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PHYSICS.—High centrifugal fields.

J. W. Brawms, University of Virginia.

(Communicated by Kari F. HErzFELD.)

Gravitational and centrifugal forces no
doubt were recognized by man very early in
his development. The gravitational pull of
the earth and the centrifugal force on his
body whenever he moved about in a curved
path certainly were ever present. It will be
recalled from studies of mechanics that the
gravitational force between any two bodies
is proportional to the product of their gravi-
tational masses divided by the square of
their distance apart, while the centrifugal
force is equal to the inertial mass of a mov-
ing body multiplied by the square of its
velocity divided by the radius of curvature
of its path. Also it will be recalled that the
gravitational and inertial masses of any
given body are proportional. Consequently,
the action of a gravitational field and a
centrifugal field on matter, for most pur-
poses at least, may be considered to be
essentially equivalent (7). In view of this
equivalence we usually express centrifugal
acceleration in terms of the standard ac-
celeration of gravity at the surface of the
earth since this is one of our most familiar
concepts. ;

The intimate contact with centrifugal
force in our every-day life undoubtedly ac-
counts for its wide use in a multitude of our
activities. One of its important uses, which
we shall now attempt to discuss, is the pro-
duction and application of high centrifugal
fields to a few problems in physics, chem-
istry, biology, and medicine. Space does not
permit a complete review of this rapidly
growing use of centrifugal fields, so a large
amount of important work necessarily will
have to be passed over. Emphasis will be

! The sixteenth Joseph Henry Lecture of the
Philosophical Society of Washington, delivered at
the meeting of the Society on February 15, 1947,
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placed upon certain problems not because
they are thought to be more important than
others but rather because my colleagues and
I happen to have had more firsthand experi-
ence with them in our laboratory at the
University of Virginia.

One important use of centrifugal fields is
in the purification or separation of different
substances and in the determination of
particle or molecular weights, sizes, and
shapes. It is, of course, common knowledge
that larger particles settle out of a liquid or
a gas faster than smaller ones. Just one
hundred years ago Stokes (2) showed that
the velocity of fall v of a spherical particle
of density p, and radius @ in a liquid of
density ps and coefficient of viscosity », in a
gravitational or centrifugal field F, is given
by the relation

2
9—77(;)], s a?F.

It will be observed from this relation that
the rate of settling in either a gravitational
or centrifugal field increases with density
and with size of particle and hence may be
used for separating particles of different
sizes and different densities. However, from
the above equation of Stokes alone, all un-
charged particles or molecules in a convec-
tion-free suspension or solution might be
expected to settle out after a sufficient time
has elapsed. This, of course, is contrary to.
observation since, for example, an unsat-
urated solution of sugar or salt may be left;
to stand or centrifuged in a low-speed
centrifuge as long as desired without ap-
preciable sedimentation. This apparent ab-
sence of sedimentation is due to the fact
that diffusion always opposes sedimenta-
tion. Diffusion arises from the thermal agi-
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tation or Brownian motion of the particles
and molecules and tends to produce a trans-
port of the particles or molecules from
regions of high concentration to regions of
low concentration. If the particles are large
enough, their velocity of sedimentation in
the gravitational field or low-speed centri-
fuge is much larger than their back diffu-
sion, and so they are precipitated. However,
as the size of the particle decreases the
magnitude of the centrifugal force must
correspondingly be increased in order to
overcome the increased back diffusion.
When the particle reaches molecular dimen-
sions the centrifugal field required for ap-
preciablesedimentation becomesquite large,
but with the centrifuging technique now
available appreciable sedimentation of al-
most any molecules or atoms can be
obtained.

Unfortunately, the general theory of
sedimentation in real liquids has never been
worked out completely, but a good theory
does exist for sedimentation in ideal incom-
pressible liquids. Mason and Weaver (3)
solved this problem for sedimentation in a
uniform gravitational field in 1924, and
Archibald solved it for sedimentation in a
centrifuge in 1938 (4). According to Lamm
(5) the differential equation for sedimen-
tation of uncharged particles or molecules
in an ideal, dilute, incompressible solution
enclosed in a sector shaped centrifuge cell
rotating with an angular velocity w is given

by

1) dc dc
e URm e
7. or ar at

where 7 is the distance of the material from
the axis of rotation, ¢ is the concentration,
¢ the time, D the diffusion constant, and S
the Svedberg sedimentation constant or the
velocity of settling of the solute or particles
in unit centrifugal field. Faxen (6) and
Soyten (?) each have given approximate
solutions to this equation, and Archibald
has given the general solution. Recently
Archibald has greatly simplified the calcu-
lations necessary in applying the theory to
experimental results (8). Many years ago
Svedberg (9) derived the equations for
sedimentation in a sector-shaped centrifuge

JOURNAL OF THE WASHINGTON ACADEMY OF SCIENCES

voL. 37, No. 7

cell (equation 2 above) for two most impor-
tant special cases. In the first case he as-
sumed that if the centrifuging process is
continued long enough, diffusion will ex-
actly balance the sedimentation and equi-
librium will be established, i.e., d¢/dt=0,
and the change in free energy throughout
the centrifuge vanishes. This gives

2 RT In ci/ca

ﬂ{e T (3)
(1 s Vp)0)2(7"12 S 7’22>

and

2 RT In ci/ecs
Ve = ) (4)
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where M, is the particle or molecular
weight, V, is the volume of the particle or
molecule, ¢; and ¢, are the concentrations
at distances r; and 7, from the axis of ro-
tation, respectively, p, p,, and p; are the
densities of the solution, particle and solvent
respectively, V is the partial specific volume
of the substance, R is the gas constant, N
1s the Avogadro number, and 7 is the ab-
solute temperature. It will be observed that
equation (3) is merely the statement of the
Maxwell-Boltzmann distribution in the
centrifugal field. It subsequently has been
derived from thermodynamic reasoning by
Svedberg and Tiselius. If the solution is an
electrolyte which dissociates into m n-
valent cations and n m-valent anions,
where the numbers n and m contain no
whole number factor,

e 2(m —I— n) RT In clfli/ozfgi', 5)
(1 — Wplatln — 7o)

where fi and f»t are the activity coeffi-
cients (10). In most cases where the molec-
ular weight is comparatively large and the
solutions are not at the isoelectric point, or
where the particles are charged, the electro-
static effects of the ions can be repressed by
the addition of a low molecular weight
electrolyte such as NaCl and the simpler
equations (3) and (4) may be used instead
of (5). Electrical charges on the sedimenting
particles always reduce the velocity of
sedimentation. In case the solute is ionized
the sedimentation of the heavier ion is de-
creased and that of the lighter ion is in-
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creased since the heavier ion drags the
lighter ion along with it. When the centrif-
ugal field is first applied to a solution
containing ions an electrical potential
appears between the axis and periphery.
This electrical potential decreases as the
sedimentation continues and vanishes when
equilibrium occurs (11, 12).

