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bismuth (8). The inversion of the tem- 
perature coefficient is found at all pres- 
sures between 15 and 35 kb in bis- 
muth I. 

Figure 2 shows resistivity-pressure re- 
sults obtained at 77.4?K between 15 
and 60 kb. From 15 kb, the resistivity 
rises by a factor of 6 with increasing 
pressure. At the I-III transition at 42 
kb the resistivity is 740 x 10-6 ohm-cm, 
much too high for a true metal. The 
drop in resistivity at higher pressures 
shows the presence of the metallic bis- 
muth III phase. 

In semiconductors, the resistance R 
follows the formula, 

R == A exp (E5/2kT) 
where Eg is the energy gap and A is the 
first term of a series. 

The energy gaps resulting from the 
application of the simple formula are 
shown in Fig. 3, where they are plotted 
as a function of pressure. The series of 
points taken with bare anvils are from 
heating experiments only. For the two 
sets of experiments with the copper 
block method, heating and cooling 
values were averaged at each pressure. 
The gap values obtained by cooling are 
about 0.003 ev higher than those ob- 
tained by heating. 

The energy gap in Fig. 3 is 0.006 ev 
at 15 kb and it rises to 0.018 ev at 35 
kb. A linear extrapolation of the energy 
gap to 1 atm yields a value of -0.004 
ev. This negative value, if it were cor- 
rect, would represent the overlap energy 
of the valence and conduction bands. 
Other estimates of the overlap energy 
at 1 atm are much larger, ranging from 
-0.012 to -0.035 ev (17) at low tem- 
peratures. The semiconductor formula 
from which the energy gaps are derived 
is accurate only if the gap is greater 
than kT. Since kT is 0.007 ev at 77.4?K 
and several gap values are smaller, the 
formula does not apply accurately, and 
the gap values must be considered ap- 
proximate. The smallness of the energy 
gap explains why work around room 
temperature fails to show the semicon- 
ducting properties of bismuth. At room 
temperature, the gap is less than kT and 
bismuth appears to be a metal. To ob- 
serve this energy gap, the temperature 
must be reduced to the point where the 
gap is of the order of more than kT. 
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mechanism is known in metals. More- 
over, no mechanism affecting mobility 
in metals has been found to yield a 
resistivity as large as 740 x 10'6 ohm- 
cm. The negative temperature coeffi- 
cient is more likely due to the creation 
of an energy gap as the pressure in- 
creases. The decrease in carrier con- 
centration with increasing pressure 
found in work at room temperature on 
Hall coefficients (11) supports this 
view. The decrease in overlap energy 
to 1 kb (12) offers further support. 

It is interesting to note the wide 
range of behavior shown by the element 
bismuth upon compression to 30 kb. 
In phase I, it is poorly metallic to semi- 
conducting, but not superconducting 
(18). Phases II and III, formed under 
pressure, are both purely metallic, with 
III and possibly II both being super- 
conducting (19). 

P. C. SOUERS 
G. JURA 

Inorganic Materials Research, 
Division of the Lawrence Radiation 
Laboratory, Department of Chemistry, 
University of California, Berkeley 
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Phase Separation in Suspensions 
Flowing through Bifurcations: 
A Simplified Hemodynamic Model 

Abstract. In the laminar flow of a 
suspension of neutrally buoyant spheres 
through a bifurcation, intended as a 
simplified macroscopic model of the 
flow of blood, the concentration in the 
side branch is generally lower than in 
the main branch, and is affected pri- 
marily by the ratio of discharges in the 
two branches, the concentration up- 
stream, and by the branch size. 

The occurrence of lower concentra- 
tions of red cells in the side branches 
of bifurcations in the smaller vessels of 
the circulatory system is a well-known 
phenomenon (1), which has also been 
reproduced in vitro (2, 3). The phe- 
nomenon is of significance both in 
physiology and in fluid mechanics, but 
there have been few systematic studies 
of the subject. 

