on the mass of spheres 

collected during the time in which a volume Vi*- is collected from each 

branch. The equations defining the mixing cup concentrations for each 

branch are given by:

, . Ms/p<ps = --------------------------
(Vs1 - Vs - VuP Qs )

Qs + Qds

<j)ds _____Mds/p

(Vs1 - Vds Vup Qds x 
Qs + Qds

Before presenting the statistics for the various cases, a brief 

discussion of their applicability is necessary. A two sample t test 

will be used. This test requires the assumptions of normality and equal 

variances. The normality assumption is reasonable since most random 

experimental errors are normally distributed. The assumption of equal 

variances will not be tested using a F test since the degrees of 

freedom are so small as to make its significane questionable. However, 

in a majority of cases, the value of the F statistic is less than 10. 

Also, the two sample t tests is not overly sensitive to small differences 

in variances. The critical value of t.01 and t.05 are 6.965 and 2.920
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respectively for two degress of freedom

I. Tests of the differences in screening when the reservoir 

concentration is b0%.

A. Test the difference between the values at 190 and 

IlU ml/min.

Eo : There is no difference

: The difference is signficiant 

t = 2.OU therefore accept Ho 

Conclusions : There is no difference

B . Test the difference between values at 190 and 75 ml/min

Ho : There is no difference

H^ : The difference is significant

t =10.7 therefore reject Ho

Conclusions : The difference between values is highly 

significant.

C. Test the difference between values at IlU and 75 ml/min 

Ho : The difference is not significant

H^ : The difference is significant

t = 15.6 therefore reject Ho 

Conclusion : The difference is significant
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II. Test for the significant of differences in screening when the 

reservoir concentrations is 20%.

A. . .Test the difference between values at 190 and IlU ml/min. 

Ho : There is no difference

B .

C.

I The difference is significant

t = U.85 therefore reject Ho at .01

Conclusions : The differences are not highly significant 

Test the difference between values at 190 and 75 ml/min.

H6 : There is no difference

H^ : The difference is significant

t =2.12 therefore reject Ho

Conclusions: The differences are not significant

Test the differences between values for IlU and 75 ml/min.

Ho : There is no difference

H1 : The difference is signficiant

t = 2.8U therefore reject Ho
Conclusions: The difference is not significant

In the remaining significant tests , it will be assumed in each case 

that the null hypothesis (Ho) is that the differences are not significant. 

The alternative hypothesis will be that the differences are significant.

III. Significance tests using tube concentration ratios to determine the 

significance of high and low reservoir concentrations for the U50
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bifurcation.

A. Significance of concentration when the relative flow 

ratio is 3.0

t = 4.44

Conclusions: Reject Ho at .01 level; Accept at the

.05 level. The difference is probably significant.

B . Significance of concentration when the flow ratio 

is 0.33

t = 4.45
Conclusions: Reject Ho at .05 and accept at .01

level. The difference is probably significant.

IV. Significance of high and low relative flow ratios for the 45° 

bifurcation using tube concentrations.

A. Significance when the reservoir concentration is b0% .

t = 40%
Conclusions: Reject Ho, the differences are significant

B . Significance of flow rate when the reservoir concen

tration is 20%.

t = 8.20
Conclusions: Reject Ho, the differences are significant.
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V. Significance of high and low reservoir concentrations for the 

1+5° bifurcation using mixing cup concentrations.

A. Significance when the relative flow ratio is 3.0

t = 0.06l4

Conclusions: Cannot reject Ho, the differences

are not significant.

B . Significance test when the flow ratio is 0.33 

t = 2.50

Conclusions: Cannot reject Ho, the differences

are not significant.

VI. Tests for the significance of high and low relative flow ratios 

for the 45° bifurcation based upon values of the mixing cup 

concentrations.

A. Test for significance when the reservoir concentration 

is 40%.

t = 2.11

Conclusions: Cannot reject Ho, the differences are

not significant.

B . Test for the significance of flow ratios when the 

reservoir concentration is 20%.

t = 0.948

Conclusions: Cannot reject Ho, the differences are

not significant for flow ratios.
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VII. Tests for the significance of reservoir concentration on concen

tration ratios determined from tube concentrations for the 90° 

bifurcation with equal diameter branches.

A. Test the significance when the flow ratio is 3.0. '

t = 5-90

Conclusions: The differences due to the concentrations

are probably significant.

B . Test the significance of concentration when the flow 

ratio is 0.33.

t = 2.48

Conclusions: Cannot reject Ho, the differences due

to concentration are not significant.

VIII. Differences due to relative flow ratio for the 90° bifurcation 

from tube concentrations.

A. Differences when reservoir concentration is h0% . 

t = 25.7

Conclusions: The differences due to relative flow

ratios are highly significant.

B . Differences when the reservoir concentration is 20%. 

t = 5.15

Conclusions: At low reservoir concentration, the

differences between high and to flow ratios are

probably significant.
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IX. Differences due to concentration for the 90° bifurcation based 

on mixing cup concentrations.