In applying the above equations the con-
centrations and temperature are measured
under equilibrium conditions, and hence to
a first approximation the values of M, are
independent of particle or molecular shape.
The partial specific volume V is usually
measured outside the centrifuge and does
not take account of hydration or solvation
effects. However, Lamm (10), Kraemer
(10), Pickels (13), and their collaborators
have shown how to correct for these effects
and have found that, in most practical
cases, the correction is comparatively
small, although there are exceptions. In
cases where the centrifuge cell contains a
solution with a number of different solutes
equation (3) gives the concentration of each
substance independently of the others as a
funection of the radius provided the solution
is sufficiently dilute. Consequently by
measuring the concentration in the centri-
fuge cell at a number of different radii, it is
possible to determine the distribution of
particle weights in the solution.

Although the above equilibrium method
of equations (3), (4), and (5) gives most
reliable values for M, and V,, the centri-
fuging time required for equilibrium to be
established is very long when the molecular
weight M, is large. In fact, for many of the
biologically important substances which
have large molecular weights, this equilib-
rium time is of the order of several days or
weeks.

In order to avoid this long centrifuging
time Svedberg (9, 20) devised the rate of
sedimentation method which is especially
applicable to the measurement of the molec-
ular weights and sizes of large molecular
weight substances. In this rate of sedimen-
tation method both the molecular weight
and centrifugal field must be large enough
to produce a sedimentation velocity that
can be measured directly. If the particles
or molecules are uncharged and the solution
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is ideal and dilute and if the experimental
conditions are such that molecular or parti-
cle reflection from the ends of the sediment-
ing column can be neglected, then the
sedimentation force per mole may be
equated to the frictional force per mole

dr
M1 — Vo)l = fﬁ' (6)

The frictional force f=RT/D where D is
the diffusion constant. This gives for the
molecular weight M,

& RT dr/dt
il D1 — Vp) w?r
RT
S
D1 — oV)

where S is the velocity of sedimentation in
a unit field, and is usually expressed in
Svedberg units, i.e., in units of centimeters
per second per unit field of force multiplied
by 103. Actually most of the values given
for S have been reduced to the equivalent
velocity of sedimentation S in water at
20°C by the relation

L= ViPt

St 720
320 Nt i Vzopzo'

In this method each molecular species gives
rise to an easily distinguishable boundary
between the solvent and the sedimenting
column so that dr/di and hence S can be
quite accurately measured. As the time of
centrifuging increases, this sedimenting
boundary becomes progressively blurred be-
cause of diffusion. However, for a compara-
tively large molecular weight substance,
this blurring is small, and furthermore
diffusion theory shows that the position
which the boundary would have occupied
had there been no diffusion is the place
where the concentration is one half that in
the unaffected sedimenting column ad-
jacent to the boundary. The concentration
in the column of sedimenting material de-
creases slowly as the centrifuging progresses
since the particles move out along the radius
and hence diverge. Also the centrifugal
field increases toward the periphery which
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in turn increases the rate of sedimentation
and hence reduces the concentration in the
sedimenting column. If ¢, is the original
concentration and c, is the concentration at
any time, ¢, then Svedberg and Rinde (9,
10) have shown that
7%
Ct = Co—— (8)
ni
where 7, is the radius of the meniscus and
r, is the radius of the boundary at the time
t. When the solution contains several sedi-
menting substances, each forms its charac-
teristic sedimenting boundary so that a
molecular weight analysis of the solution is
automatically obtained. Also if the solution
contains a distribution of molecular weights
and sizes rather than a homogeneous molec-
ular species, the rate of sedimentation
method can give this distribution.

It will be observed from equation (7)
that in order to get the molecular weight
M, the diffusion coefficient D must be
measured. This may be carried out either
during the centrifuging process or in sepa-
rate experiments. Both methods give essen-
tially the same results so the latter method
is often used. If the particles or molecules
are known to be spherical and hydration
effects can be neglected, the {frictional
constant f, can be calculated from the
following equation of Stokes:

SMV\13
2 ) (©)

. which when substituted into equation (6)
gives the molecular weight M. The ratio of
the measured frictional constant f of equa-
tion (6) to the calculated value f, [equation
(9)] is always equal to or greater than one.
If the amount of hydration is known the
approximate shape of the molecules or
particles can be estimated.

The equilibrium method [equation (3)],
which has its greatest application in the
smaller molecular weight range, and the rate
of sedimentation method [equation (7)],
which is adapted principally to the larger
molecular weight range, recently have been
supplemented by a method made possible
by the solution of equation (2) by Archibald.
Archibald (8) has put the results of his

1 = oru(
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mathematical solution in a convenient form
for use, and it is hoped that it will provide
increased reliability for the results es-
pecially in the large molecular weight range.

Although the above outline of the theory
is very brief and incomplete, it does show
that a sufficiently powerful centrifuge may
be used as an analytical tool for the deter-
mination of particle or molecular weights,
sizes, and shapes or that it may be utilized
for the purification of materials or the sepa-
ration of a mixture into its various pure
components. The value of this tool in
biological, and medical research is enhanced
by the fortunate fact that most of the
biological compounds in solution are not
deactivated by high centrifugal fields so
that the measurements obtained are for this
material in its natural state.

For analytical work the centrifuge must
produce a centrifugal field sufficiently in-
tense to give an appreciable sedimentation
and the solution being centrifuged must be
convection free. It can be shown that in
order to meet the latter requirement the
centrifuge cell should be sector shaped so
that the sedimenting particles can all move
freely in the direction of the centrifugal
field and that the centrifuge cell should be
at as nearly uniform temperature as
possible.

SVEDBERG ULTRACENTRIFUGES

Svedberg and his associates not only pio-
neered in the use of the convection free
centrifuge for analytical work, but they
have provided us with a major portion of
the molecular weight data obtained so far
by the centrifuge method (10). No attempt
will be made here to discuss the Svedberg
ultracentrifuges, since they are described in
detail in a book by Svedberg and Peder-
son (10), except to mention that they con-
sist of two principal types. The first type
develops comparatively low centrifugal
fields (500 to 15,000 g). It is driven by an
electrical motor and supported in ball
bearings. The rotor spins in hydrogen and
carries a sector-shaped cell with quartz
windows which contains the material to be
centrifuged. The sedimentation is viewed
optically through the quartz windows. This
type of ultracentrifuge is used principally

-
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for sedimentation equilibrium measure-
ments. The second type of ultracentrifuge
develops much higher centrifugal fields
(15,000 to 750,000 g) and is driven by twin
oil turbines. The material being centrifuged
also is contained in a sector-shaped cell,
which has quartz windows so that the
sedimentation can be recorded by optical
methods. The rotor is surrounded by hydro-
gen at about 20 mm pressure which con-
ducts the heat generated by the friction in
the bearings, by gaseous friction on the
rotor, and by oil impinging on the turbines,
to the casing. This type of ultracentrifuge
has been used primarily for rate of sedimen-
tation measurements.