To assess the influence of some of 
the factors affecting the phenomenon, 
we have conducted experiments with 
suspensions of rigid, neutrally buoyant, 
plastic spheres in a mixture of 87 per- 
cent water and 13 percent glycerine 
(by volume), in steady laminar flow 
through bifurcations formed by a side 
branch leaving a straight main tube, as 
shown in Fig. 1A. In three bifurca- 
tions the diameter (D2) of the side 
branch was the same as that of the 
main branch (D =- 6.32 mm) both 
upstream and downstream of the bifur- 
cation, and the side branches formed 
angles of 45?, 60?, and 90?, respec- 
tively, with the downstream portion of 
the main branch; in the fourth bifurca- 
tion the side branch was at an angle of 
45?, but had a narrower diameter (D2 
= 1/2D1 = 3.16 mm). The two values 
of the ratio D2/D1 (1.0 and 0.5) cover 
the common range for branchings in the 
circulatory system. 

The bifurcations were drilled through 
Lucite blocks and presented a sharp edge 
at the junction of the branches. The 
main branch was always vertical, and 
was attached to the downstream end 
of a vertical Lucite tube of the same 
diameter (6.32 mm) and 190 cm in 
length. The flow was supplied to the 
apparatus from a tank in which the 
liquid surface was maintained at a con- 
stant level; the water and glycerine 
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metrically, and the possible error in the 
determination of the concentrations did 
not exceed 3 percent. 

The particles were almost uniform 
in size, with an average diameter of 
600 ju, corresponding to a tube-to-par- 
ticle-size ratio of approximately 10, a 
value selected as being in the range 
where the plasma skimming phenom- 
enon has been observed to occur with 
blood (3). The concentration upstream 
of the branches, CT, was varied from 
5 percent to 45 percent. In general, for 
a given concentration, a two- to three- 
fold range of upstream flow rates QT 

was investigated, in the overall range 
of 2 to 12 cm3/sec. For the 45?, D2 = 
D, bifurcation, and for concentrations 
CT up to 30 percent, some exploratory 
experiments were also performed at 
much higher flow rates (up to 43 cm3/ 

sec). Characterization of the flow in 
terms of a Reynolds number would be 
ambiguous, given the non-Newtonian 
properties of the suspensions (except at 
low concentrations); however, some in- 
dicative values based on an extrapolated 
viscosity of the suspensions at infinite 
shear rate are: 48 for QT = 2 cm3/sec 
and for CT = 45 percent; 1000 for QT 
= 12 cm'Vsec and for CT = 5 percent; 
and 1560 for QT = 43 cm3/sec and for 
CT = 30 percent. 

Other factors being equal, we have 
found that within the range of condi- 
tions investigated, the following state- 
ments hold true. 

1) The ratio C21/C of the concen- 
tration in the side branch to that in the 
main branch downstream of the bifur- 
cation is considerably less than unity 
for low values of the corresponding 
ratio Q2/ Q1 of the flow rates, but in- 
creases with Q2/Qi. Only in exceptions, 
when Q2/ Ql is considerably greater 
than unity, is C2/Cl > 1. Typical re- 
sults are shown in Figs. 1 and 2. 

2) The ratio C2/CI is generally high- 
er for the narrower branch at 45? 

(D2/D, = 0.5) than for the larger one 

(D2/D1 = 1) (Fig. 1A), the difference 
becoming, however, less marked at the 

higher values for CT. 

3) For branches of equal size (D2/D1 
1), C2/C1 is not greatly affected by 

bifurcation angle (Fig. 1B). 
4) The ratio C2/C1 is only slightly 

affected by changes in the upstream 
flow rate QT (as exemplified by Fig. 2 
where results at the extremes of a ten- 
fold range in Qr values are compared). 

5) The ratio C2/C1 decreases, reaches 
a minimum, and then increases as CT 

increases from zero toward the maxi- 
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mum value investigated. In Fig. 3, a 
typical curve shows the variation of 
C2 /Ci with CT and Q2/Qi for the 45? 
bifurcation with narrower side branch. 
Similar results are obtained with the 
other bifurcations. 