A. Test for the differences when the flow ratio is 3.0

t = .105

Conclusions: The difference due to concentration is

not significant.

B . Significance of the differences when the flow ratio 

is 0.33.

t = 1.68

Conclusions: The difference is not significant.

X. Differences due to high on low flow ratios for 90° bifurcation, 

based on mixing cup values.

A. Test of significance when reservoir concentration 

is h0% .

t = 3.76

Conclusions: The difference due to flow rates is

probably significant.

B . Test of the differences for a reservoir concentration

of 20%.
t = 1.68

Conclusions: The differences due to flow ratios are

not significant.
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XI. Tests of the differences for high and low reservoir concentration 

for a 90° bifurcation whose side branch is two-thirds the diameter 

of the main branch. Mixing cup values are used.

A. Differences when the flow ratio is 0.1l4.

ct = 17.7

Conclusions: The differences due to concentration

are highly significant

B . Differences when the flow ratio is 0.339

t = 5-73

Conclusions: The differences in ratios due to

concentrations are probably significant.

XII. Tests of the differences due to high and low flow ratios for the 

90° bifurcation whose side branch is two-thirds the main branch.

The concentration ratios are determined from mixing cup values.

A'. Tests on flow ratio differences at a reservoir 

concentration of h0%. 

t = 12.6

Conclusions: The differences due to flow ratios are

highly significant.

B . Tests on differences at a reservoir concentration of 20% 

t = 21.6

Conclusions: Differences are significant
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XIII. Tests of differences for high and low reservoir concentrations 

for the 90° bifurcation. The side branch is two-thirds the 

diameter of the main branch. The concentraitons are tube 

concentrations.

A. Test when the flow ratios i 0.114 

t = 23.4

Conclusions: The differences due to concentration

are highly significant.

B. Test when the flow ratio is 0.339

t = 41.2

Conclusions: The differences are highly significant

XIV. Tests for the differences between high and low flow ratios for 

the 90° bifurcation with the smaller side branch. Tube concen

trations are used.

A. Test for a reservoir concentration of 40%.

t = 21.2

Conclusions: The differences in values are highly

significant.

B . Tests on differences when reservoir concentration is 20# 

t = 38.7.

Conclusions: The differences due to relative flow

ratios are highly significant.
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XV. Tests for differences between the values for the 45° and 90°

bifurcations with equal diameter branches using tube concentrations

A. Test when the relative flow ratio is 3.0 and the 

feed concentration is h0%.

t = 0.919

Conclusions: The differences are not significant

B . Test when the relative flow ratio is 3.0 and the feed 

concentration is 20%.

t =L 0.933

Conclusions: The differences are not significant

C . Test when the flow ratio is 0.33 and the reservoir 

concentration is 40%.

t = 7.28

Conclusions: The differences are highly significant.

D . Test differences for flow ratio of 0.33 and a reservoir 

concentration of 20%

t = . 2.19

Conclusions: .The differences between the two 

bifurcations are not significant.

E . Difference for a flow ratio of 0.75 and a reservoir 

concentration of b0%
i

.t = 13.3

Conclusions: The differences are significant
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F. Difference for a 20% reservoir concentration and a 

flow ratio of 0.75. 

t - I. Vf

Conclusions: The differences are not significant.

XVI. Test for the differences between the 45° and 90° bifurcations- with 

equal branches. Mixing cup concentrations are used.

A. Test the differences when the flow ratio is 3.0 and a 

reservoir concentration of k0%.

t = 0.084

Conclusions: The differences are not significant

B . Tests for significances when the feed concentration is 

20% at a flow ratio of 3.0.

t = 0.334

Conclusions: The differences are not significant

C. Test on the differences for a flow ratio of 0.33 and 

reservoir concentration of 40%.

t = 0.377

Conclusions: The differences are not significant

D. Tests the differences in values at a reservoir concen

tration of 20% and a flow ratio of 0.33

t = 0.501

Conclusions: The differences are not significant.
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XVII. Tests for the significance of the differences between values of 

flow ratios of 1.0 and 1.35.

A. Test of differences for a ^5° bifurcation, reservoir 

concentation of b0% and using mixing cup values.

t = 4.18

Conclusions: The difference is probably significant

B . Test the differences when the tank concentration is 20% 

for the 4-5° bifurcation using mixing cup values.

t = 10.4

Conclusions: The difference is significant

C . Test the unadjusted tube values for the 45° bifurcation 

when tank concentration is h0%.

t = 7-04

Conclusions: The difference is highly significant

D. Test the tube concentration ratios for the 45° 

bifurcation at low reservoir concentration

t = 52.6

Conclusions: The differences are highly significant.