AIR-DRIVEN VACUUM-TYPE
ULTRACENTRIFUGE

The vacuum-type air-driven ultracentri-
fuge originally was developed to avoid the
troublesome effects of air or gaseous friction
on high-speed rotors or centrifuges (14, 15,
16) This gaseous friction at high rotor
speeds not only consumes a large amount of
power but also it heats the centrifuge rotor.
This heating of the centrifuge rotor is
greater on the periphery than on the axis,
and thermal gradients in the rotor are set
up which cause convection in the centri-
fuge cell. Since the forces that produce this
convection increase with the centrifugal
field thermal gradients necessarily should be
as small as possible if the data are to be
reliable. Essentially this machine consists of
a large centrifuge rotor located inside a
vacuum-tight chamber, a small air-driven
air-supported turbine situated above or
below the chamber, and a thin flexible shaft
which fastens them together and which is
coaxial with their common axis of rotation.
Several variations in the design of these
convection-free vacuum-type ultracentri-
fuges are in use by different workers (16),
but Fig. 1 gives a diagram of a machine used
at Virginia for analytical work which will
serve to illustrate the principles of the
apparatus (17). The rotating members con-
sist of the flexible steel shafts A (0.1 inch)
and 4’(0.1 inch), the driving turbine 7, the
centrifuge rotor R4, and a magnet M. The
shafts are vertical and coaxial and turn in
the hard babbitt bearings G, G, G5 and a
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very loose (15-mil clearance) sliding guide
SB. G4, G,, and G5 are mounted in flexible
round neoprene rings and are oil sealed.
(s is lubricated and sealed with a low vapor
pressure oil so that a good vacuum can be
maintained in the steel vacuum chamber V.
The guide bearing SB serves to prevent
“swinging’’ of the rotor at low rotational
speed. At running speed the shaft A’ runs
free without touching in the 15-mil clear-
ance. The rotating members are supported
by an air-thrust bearing formed between the
Bakelite collar B and the turbine 7'. This
collar is fastened to a flexible neoprene
support D. The centrifuge rotor R4 is a
Duralumin analytical rotor with the cell C,
which contains the solution to be centri-
fuged 65 mm from the axis of rotation. Fig.
2 shows a picture of this rotor and the cell.
The rotor is made oval shaped to increase
its strength, and the cell is sector shaped
with ecrystal quartz windows cut perpen-
dicular to the optic axis for observing the
sedimentation optically. The permanent
magnet M together with the field FC pro-
vides a speed control for the ultracentrifuge.
M is a magnetized, hardened steel rectang-
ular bar 1% inches long, 1 inch wide, and
9/16 inch high. It has a hole in the center
for the shaft A, to which it is rigidly at-
tached by set screws or a steel clutch. The
field coils FC consist of a large number of
turns of well-insulated copper wire wound
on a laminated field core. The laminations
were (0.02 to 0.0075 inch thick) silicon steel
laminations to give a total thickness of
9/16 inch. The copper wire was no. 21
enameled, and sufficient turns were used to
give an inductance greater than 30 milli-
henrys for the coils connected in series.
To operate the centrifuge the vacuum
chamber V and rotor R4 are first thermo-
stated to the desired running temperature.
The material to be centrifuged is then
placed in the vacuum-tight centrifuge cell
which is tightly sealed and placed in RA.
Electrical condensers are next connected in
series with the field coils FC, which possess
the proper capacity to make the circuit
resonate at a frequency slightly above the
desired running speed. Oil is next forced in-
to (1, Gz, and G5 and the vacuum chamber V
evacuated toless than 10—° mm Hg through
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P. Compressed air then is applied through
SI to the air support at a pressure (10 to
15 Ibs/in?), which allows the rotating mem-
bers to turn freely. The driving air is next
admitted through DI to the turbine 7', and
the centrifuge starts spinning. The centri-
fuge will continue to accelerate until electri-
cal resonance starts in the circuit. The
rotating magnet M induces an e.m.f. in the
field coils with a frequency equal to its
frequency of rotation, but the current in the
circuit is negligible until the circuit starts
resonating. When resonance starts the cur-
rent in the circuit increases abruptly and
the reaction is such as to brake the magnet.
If now the air pressure to the turbine is set
a few lbs/in? above that necessary to main-
tain this speed of the centrifuge, the reso-
nant circuit will absorb the'surplus energy,
and the rotor speed will be maintained

/
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constant. In practice, with an ordinary
air-pressure regulator in the air line, the
speed of the centrifuge automatically re-
mains constant to less than 0.1 per cent as
long as desired. Also, if no changes are made
in the driving air pressure or circuit, the
rotor speeds will check to about 0.1 per cent
on successive runs. An idea of the critical
braking action of this speed control can be
obtained from the fact that, in our experi-
ments, doubling the driving air pressure
increased the rotor speed (at about 1,000
r.p.s.) by less than 1.5 per cent. Also our air
turbines are not able to drive the centri-
fuge through resonance with six times the
normal driving air pressure, which was all
we had available on our pressure line. It
will be observed that no over-heating occurs
when energy is absorbed in the control due
to the fanning action of the magnet M.
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Fia. 1.—Air-driven air-supported vacuum-type ultracentrifuge with speed control.
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Also any heat from the control is isolated
from the vacuum chamber by the air pass-
ing through the air turbine below it. It
should be pointed out that the only factor
that limits the maximum centrifuge rotor
speed is the mechanical strength of the
rotor. Clearly the running speed can be set
anywhere below this value. Since the centri-
fuge rotor spins in a good vacuum, no ap-
preciable heat is developed and hence no
temperature gradients are formed in the
centrifuge cell. In some experiments hydro-
gen at a pressure of a few mm of Hg has
been used to surround the rotor. In these
experiments it was desirable to have a good
thermal connection between the vacuum
chamber walls ¥V and the rotor. The low
viscosity and hence low resultant rotor
friction of hydrogen together with its com-
paratively large heat conductivity make it
the best gas to use for this purpose. If the
pressure of the hydrogen in V is not over a
few mm Hg, convection-free sedimentation
is obtained.

Several methods are available for measur-
ing the concentration or sedimentation in
the centrifuge cell optically. Most of these
methods make use of the fact that the solute
has a different absorption spectrum than
the solvent or they employ the gradient of
the refractive index in the cell. For many
proteins, in order to get sufficient differen-
tial absorption, ultraviolet light must be
used. This requires quartz optical parts

Fra. 2.—Analytical ultracentrifuge rotor.
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throughout and hence is rather expensive.
However, for the refractive index gradient
methods, glass is used. Except in certain
special cases the refractive index methods
are preferable and a number of modifica-
tions of it are in use. Lamm (78, 10) devel-
oped a method in which a scale is photo-
graphed through the centrifuge’ cell. From
the distortions in the images of this scale
the refractive index gradient is determined.
Philpot (19), Svensson (20), Anderson (21),
Pickels (18), Williams (22), and others have
used methods based upon the Toepler
schlieren idea. Special tests carried out by
Pickels showed that deviations of the light
beam produced at any level of the centri-
fuge cell (at least up to 0.02 radian) can be
determined photographically with a pre-
cision of less than 1 per cent and that the
image positions of every radial distance in
the cell can be produced with an accuracy
of less than 1 per cent of the total centrifuge
cell height. In our laboratory at Virginia,
I. Foster is using a Jamin interferometer
method for measuring the sedimentation
in very dilute solutions. It is obvious, of
course, that other than optical methods
may be used for measuring sedimentation
such as the radioactive radiations from
atoms tagged to the sedimenting mole-
cules, etc. It will be recalled that the pres-
ent theory of sedimentation holds only for
dilute solutions, therefore it is important in
some cases at least to use a method of re-
cording the sedimentation in as dilute solu-
tions as possible. There is indeed a genuine
need for better methods of recording sedi-
mentation in very dilute solutions than are
in use at present.