These results are consistent with a 
qualitative description of the phenom- 
enon as being the resultant, basically, 
of two effects: the tendency for the 
layers of lower momentum (that is, of 
lower velocity, which are closer to the 
boundary) to be more easily deflected 
into the branch, and the presence of 
concentration gradients in the flow up- 
stream. 

On account of both friction and 
geometric factors, the layers deflected 
into the side branch, rather than being 
circular cylinders concentric with the 
axis of the main branch, will have a 
more complex configuration favoring 
the region closer to the branch. This is 
essentially in agreement with the ob- 
servations of Barnett and Cochrane on 
the deflection of a dye filament into a 
bifurcation (4) (which, however, do 
not provide complete information as to 
the contour of the layers deflected, and 
were performed with a Newtonian 
fluid). 

Although radial drift of neutrally 

- 

C) 

Q2/ QO 

Fig. 1. Examples of variation with rela- 
tive flow rate, Q2/Qi, of the ratio C2/C: of 
the concentration in the side and main 
branch of bifurcations. (A) Effect of the 
ratio D2/DD of the diameters of the side 
and straight branches. (B) Comparison 
of two bifurcations with different side- 
branch angles. 

buoyant, rigid, spherical particles has 
been observed at sufficiently high Rey- 
nolds numbers, still little is known of 
the distribution of radial concentrations, 
except for very dilute concentrations 
(5). In our tests, the presence of a 
particle-deficient (but by no means uni- 
form) layer near the boundary could 
be clearly discerned at the higher con- 
centrations; at the lower concentrations 
the layer became more difficult to de- 
fine, and at all concentrations the par- 
ticle distribution did not appear to be 
greatly affected by changes in flow rate. 

In any event, a nonuniform concen- 
tration profile in the flow upstream, of 
which the particle-deficient layer may 
be but one manifestation, will lead, in 
general, to a concentration of the fluid 
deflected into the side branch different 
from that of the fluid in the straight 
branch. The increase in C2 /C1 and 
Q2/ Ql can accordingly be explained 
with the average concentration of the 
deflected layers becoming increasingly 
close to that of the rest of the flow as 
a progressively larger portion of the 
upstream flow is deflected into the side 
branch. Similarly, the trend toward 
larger C2/C1 ratios at larger values of 
CT can be explained with the nearly 
uniform distribution of concentrations 
that must prevail upstream at the larger 
concentrations. 

The larger C2/Ci values in the 45? 
bifurcation when the side branch is 
narrower would indicate the deflection 
into the narrower branch of layers 
having relatively greater concentration. 
Barnett and Cochrane have shown that 
with a highly viscous Newtonian fluid 
(glycerine), the contributions to a 45? 
side branch usually come from farther 
across the main branch when the side 
branch is narrower. A similar pattern 
for the suspensions used in our experi- 
ments, coupled with a monotonic in- 
crease in concentration from the wall 
to the centerline, would then immedi- 
ately explain the higher C2 /Ci values 
for the smaller branch; however, the 
lack of complete information on the 
deflection pattern and the distribution 
of radial concentrations could make 
this an over-simplification. 

The small effect of the angle of bi- 
furcation on C2/C1, when D2 = D., also 
is consistent with Barnett and Coch- 
rane's observation that the angle has 
little influence on the deflection pattern, 
but the effect of the angle in other con- 
figurations, for example, in bifurcations 
where D2 - D,, and in Y-shaped bi- 
furcations, remains to be investigated. 
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Fig. 2. Effect on C2/Ci of a tenfold change 
in the rate of flow upstream, QT. 

