
air, where changes in the surface ten- 
sion occur with changes in electric 
field, appears to be an example of a 
generalized electrocapillary type sys- 
tem. The second ion accumulation 
mechanism may be more applicable 
to the situation in natural membranes 
where appreciable transference does 
occur under the influence of an electric 
field. This mechanism may cause tran- 
sient changes in the concentration of 
ions at the inside or outside membrane 
surface when one imposes electric fields 
across natural membranes to induce an 
-mpulse (for example, action potential 
in nerves). This has been suggested 
(7) in an initial attempt to formulate 
relevant physical mechanisms for ex- 
citable membranes. 
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growth behavior of a cavity in a viscous 
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analytical approach will reproduce the 
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The analysis of devices utilizing thin 
viscous films is often complicated by the 
occurrence of flow separation. Because 
of the resulting "free boundary" of the 
liquid-gas interface, it becomes neces- 
sary to furnish additional boundary 
conditions over those required for the 
more common problem with fixed 
boundaries. To gain an insight into 
the circumstances contributing to the 
formation of these cavities, a combined 
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experimental and analytical program 
was initiated. This report is a sum- 
mary of the results of this program, 
which were presented at the 1962 Gen- 
eral Motors Research Laboratories sym- 
posium, Cavitation in Real Liquids (1). 

In the experimental program cavities 
were formed by pulling apart two paral- 
lel surfaces between which was en- 
trained a viscous liquid. From observa- 
tions of the growth patterns of these 
cavities, it was possible to compare the 
analytical results based upon thin-film 
approximations with the actual cavity 
growth. 

One of the two surfaces used in the 
cavity growth process was an optical 
flat 2 inches (about 5 cm) in diameter. 
Its mounting fixture was constrained 
by two flexure plates so as to be always 
parallel to a ground steel surface. The 
initial separation between the surfaces 
was of the order of 0.0005 cm. A 
motor-driven cam forced the surfaces 
apart at a rate which was sufficient to 
initiate the growth of a cavity while 
the area surrounding the optical flat 
was continuously flooded with a vis- 
cous liquid. The initiation, growth, and 
collapse of the cavities occurred in 
about 0.5 second, at which time the 
separation width was approximately 
0.089 cm. A continuous record of the 
plate separation width was obtained 
through the use of a preloaded canti- 
lever beam transducer element which 
bore upon a steel pin which passed 
through the optical flat holder and made 
contact with the steel surface. A high- 
speed camera was used to record the 
cavity formation at 7000 frames per 
second, the pictures being taken through 
the optical flat. 

Since films of the order of 0.0025 
cm are extremely difficult to observe, 
even with dyes added, it was necessary 
to use a material which would fluoresce 
under ultraviolet light. The liquid used 
was a petroleum base fluid which has 
a viscosity of 15 centistokes at 26.7?C, 
a surface tension of 34.9 dyne/cm at 
23.3?C, and a specific gravity of 1.008 
at 15.6?C. 

Because of the symmetry of the sys- 
tem, as the surfaces are separated one 
might expect to find a lowering of the 
pressure within the film until a cavity 
was formed at the center of the disk, 
when the cavity would expand with 
polar symmetry until the time it col- 
lapsed. This did not prove to be cor- 
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Fig. 1. The growth of cavities in a thin 
film of a viscous liquid between two par- 
allel plates. The fracturing cavity front 
assumes a dynamic fern-like structure with 
increasing time. 
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flat. This phenomenon can be attributed 
to the effects of surface defects acting 
as nucleation sites and of the presence 
of dissolved gases in the fluid. Various 
areas within the film are capable of sus- 
taining different levels of reduced pres- 
sure before a cavity forms because of 
local conditions existing in the film. 
Consequently, as the pressure is low- 
ered, this local threshold value for 
cavity formation may occur at several 
locations in the film before the effect 
of the aggregate cavities precludes the 
formation of new voids. The continued 
growth of each circular void was 
marked by a fracturing of the cavity 
front and by the extension of radial 
runners, as shown in Fig. 1. From 
these radial growth patterns there ap- 
peared many subordinate finger-like 
appendages growing, in general, at an 
angle inclined to the growth direction 
of the radial arterial extensions. The 
interactions of these extremely unstable 
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Fig. 2. The coalescence of many separate 
cavities into one circular cavity. The re- 
sidual oil appears in the form of filaments 
throughout the cavity area. 
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fern-like structures slowed down the 
rate at which they propagated in the 
regions separating several cavities and 
the visual effect was a growth pattern 
which moved toward the periphery of 
the disk. There was then a period of 
coalescence, the many cavities merging 
into one well-defined circular cavity as 
shown in Fig. 2. Although many fila- 
ments of the liquid remained in this 
region, their static nature would indi- 
cate the existence of a constant pressure 
within the area. It was not possible to 
determine whether these filaments of 
residual fluid were clinging to the op- 
tical flat or if they extended between 
the two surfaces. A further separation 
of the surfaces caused the cavity to 
collapse. This was an extremely stable 
phenomenon, the receding boundary 
wiping out the residual fluid filaments 
and circular symmetry being maintained 
until the collapse phase was complete. 