ELECTRICALLY DRIVEN MAGNETICALLY
SUPPORTED VACUUM-TYPE
ULTRACENTRIFUGE

The air-driven air-supported vacuum-
type ultracentrifuge just described pos-
sesses practically all of the desirable
features of an ideal centrifuge. However,
it requires a supply of compressed air,
which is not always readily available. Also
8 noisy air compressor is sometimes a nui-
sance to be avoided. Because of this we (23,
24, 16) developed at Virginia before the
war the electrically driven magnetically
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supported vacuum-type ultracentrifuge
shown in Fig. 3. The rotating components
consist of the steel motor armature D, the
steel magnetic support core R, the flexible
shaft A, and the centrifuge rotor C. The
shaft is hollow from G; to G, through which
cooling water passes. The rotor C, flexible
shaft A, vacuum chamber V, and oil
glands G; and G, are the same as in the
air-driven vacuum-type centrifuge described
previously. The only differences are that an
electrical motor is substituted for the air
drive and a magnetic support is used in-
stead of an air support. The small remaining
weight is carried by a small thrust bearing
consisting of the upper babbitt surface of
(; and a small collar on the shaft. This small
oil thrust bearing is designed to support the
total weight of the rotating system in case
the power supply of the lifting solenoid
should fail. This type of magnetic support
is almost friction free. The four field coils F'
of the motor are supplied with a high-fre-
quency 2-phase alternating current in such
a way that the field rotates with the same
frequency as the alternating current. This
rotating field induces currents in the steel
armature D and causes it to rotate. This
type of induction motor is well suited to
this problem because a comparatively
large starting and accelerating torque
exists. Several ways may be used to pro-
duce the alternating power required. At
Virginia an electronic generator is used with
which the rotational speed of the centrifuge
remains constant to 0.1 per cent as long as
one desires. Fig. 4 shows a couple of rotor
speed versus time curves taken on suc-
cessive days. The entire apparatus operates
from the 110-volt AC lines and is auto-
matic. With the 6-inch Duralumin rotor of
Fig. 3 weighing about 9 pounds, 1 kilowatt
input to the motor at a frequency of 1,180
cycles per second accelerated the rotor to
1,000 r.p.s. in a little over 15 minutes,
which compares favorably with the air
drive. The power input to the motor re-
quired to maintain the speed constant at
1,000 r.p.s. was less than 500 watts.

The precision with which molecular
weights can be measured with the air-
drive (Fig. 1) and electrically driven (Fig.
3) centrifuges is about the same. In most
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experiments the rotational speed can be
measured to 0.1 per cent, the temperature
to about 0.1°C, and the rate of sedimenta-
tion to at least 1 per cent. In the equi-
librium method the ratio of the concentra-
tions at the various radial distances of the
cell can be measured to less than 1 per cent
and the temperature and rotor speed held
constant for the run to at least 0.1 per cent.
The most uncertain element in the molec-
ular weight determination of ultracen-
trifugation is in finding the true value for
the partial specific volume V. As pointed
out before this arises from the uncertain
knowledge as to the amount of hydration
or solvation present. There is urgent need
for a reliable method of determining V in
the actual solution. The three centrifuge
methods, including the equilibrium, the rate
of sedimentation, and the new method
which makes use of Archibald’s solution of
equation 2, provide comparatively good
molecular-weight data over a range in

G, WATER M
oL
i
R
5
WATER G5 P
B
oIL
G, A
o )
NH 2 N VACUUM
o[l -
(©)
Nhz G, §_v
o Ll

Fra. 3.—Electrically driven magnetically sup-
ported vacuum-type ultracentrifuge.
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molecular weights from the lightest to the
heaviest molecules known. The first equi-
librium method (equations 3, 4, and 5) is
used primarily for molecular weights below
about 10,000, while the latter twomethods
are best suited for molecular weights above
10,000.

From the standpoint of biophysics, one
of the most interesting facts that have come
out, of the molecular-weight data is the
apparent existence in nature of very high
molecular weight homogeneous compounds.
Some of these compounds have molecular
weights that exceed 107 molecular-weight
units. These compounds are quite stable
and, in some cases as far as can be deter-
mined, are composed of a single molecular
species in which each molecule has exactly
the same mass. Not all of these naturally
occurring substances such as keratin,
fibroin, and myosin are composed of homo-
geneous molecular species, but most of the
easily soluble proteins have definite molec-
ular weights. In some cases such as the
respiratory proteins, which have been ex-
tensively studied in the analytical ultra-
centrifuge, the molecules dissociate into
submultiples. For example, when a solution
of haemoglobin is made very dilute, the
molecules split into halves. In the case of a
haemocyanin (Helix pomatia) solution at
the isoelectric point, whole molecules exist
alone with molecular weight of 8.9X10°
provided the salt coneentration is not too
high. When the solution is made weakly
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acid, half molecules appear. If it is made
alkaline, half molecules appear first fol-
lowed by molecules one-eighth the original
molecular weight, etc. Within the region of
pH 4 to pH 9 the dissociation is reversible
and the whole molecules will be reformed at
the isoelectric point. In the case of some
proteins Svedberg and, more recently,
Pedersen (10) have interpreted their molec-
ular-weight data as indicating that certain
proteins they have studied have molecular
weights that are integral multiples of
17,600. In other words, the building
blocks of these proteins have a mass of
17,600 molecular-weight units. These con-
clusions have been questioned by a number
of workers (25, 26) on the ground that the
molecular-weight data are not good enough
definitely to prove that the 17,600 unit ex-
ists. Whatever may be the answer to this
most interesting and important suggestion
of Svedberg, all workers in the field will
agree that it would be highly desirable to
obtain more precise data if it is possible. For
example, an error of + 1 per cent in a molec-
ular weight of 107is +10° molecular units.
Just before the war some experiments (27)
were started at Virginia with the hope of
examining more closely the homogeneity
of some of these proteins, but these have
been interrupted until the past few months.

Several alternate methods were consid-
ered including the electron microscope. This
beautiful method, while giving the shape of
the largest molecules, has its precision
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limited by a resolving power of from 10 to
20 Angstroms (28). It also may deactivate
the molecules under study. Therefore it
seemed necessary to reexamine the cen-
trifuge method, especially since the electron
microscope technique was being vigorously
pursued elsewhere.