Finally, the limited influence of the 
upstream flow rate QT on C2/ C, can 
be explained as due to a limited influ- 
ence of QT both on the deflection pat- 
tern, a fact observed by Barnett and 
Cochrane, and on the concentration 
distribution, a fact as yet hypothetical 
but consistent with our qualitative ob- 
servations of the limited variation of 
the particle distribution with flow rate, 
and also consistent with quantitative 
observations of the peripheral layer in 
the flow of blood in vitro (6). At 
values of QT below the range investi- 
gated, C2/C1 must be expected to be 
affected by QT, because, as shown by 
Goldsmith and Mason (7), a rigid par- 
ticle would not exhibit a tendency to 
drift away from the boundary [but a 
small layer of lower concentration 
would still be present near the bound- 
ary due to purely geometric effects (8)]. 

Application of these findings to the 
circulatory system requires caution and 
more understanding of the compara- 
tive behavior of suspensions of rigid 
versus highly deformable particles (such 
as the erythrocytes) in a shear field. 

With deformable particles, drift away 
from the boundary occurs at very low 
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Fig. 3. Variation of C2/CI with upstream 
concentration CT, for the narrower side 
branch (D2/D1 = 12 ). The values shown 
are averages over a range of QT values. 
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rates of flow (7), whereas, with rigid 
particles, rates of flow higher by several 
orders of magnitude are necessary, 
other factors being equal. Thus, to 
achieve a system in which the particles 
behave as in the circulatory system, a 
model in which rigid particles are used 
must first be made to operate at suffi- 
ciently high Reynolds numbers, as did 
that in our experiments, so as to insure 
the occurrence of phase-separation ef- 
fects. The distribution of the cross- 
sectional concentrations must also be 
similar, likewise the variations in con- 
centration with flow rate. Lack of in- 
formation on both these phenomena, 
for suspensions of rigid particles as 
well as for blood, prevents an assess- 
ment of the extent to which our model 
fulfilled these requirements. In first 
approximation, however, the concentra- 
tion in the side branch would be gov- 
erned primarily by the peripheral layer, 
and the rigid-particle model should, 
therefore, provide at least a qualitative 
understanding of the phase-separation 
phenomena at branchings of similar 
configuration in the circulatory system. 
In particular, our experiments concur 
with the existing observations of the 
plasma skimming phenomenon, in show- 
ing that the hematocrit ratio in the side 
branches of the smaller vessels should 
be appreciably lower than in the straight 
branch downstream of the bifurcation, 
since, in general, the ratio Q2/Qi will 
be smaller than unity-that is, in the 
range where phase separation effects 
are the most pronounced. With branch- 
ings in series, the process could thus 
lead rapidly to very low hematocrit 
ratios. Within the range of validity of 
the results obtained with the model, 
the phenomenon should be affected only 
to a minor extent by the angle of the 
branching and by changes in the circu- 
lation rate, but would be sensitive to 
the relative diameter of the side and 
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In vivo, the pulsating nature of the 
flow, and the degree of sharpness of 
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less pronounced in the smaller vessels, 
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tance, and since in our experiments the 
angle of bifurcation was shown to have 
limited influence, neither of these fac- 
tors should alter the basic phenomenon. 
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Abstract. Root growth of Cucumis 
and Avena seedlings is inhibited by 
volatile materials produced by leaves 
of Salvia leucophylla, S. apiana, and 
Artemisia californica. The toxic sub- 
stance may be deposited when dew 
condenses on affected seedlings in the 
field. 

The role of metabolic products in 
various forms of growth inhibition has 
been reviewed extensively since 1950 
(1). We have in progress an analysis 
of inhibition of annual herbs by Salvia 
leucophylla, S. apiana, S. mellifera, Ar- 
temisia californica, and other aromatic 
shrubs. The localization of the toxic 
principles is a first step in their identi- 
fications and in the determination of 
ecological relationships. 

The spacing and patterning of an- 
nual grassland species in and about 
colonies of Salvia leucophylla and Ar- 
temisia californica in the Santa Inez 
Valley, Santa Barbara County, Cali- 
fornia, suggested this study. Numerous 
isolated patches of both shrubs occur 
surrounded by grassland. Annual grass- 
es and forbs are usually absent from 
the interiors of such patches and there 
is frequently a zone of bare soil extend- 
ing 60 to 90 cm beyond the canopy of 
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