LITERATURE CITED

I. Barbee, J. and G. R . Cokelet, "The Fahraeus Effect", Microvas.
Res. 3, I (1971)

2. Barnett, C. H. and W. Cochrane, "Flow of Viscous Liquids in 
Branched Tubes", Nature 177, 7^0 (1956)

3. Bennett, C. 0. and J. E . Myers, Momentum, Heat and Mass Transfer 
McGraw Hill Inc., New York (1962)

4. Bloch, E. H. "A Quantitative Study of the Hemodynamics in the 
Living Microvascular System", Amer. Journal Anat., HO, 129 (1962)

5. Bugliarello, G. and G. C. Hsaio, "Phase Separation in Suspensions
Flowing Trhough■Bifurcations; A Simplified Hemodynamic Model", 
Science l43, 469 (1964) <

6. Cokelet, G. R., "The Rheology of Human Blood" In Y. C. Fung,
N. Perrone, and M. Anliker (ed.) Biomechanics: Its Foundations
and Objectives, Prentice-Hall, Inc. Englewood,Cliffs, N . J. (1972)

7. Fahraeus , R. and T-. Lindqyist, "The Viscosity of Blood Flow in 
Narrow Capillary Tubes", Amer. Journal Phsiol. 96, 562 (1931)

8. Folkow, B. and E . Neil Circulation Oxford University Press,
New York (1971)

9. Foust, A. S., L . A. Wenzel, C . W. Clump, L. Maus, and L.B. Anderson, 
"Principles of Unit Operations", John Wiley and Sons, Inc.
New York (i960)

10. Fung, Y.C. and P. Tong, "Theory of Sphering of Red Blood Cells" , 
Biophysical Journal 8, 175, 197

11. Fung, Y . C., "Blood Flow in the Capillary Bed", Journal Biomech.
2 ,  3 5 3  ( 1 9 6 9 )

12. Gelin, L. E., "A Method for Studies of Aggregation of Blood Cells,
Erythrostasis and Plasma Skimming in Branching Capillary Tubes" , 
Biorheol. I, 119 (1 9 6 3 )

13. Goldsmith, H. L .,"Microscopic Flow Properties of Red Cells", Fed.
Proc. 26, 1813 (1967)

14. Hoclimuth, Mohan, Seshadri and Sutera, "Deformation of Red Cells in 
Shear Flow" AIAA 9th. Aerospace Sciences Meeting AIAA Paper #71-104



-79-

15. Johnson, P. C., J. Blaschke, K. S. Burton, J. H. Dial, "Influence, 
of Flow Variations on Capillary Hematocrit in Mesentery", Amer. 
Journal Physiol. 221, 105 (1971)

16. Karnis, A., H. L. Goldsmith, and'S, G. Mason, "The,Flow of 
Suspensions Through Tubes V. Inertial Effects", Can. Journal 
Chem■ Eng. 44, l8l (1966)

J
17. Knudsen, J. G. and D. L. Katz, Fluid Dynamics and Heat Transfer, 

McGraw Hill, New-York (1958)

18. Krogh, A., Anatomy and Physiology of Capillaries, Yale University 
Press, New Haven (1922)

19. Miller, I., and E . Freund, Probability and Statistics for 
Engineers, Prentice-Hall, Inc., N. J. (1965)

20. Phibbs , R. H., "Orientation and Distribution of Erythrocytes in 
Blood Flowing Through Medium-Sized Arteries", In A. L. Copley 
Hemorheology Permagon Press, Oxford 617-30 (1968)

21. Repetti, R. V., and E. F. Leonard, "Segre-Silverberg Annulus
Formation: A Possible Explanation", Nature 203, 1346 (1964)

22. Rubinow, S . I., and J. B. Keller, Journal Fluid Mech. 11447 (196.1)

23. Segre, G., and A. Silverberg, "Radial Particle Displacement in
Poiseuille Flow of Suspensions”, Nature 21, 209 (l96l)

24. Seshadri, V., and S . P . Sutera, "Concentration Changes of
Suspensions of Rigid Spheres Flowing Through Tubes", Journal Coll. 
& Inter. Sci. 27, 101 (1968)

25. Skalak, R., A. Tozeren, R. P. Zarda, S . Chien, "Strain Energy 
Function of Red Blood Cell Membranes", Biophysical Journal 
13, 245 (1973)

26. Svanes, K., and B. W. Zweifach, "Variations in Small Blood Vessel 
Hematocrits Produced in Hypothermic Rats by Micro-Occlusion", 
Microvas. Res. I, 210 (1968)

27. Vand, V., "Viscosities of Solutions and Suspension", Journal Phys.
Coll. Chem. 52, 300 (1948)



74 1007 43 5 2&



MONTANA STATE UNIVERSITY LIBRARIES

762 1 5134 7

4 I <

0(859 Oison, Robert D
cop. 2 Phase separation in 

the flow of suspensioi 
through a bifurcation

WAMC ANP AOORMm

aizz?
X

Cnlleqe
Plnir-
Rinrlprv