In the rate of sedimentation method the
resolving power or ability of the centrifuge
to resolve two molecular species is approxi-
mately proportional to w?h where w? is
the centrifugal field and A is the height of
the cell. The strength of a centrifuge rotor
is roughly proportional to w?? where o is
the angular velocity and r is the radius of
the rotor. In practice w?h is very roughly
proportional to w%?, and so the resolving
power is proportional to the bursting
strength of the centrifuge rotor. Therefore,
since, in the present centrifuges, the rotor
speed is limited only by the strength of the
rotor, there does not seem to be much
promise of increasing the resolving power
by increasing the rotor strength at least
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until better rotor material is available.
However, if we let T' be the time that the
sedimenting boundary remains in the field
of view of the centrifuge cell, the resolving
power becomes (w?)2ST or directly pro-
portional to 7. Now it is possible to in-
crease the time 7 by flowing the solvent
through the centrifuge cell at approxi-
mately the same speed with which the ma-
terial settles out. This makes it possible to
keep the sedimenting boundary in the field
of view for long periods of time, thus
greatly increasing the resolving power of the
machine. Fig. 5 shows a schematic diagram
of the arrangement in which the straight
schlieren method is used for observing the
sedimenting boundary. The solvent is in-
jected at a controllable rate through the
axis of the spinning centrifuge and flows
through the centrifuge cell from the periph-
ery toward the axis where it is collected in
a large cavity in the rotor. If there is any
nonhomogeneity in the substance being
centrifuged, or if it consists of two or more
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F1a. 5.—Schematic diagram of high-resolving-power ultracentrifuge.
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molecular species, the sedimenting bound-
ary will blur or split up into two or more
sedimenting boundaries respectively. In
some preliminary experiments haemoglobin
was apparently homogeneous to at least 50
molecular-weight units. The ultimate limit-
ing factor with the method seems to be a
gradual dilution produced by the effect
described in equation (8), but, with better
optical methods of measuring sedimentation
in dilute solutions, the method has promise
of precision much greater than any yet ob-
tained.

A second method of testing the homo-
geneity of large molecular weight sub-
stances also is being developed at Virginia.
In this method the sedimentation in the cell
is ‘balanced by electrophoresis. Electrodes
are placed in the centrifuge cell in such a
way that a current can be passed through
the cell along the radius. The solution con-
taining the materials to be centrifuged is
brought to a pH value not on the isoelectric
point. The centrifuge is then spun to full
speed and sedimentation allowed to take
place until the sedimenting boundary
moves to the middle of the cell. The elec-
trical current is then passed through the
cell in such a direction that this boundary
remains stationary. Under these conditions,
if the solute that forms the sedimenting
boundary is either nonhomogeneous or
composed of different molecular species,
the sedimenting boundary will no longer
remain sharp. Also, if the molecules or ions
in the sedimenting columns have different
electrical charges, the sedimenting bound-
ary will split up or become blurred. It
may be noted that the molecule or ion in
the sedimenting boundary under observa-
tion remains stationary with respect to the
centrifuge cell and therefore the hydration
or solvation of the ion is ineffective. Ex-
periments with haemoglobin have indicated
that the boundary will remain sharp for
considerable periods of time. The liquid
column in the cell may be stabilized to a
considerable extent by the fact that the
heat generated by the electrical current
through the cell is less near the periphery
than near the axis because of the sector
shape of the centrifuge cell.

The high-speed centrifuge not only may
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be employed as an analytical tool as dis-
cussed above but also it may be used as a
means of purifying or separating substances
that have different rates of sedimentation
or different densities. As a matter of fact,
this latter function is perhaps more impor-
tant than the former. A great many sub-
stances of utmost importance in biology
and medicine exist in nature in very dilute
solution and in mixtures. In order properly
to study these substances, it is usually nec-
essary to purify and concentrate them by
some means which does not destroy their
biological activity. Often comparatively
small changes in pH or temperature will de-
stroy them so that the usual chemical means
of concentration cannot be used. However,
as mentioned previously, a high centrifugal
field does not seem to deactivate them in
any way; also the temperature and pH in
the vacuum type ultracentrifuge can be ac-
curately adjusted to any desired value
within the working range. In most cases it
is desirable to centrifuge comparatively
large amounts of the natural solution in
order to obtain a sufficient quantity of the
purified substance to carry out the desired
experiments.

The vacuum-type high-speed ultracen-
trifuges desecribed in Figs. 1 and 3 may be
used for the purification or concentration
of substances instead of as an analytical
centrifuge by simply removing the analyti-
cal centrifuge rotor from the shaft and
placing a so-called angle “quantity type”
or ‘“preparation type” centrifuge in its
place. Several types of angle ‘“quantity
type” rotors have been used successfully
by a number of different workers, and
Wyckoff (30), Pickels (31), Rosenfeld,
Masket (32), and others (16) have studied
the process by which the sedimentation
takes place. Fig. 6 shows a cross section of
an angle ‘“quantity type” centrifuge rotor
developed by Masket (32), at Virginia,
which has proved highly efficient and easy
to construct. These rotors are usually made
of a solid block of Duralumin ST 14. The
tubes T, which contain the material to be
centrifuged, are bored at an angle of about
12° with the vertical and are drawn to
scale in Fig. 6. A Lusteroid tube which fits
snugly into 7' is completely filled with the
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F16.6.—Preparative or “quantity’’ type
ultracentrifuge rotor.

solution or suspension to be centrifuged. A
leak-tight plug P is forced into 7' and the
screw S tightened until a leak-tight seal is
made. The tubes T are accurately spaced so
that the rotor is in good dynamical balance
when either full or empty. The rotor shown
in Fig. 6 holds about 100 cc when all the
tubes are filled, and the maximum cen-
trifugal field in the cell is about 300,000
gravity. With the apparatus of Figs. 1 and
3, the strength of the rotor Fig. 6 is the only
factor that limits the rotor speed and cen-
trifugal field. The strength of a homogene-
ous centrifuge rotor depends not on its
absolute strength directly, but upon this
divided by the density of the rotor material.
This is not quite true for the rotor of Fig. 6,
which carried 100 cc of solution, but it is
roughly correct. Duralumin ST 14, there-
fore, is almost as good as steel and possesses
the added advantage of being machinable
after heat treatment. Also it is considerably
lighter, which allows it to be accelerated
rapidly and lessens the damage done if an
accidental explosion occurs. On the other
hand, for the substances of lower molecular
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weights, high strength steel no doubt could
be used to a considerable advantage. The
sedimentation that takes place in the tubes
T is not completely convection free as in
the case of the analytical rotors, but what
convection exists aids the separation instead
of hindering it. The material settles out
almost to the outer wall and thus increases
the density in this outer region. The force
on this concentrated solution is then such
as to cause is to move down to the bottom of
the tube where it settles out. Several of the
viruses actually crystallize out in the bot-
tom of the tube. After the sedimentation is
completed, the centrifuge rotor is allowed
to decelerate to zero. The rotor may be
decelerated rather rapidly down to about
300 r.p.s. and then move slowly on down

z

R

Al

L

Fi1a. 7.—Schematic diagram of tubular
centrifuge rotor.
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to rest. The deceleration must be smooth
in order to avoid remixing. The Lusteroid
tubes which contain the material to be
centrifuged are carefully removed from the
rotor and placed in a vertical holder. The
lighter fractions are then drawn off through
a hypodermic needle or other arrangement
which does not stir or remix the contents of
the tube. Sometimes, when no material is
actually deposited on the bottom of the
tube, a method of displacement with a
heavier nonmixable liquid may be used to
separate the lighter from the heavier frac-
tions. Pickels (81), Masket (32), and others
have shown that a fairly precise analysis
of the molecular weights of the substances
being centrifuged can be obtained if this
procedure is carried out with care. This
analytical technique is most useful in many
cases where the substance being concen-
trated is a very dilute active agent whose
absorption spectrum or other optical prop-
erties are unknown.