The analytical work was based upon 
the assumptions of (i) laminar flow, 
(ii) constant viscosity, (iii) an incom- 
pressible fluid, (iv) no slip at the solid- 
liquid boundary, (v) a film thickness h 
smaller than other dimensions of the 
system, (vi) a negligible effect of iner- 
tia terms, surface tension, and residual 
fluid in the cavity, and (vii) the cavity 
boundary being a single circle concen- 
tric with the disk. Although the last 
assumption is not in accord with the 
observed initial growth pattern, it is 
realistic for the later stages of the 
cavity growth. The restrictions of as- 
sumption vi can be removed and first- 
order approximations to the effects of 
inertia and surface tension can be in- 
cluded without any mathematical hard- 
ships. Because of the relative slowness 
of this cavity formation, in contrast to 
cavitation phenomena which may be 
measured in milliseconds, the effect of 
fluid inertia does not appreciably alter 
the calculated results. With thin film 
approximations, a first-order differential 
equation was obtained for the time 
rate of change of the cavity radius B, 
as a function of the disk radius R, the 
viscosity it, the film thickness h, the 
atmospheric pressure pa, and the cavity 
pressure pv: 

2= (h2 
12 ,t B In (B/R) 

[P.-p,- 3 i h 
(R2-)] h- B -P h" 2-h 
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By using the recorded data for h and 
starting the numerical integration of 
the differential equation at a time when 
a small cavity was observed experi- 
mentally, a theoretical cavity was ob- 
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Fig. 3. A comparison between the meas- 
ured and the calculated cavity radius. 

tained which is compared with the ob- 
served cavity in Fig. 3. The measured 
curve for the early stages of cavity 
growth is based upon an equivalent 
circular area and, as expected, does not 
follow too closely the calculated curve. 
However, for the period where the ex- 
perimental cavity is circular and as- 
sumption vii is fulfilled, there is excel- 
lent correlation between measured and 
calculated values. 

DONALD F. HAYS 
JAMES B. FEITEN 

General Motors Research 
Laboratories, Warren, Michigan 

Note 

1. The proceedings of the symposium are to be 
published by the Elsevier Publishing Co. 
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Reduced Hematite 

Abstract. Crystallites of two differ- 
ent orientations have been observed in 
the polycrystalline magnetite layer 
formed by carbon monoxide reduction 
on the basal plane of a hematite single 
crystal. The relative reducibility of 
hematite and magnetite ores may be 
related to this double orientation. 

Blackman and Kaye (1), in an elec- 
tron diffraction study of partially re- 
duced single crystals of hematite (a- 
Fe2O3), found preferred orientation in 
the surface layer of polycrystalline mag- 
netite (Fe:O04) which was formed on 
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tions were carried out by thermal dis- 
sociation at 700? and 1000?C. The 
orientation reported by them is: (111) 
magnetite parallel to (00 1) hematite, 
and [110] magnetite parallel to [110] 
hematite (2). 

This orientation would result from 
a topochemical reaction which main- 
tains the close-packed oxygen layers in 
the magnetite crystals parallel to those 
in the hematite crystal. It also agrees 
with observations of preferred orienta- 
tion in hematite formed by the oxida- 
tion of magnetite (3). 

In our work, single crystals of hema- 
tite (4) were reduced by two different 
methods. In the first of these, a crystal 
was heated in air at a pressure of 2 X 
10-3 mm-Hg and a temperature of 
1200?C for 1 minute. The resulting 
magnetite layer was 1 to 3 , thick. 
In the second method, a crystal was 
reduced in a mixture of 30-percent 
CO, and 70-percent CO at 1 atm and 
657?C for 1 minute. The magnetite 
layer was 12 to 15 p, thick. 

Back-reflection x-ray diffraction pat- 
terns from the basal planes of the crys- 
tals were recorded photographically 
with radiation from a cobalt-target 
tube. These patterns consisted of a 
superposition of the Laue pattern of 
the hematite crystal and a portion of 
the Debye-Spherrer pattern of the mag- 
netite layer. The indexes of the three 
observed rings in the Debye-Scherrer 
pattern were 555, 662, and 840. These 
rings showed the nonuniform intensity 
distribution about their circumferences 
that is typically associated with pre- 
ferred orientation. From an analysis 
(5) of the intensity distribution within 
the 840 ring as a function of the angle 
between the normal to the basal plane 
and the direction of the incident x-ray 
beam, a (210) pole figure was plotted 
for each crystal. The pole figure for 
the crystal reduced by thermal disso- 
ciation is shown in Fig. 1. The six 
symmetrically related areas of high-pole 
density arise from the orientation re- 
ported by Blackman and Kaye (ori- 
entation I). The pole figure for the 
crystal reduced in the CO atmosphere 
is shown in Fig. 2. The six areas of 
high-pole density resulting from ori- 
entation I are repeated here and, in 
addition, subsidiary maxima surround 
each of these principal high density 
regions. These subsidiary maxima arise 
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