In many cases it is desirable to process a
very large volume of material, and then the
above “quantity type” of high-speed cen-
trifuge becomes impracticable. About 10
years ago at Virginia we attacked this
problem by means of a continuous-flow
tubular high-speed centrifuge (16). This
work was dropped in 1940 because of the
war and has not as yet been taken up again,
although the results showed that the
method was strikingly successful.

Fig. 7 shows a schematic diagram of the
tubular centrifuge rotor used. This rotor
consists of two concentric steel cylinders
with radii RB; and R, and length L. The inner
cylinder is solid steel. The material to be
centrifuged enters at I and then flows ver-
tically down the annular space between the
two cylinders where sedimentation takes
place. The light fraction emerges through L
and the heavy fraction through H. If the
inner wall of the outer cylinder is accurately
cylindrical some of the heavy material set-
tles out on the wall, but if it is slightly
cone shaped with the apex of the cone
toward the top, the concentrated material
will move down along the wall and if the
exits are properly made will emerge
through H, provided of course the concen-
tration is not allowed to become so great
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that it clogs the outlets. However, in most
practical cases, the sedimented material is
in dilute solution and it is desirable to have
the concentrated material deposited on the
wall. In practice, H is plugged and this
material is deposited in a smooth film or
coating on the inside of the outer cylinder
and does not interfere with the sedimenta-
tion until it becomes too thick. At this
stage the centrifuge rotor is stopped and
the film may be ripped or scraped off of the
wall and the rotor again put into operation.
If the solution contains two materials
which are sedimented out, the deposit on
the top of the cylinder contains a larger
percentage of the heaviest of these mate-
rials while the deposit on the bottom part
of the cylindrical surface contains mostly
the lighter component. Consequently by
proper adjustments, the various com-
ponents can be purified. Also from an analy-
sis of this deposit as a function of the dis-
tance from the top of the cylinder an es-
timate of the sedimentation constants S,
and S: and hence the molecular weights 1/,
and M, of the two substances respectively
can be obtained. If the solution contains an
uncharged homogeneous molecular species
as a solute with a sedimentation constant S,
and if all this solute is deposited on the
inner cylindrical wall of radius Re, then the
amount of solution F, in which the cen-
trifuge can completely remove all of the
solute per second, is approximately (16):

wLo?S é
P R) 0

From this it can be seen that with the
tubular centrifuges we described about 10
years ago, when we were working on. this
problem, one tubular centrifuge was equiv-
alent to about 40 machines of the ‘“quanti-
tative type”’ of Fig. 6. Therefore this type
of tubular centrifuge should be used when
large quantities of material are to be
processed.

If only very small quantities of solution
are available the tubes 7' in Fig. 6 should be
reduced in size so that they are always
filled. Whenever possible, the vacuum-type
centrifuge should be used because of the
absence of thermal gradients. However, if
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the material has a sedimentation constant
above about 4 to 5 Svedberg units and only
a very small amount of solution is available
a rotor similar to Fig. 6 may be mounted on
a small air-driven turbine shown in Fig. 8.
Such apparatus is easy to make and costs
only a few dollars (16). However, extreme
care must be taken in stopping the rotor to
prevent remixing. Also we have found that
an artificial radial temperature gradient
(decreasing from axis to periphery) intro-
duced by focusing a hot-pointed heater on
the region near the axis of the rotor tends
to stabilize the sedimentation. Such thermal
gradients also may be introduced by elec-
trical means into the vacuum-type cen-
trifuge rotors if desired, but if the pressure is
below 10—5 mm Hg or if hydrogen at a pres-
sure of less than a millimeter of Hg sur-
rounds the rotor it is unnecessary. Also the
vacuum-type ultracentrifuge can easily be
operated between 4°C and 0°C, over which
range in aqueous solution an increase of
temperature increases the density, so the
periphery may be made warmer than the
axis of the rotor.

Fra. 8.—Small air-driven air-supported
centrifuge.

In equation (6) it will be observed that if
Vp=1 then dr/dt=0 and the sedimentation
stops. In other words, no sedimentation
takes place if the density of the solvent
ps and the density p, of the solute are
exactly the same. Consequently, if a radial
density gradient exists in a centrifuge cell
over a range of densities which would in-
clude the density p, of the solute, then the
solute will seek a radial level in the cen-
trifuge where the density of the solution p
coincides with p,. Clearly the sharpness of
this radial level gives a measure of the
homogeneity of the material being cen-
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trifuged. Also the density p=1/V can be
determined directly. The value of the
partial specific volume V obtained in this
way clearly may not be the same as the
value of V in dilute solution due to possible
changes in hydration brought about by
the material added to the solution to in-
crease its density. In the case of proteins,
the value of p, in the unsolvated state is
about 1.3 gm/cc although values from 1.1
to 1.5 gm/ce have been reported. Hence in
order to carry out experiments with pro-
teins, a comparatively low molecular weight
inactive material must be added to the
water solvent such as pure sugar.

The radial stratification of substances of
different densities can be carried out very
conveniently with the vacuum-type cen-
trifuges of Fig. 1 where the process can be
observed. The smallest density gradient is
set by the compressibilities of the solvent
and solute where a pure liquid solvent is
used, but where other low molecular weight
substances are added, the major portion of
the density gradient can be calculated by
equation (3), since equilibrium must exist
before a stable density gradient is estab-
lished. With the vacuum type of centrifuge
rotor of Fig. 1, the radial density gradient
in the centrifuge cell which contains pure
water is approximately 1 per cent per cm
with a rotor speed of 1,000 r.p.s. E. N. and
E. B. Harvey, H. W. Beams, and others
have discussed the possibility that this
density gradient centrifuge method might
be used for the separation of the chromo-
somes and other cell components. Recently
E. N. Harvey (33) has calculated the
density gradients necessary to separate cer-
tain X and Y chromosomes in man and in
some animals and has concluded that they
might be separated in the vacuum-type
ultracentrifuge similar to that in Fig. 1.
The high resolving power ultracentrifuge
of Fig. 6 also would seem to be well suited
to this problem of the separation and col-
lection of the chromosomes or other cell
components.

The relative displacement of the various
components of the biological cell in cen-
trifugal fields has been studied by a number
of different workers with most interesting
and important results. No attempt can be
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Fig. 10.—Schematic diagram of an optical method for viewing double refraction in an ultracentrifuge.
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made here to describe the results of these
experiments, but it might be noted that
E. N. and E. B. Harvey (84) havefound
that practically all egg cells contain par-
ticles which separate into zones according
to their densities. H. W. Beams (35, 36)
and his collaborators find that when Para-
maecium, Euglena, and other flagellates and
various tissue cells are placed in high cen-
trifugal fields, Nissl bodies (or nerve cells)
plastids, chromosomes, and mitochondria
are heavier, while the oil, vacuoles, Golgi
apparatus, and resting nucleus are lighter
than the fluid of the cell. In the nucleus the
sap is lightest followed by chromatin and
reticulum, nucleolus in order of increasing
density. Some cells can be centrifuged for
long times in centrifugal fields of several
hundred thousand times gravity and still
recover while others are killed.

In carrying out the above studies it is
sometimes desirable to watch the separation
taking place in the ultracentrifuge. E. N.
Harvey (34) has used a scheme shown in
Fig. 9, a, E. G. Pickels (87) used the scheme
in Fig. 9, b, while Fig. 9, ¢, shows the older
method. In Fig. 9, a and b, a magnification
of about 100 times can be used while in
9, ¢, the possible magnification depends
upon the shortness of the spark light source.

In some sedimentation problems it is
desirable to find out if the molecules have a
preferential orientation. This is especially
true for the case of threadlike molecules
where anomalous sedimentation is some-
times observed (10, 16, 38, 39). It is well
known that molecules with anisotropic op-
tical properties, when aligned, produce
double refraction of a light beam. However,
double refraction produced by the contents
of a standard centrifuge cell, Fig. 1, is prac-
tically impossible to observe because of the
much larger double refraction produced by
the centrifugally induced strains in the cell
windows. In order to overcome this diffi-
culty of induced window strains, the scheme
of Fig. 10 has been used successfully at Vir-
ginia. Two matched quartz-crystal double-
image prisms of the Cotton type are used as
windows of the cell C. They are cut so that
one of their right-angle faces is parallel and
the other perpendicular to the optic axis.
If light falls upon P; it emerges into the
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cell C in two beams plane-polarized per-
pendicular to each other. If now no double

refraction exists in the cell C' the light
emerges from P in two beams I; and I,.
However, if double refraction exists in the
cell C the light emerges from P in three
beams, Ii, I, and I;. From the relative
intensity of the central beams to each of
the others, the amount of double refraction
can be determined. The method is quite
sensitive and not difficult to use. The cross
section of P; and Py (shown in the plane of
the paper) may be oriented, with respect to
a plane passing through the axis and radius,
to determine the sign of the double refrac-
tion. No double refraction has as yet been
observed with several pure solvents such
as water, CCly, CS,, and nitrobenzine, show-
ing that orientation in these pure liquids is
not appreciable. However, a critical exam-
ination of the sedimenting threadlike mole-
cules has not yet been made.
Sedimentation can be obtained in gases
or vapors as well as in liquid solutions with
the vacuum-type ultracentrifuge. Because of
the rapid diffusion in gases, equilibrium
between sedimentation and diffusion takes
place very quickly. If p is the pressure and
p the density of the gas or vapor at any
radius r, then dp=pw?dr where w is the
angular speed. From the well-known
equation of state of a gas or vapor

RT +B2+C o i
Wl ol v A P
d RTd-JrQBd-i- 02d+
DS = rent s e pidp

where M is the molecular weight of the
gas, T is the absolute temperature, and B,
C, ete,, are known constants for each gas.
Therefore

g RTI Pp i 23( >
12 = —1lo — — pe
2w i; g x e p
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where p, is the density at the periphery and
pe is the density at the axis. Everything
in equation (12) can be measured in a cen-
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trifuging experiment except M so that the
molecular weight of the gas can be ob-
tained. In some gases, at ordinary tempera-
ture and at atmospheric pressure and be-
low, and in many vapors at low pressure,
all the terms on the right hand side of
equation (12) become negligibly small in
comparison to the first term; i.e., Boyle’s
law is obeyed. When this occurs,

M2
pp = pCQZRT'

and the density increases exponentially
with radius. If the centrifuge contains a
mixture of gases, the density of each gas
independently of the othersis given by equa-
tion (12). It will be observed that this ap-
proximate exponential relation between
density and centrifuge radius is the same
type of relation as that existing between
the density and height in the atmosphere
due to the gravitational field of the earth.
As a consequence we can produce suchan
atmospheric gradient in the laboratory for
study if desired. Recently, it has been found
that, with some care, the molecular weight
of a gas can be measured with a precision
of the order of 0.1 per cent by the above
centrifuging method. The experiment con-
sists in spinning the gas in a short cylindri-
cal rotor with a hollow shaft so that the
density at the axis can be accurately meas-
ured, with the rotor at rest and at various
speeds. From a series of these measure-
ments the molecular weight of the gas is
obtained. In the case of a radioactive gas
the amount of radioactivity is proportional
to the density of the gas. Consequently, this
method may be used for the direct deter-
mination of the molecular weights of radio-
active gases. For such experiments only
extremely minute quantities of the radio-
active gas should be required (much less
than for the mass spectrometer), which of
course is a considerable advantage since
many of these gases are quite rare. Since
the density gradient of any gas or vapor in
a centrifuge depends upon its molecular
weight in the exponent of e, the high speed

_centrifuge can be used for the separation of

gases or the isotopes in gas or vapor. A con-
siderable amount of work has been carried
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out on this latter problem (16), but no at-
tempt can be made to discuss it here.

When substances are placed in a cen-
trifuge two general types of phenomena
may occur. The first type depends upon
w?r? or the square of the peripheral velocity
while the second type depends upon w?
or the intensity of the centrifugal field.
Examplesof these twotypes are described by
equation (3) and equation (7) respectively.
As mentioned before the maximum stress
produced in a homogeneous elastic rotor is
proportional to w? or the square of the:
peripheral velocity. Thatis, similarly shaped
rotors made of the same material but of dif-
ferent sizes will explode when their periph-
eral speeds are approximately equal. There-
fore, in order to increase w?? appreciably
over that obtained with the vacuum type
ultracentrifuges of Figs. 1 and 3 new mate-
rials with greater strength to density ratios
must be developed. This follows from the
fact that the only limiting factor to the
speed of the vacuum-type ultracentrifuge is
the mechanical strength of the centrifuge
rotor. However, wyr or the centrifugal field
can be greatly increased by reducing the
size of the rotor. A method (40, 41, 42, 43)
for doing this is shown schematically in
Fig. 11. The steel rotor R is suspended in
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Fig. 11. Diagram of small-rotor apparatus.
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the axial magnetic field of the solenoid S
and is spun by a 2-phase rotating magnetic
field in the two pairs of coils D. The ver-

tical position of the steel (or other ferro- '
magnetic) rotor is maintained by an auto-
matic regulation of the current through the
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solenoid S while its horizontal position is
maintained by the symmetrically diverging
magnetic field of the solenoid. The small
“pick up” coil L; is in the grid circuit of a
tuned-grid tuned-plate radio-frequency os-
cillator, which regulates the current through
S (Fig. 12). This circuit is so arranged that
when the rotor R rises the current through
S decreases. These current changes are such
as to position accurately the rotor without
observable hunting. It will be observed
from Fig. 12 that this is accomplished by
introducing a derivative or ‘‘anti-hunt”’
signal along with the signal from the pick-
up coil L;. An idea of the stability of the
rotor can be obtained from the fact that no
vertical motion could be observed with a 30-
power microscope focused on the markings
of the rotor. A small iron wire H mounted
in a glass tube filled with a liquid assists in
damping any horizontal motion of the rotor.
The glass chamber V surrounding the
rotor B was evacuated by the usual cold
trap, diffusion pump, and fore pump com-
bination. The pressures surrounding the
rotor were measured by an ionization gauge.
Fig, 13 shows a diagram of the driving cir-
cuit which produces the rotating magnetic
field in the coils D. The output of the tran-
sition oscillator is passed through a volume
control and then a phase-splitting bridge.
Each of the phases is amplified and applied
to the coils so that the current in the coils
D are approximately 90° out of phase. The
frequency was varied up to 750,000
cycles/sec, which was used for accelerating
a 0.521-mm rotor. The rotor speed is
measured by the arrangement schematically
shown in Fig. 14. One-half of the rotor is
polished and the other half darkened by
dipping in dilute HsSO,, which had been
in contact with metallic antimony. The
dark layer is very thin and adheres to the
rotor until the centrifugal field reaches the
order of 4 X108 gravity. Light from an in-
candescent lamp 4 is focused on the rotor
R and the resulting scattered light focused
on the electron multiplier photocell P. The
variable output from the photocell, owing
to the spin of the rotor, is amplified and fed
to one pair of plates of a cathode ray oscillo-
scope. The frequency of the rotor is then
compared with the sweep frequency applied
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to the other pair of plates of the oscillo-
scope. This sweep frequency is calibrated
by a standard frequency oscillator (accurate
from 0.1 to 0.01 per cent) up to 50,000
cycles/sec. Above this frequency multiples
of the calibrated frequencies are used (456).

It is well known that, for rotors made of a
given elastic material, the highest periph-
eral speed should be obtainable when the
shape is such that the radial and tangential
stresses are of constant value throughout
the rotor. In practice small hardened steel
rotors are difficult to grind to theshape
required by the above conditions so hard-
spherical steel rotors (from ball bearings)
were used. Each spherical rotor had a small
flat (about 1 mil) ground off of it in order
to determine its axis of rotation. Table 1
gives some of the results obtained just be-
fore the rotors explode. It will be observed
that the maximum peripheral speed for all
of the rotors is roughly 10° cm/sec, which
is in agreement with the theory. In the fifth
column are tabulated the maximum stresses
in the rotors calculated by the method of
Chree (44), assuming the rotors are per-
fectly elastic. These stresses reach a maxi-
mum at the center of the rotor and fall off
toward the surface. The calculated values
may be somewhat larger than those actually
existing because the steel is known to be
plastic. This would give rise to plastic flow
in small regions around the center and hence
would relieve the stresses.

TaBLE 1

Di- Rotor Pavinhorle | Centrifuga] Mazximum
ameter e prae acceleration | calculated

rotor Xgravity stress
mm 7.D.8. cm[sec 1b. /in.2
3.97 77,000 9.60 X104 4.71 X107 | 410,000
2.38 123,500 9.25X10¢ | 7.20X107 | 385,000
1.59 211,000 1.05 X105 1.43 X108 | 498,000
.795 | 386,000 9.65 X104 2.40 X108 | 420,000
.521 | 633,000 1.04 X108 4.28 X108 | 488,000

It will be observed that the magnetic
field that supports the rotor is symmetrical
with respect to the axis of rotation. As a
result no eddy currents are produced in the
rotor that tend to damp its rotation; i.e.,
there should be no electromagnetic drag.
With a 1/16-inch or 1.59-mm rotor spinning
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at 100,000 r.p.s., the driving current in the
coils D was turned off and the rotor al-
lowed to coast while the deceleration was
measured. It was found that it required
about 1 hour to lose 0.1 per cent of its
speed. The air pressure surrounding the
rotor during these experiments was ap-
proximately 2X10=¢ mm of Hg. The drag
on the rotor due to air friction can be cal-
culated from the relation (42)

557 e o s )
N, rd \2xRT d

loge — =

where N, is the number of r.p.s. at the
time ¢,, N is the number of r.p.s. at time ¢,
p is the pressure in bars, d is the density
of the steel (7.8 gms/cm®), T is the absolute
temperature, M is the molecular weight
of the gas, and 7 is the radius of the spherical
rotor. Substituting into this equation, it is
found that practically all the observed drag
can be accounted for by air friction alone,
although there may be a very small residual
drag due to inhomogeneities. Clearly this
spinning rotor arrangement should serve as
an excellent absolute pressure manometer
for measuring low gas pressures.

The very small observed drag on the
rotor suggested that the rotor would con-
tinue to accelerate until it reached the driv-
ing frequency. That is, during the accelera-
tion period the rotor would operate in a
way similar to that of an armature of an
induction motor, but as soon as it ap-
proached closely enough to the frequency
of the rotating field in the driving coils D
(Fig. 11) it would shift over and run as a
synchronous motor. This would be ex-
pected from the fact that the rotor is steel
and should become magnetized when the
rotor speed and driving frequency become
nearly equal. Experiment showed that the
rotor actually reaches the speed of the driv-
ing frequency and then ‘locks into” this
frequency. It is well known that the fre-
quency of a piezoelectric erystal will remain
extremely constant if it is cut properly and
connected into the proper circuit and if its
temperature is held constant. The driving
oscillator in the circuit of Fig. 13 was re-
placed by such a piezoelectric erystal oscil-
lator with a frequency of 100,000 cycles/sec.

JOURNAL OF THE WASHINGTON ACADEMY OF SCIENCES

voL. 37, No. 7
A 1.59 mm rotor surrounded by a gas pres-
sure of 2X10~% mm Hg or less was allowed
to accelerate up to the frequency of the
piezoelectric crystal and “lock in” with it.
In order to determine when this ‘“locking
in”’ takes place a signal from the piezoelec-
tric crystal driving circuit was applied to
one pair of plates of a cathode-ray oscillo-
scope while the signal from the electron
multiplier photoelectric cell (Fig. 14) was
applied to the other pair of plates of the
same oscilloscope. The two signals were
made to give approximately the same de-
flection so that when the rotor speed reached
exactly the driving frequency the Lissajous
figure became a stationary circle on the
screen. It is interesting to note that when the
rotor speed first reaches the driving fre-
quency, a slight hunting occurs. However,
this hunting damps out and as far as can be
determined, completely vanishes in a few
minutes. This damping of the hunting is ap-
parently electromagnetic. Therefore, the
speed of these rotors can be made as con-
stant as the frequency of a piezoelectric
crystal circuit.

The temperature of the spinning rotor
has not been measured directly but an
upper limit for it can be obtained by meas-
uring the temperature of the rotor at rest
in the vacuum chamber with the full power
applied to the driving coils D. This was ac-

OSCILLOSCOPE

AMPLIFIER.

F1a. 14.—Schematic arrangement for measuring
rotor speed.
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complished by fastening a thermocouple
made of fine wires to the rotor, then evacu-
ating the vacuum chamber surrounding the
rotor and applying the power to the coils
D. The maximum increase in temperature
was between 5° and 6°C. Therefore the
rise in temperature of the spinning rotor is
less than 6°C. Small mirrors have been
ground on these magnetically suspended
rotors without introducing appreciable
added friction. Consequently rotating mir-
rors are available whose rotor speed not
only is very high but extremely constant,
and it should be possible to obtain greater
precision for example in such determina-
tions as the velocity of light. Obviously
this technique of producing both very high
centrifugal fields and very high and con-
stant rotor speeds opens many new ave-
nues for interesting investigations.
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