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ties may form, grow, and collapse in a
vhien variational tensile stresses are super-
d on the prevailing ambient pressure. Pure
have theoretical tensile strengths which are
cd on various grounds to be of order 300
) atmospheres (bars), but the observe
strengths of real liquids are much lower.
¢ presumed, therefore, that the observed ten-
ngth is a measure of the stress required to
the minu'te cavilies, or cavitation nuclei,
tready exist in the liquid rather than the
fequired to form new interior interfaces,
ansient cavities formed by tensile stress
= and would grow indefinitely if the
mainfained. After the cavitation
ve been expanded to many times their
size, however, they may collapse violently
iress is reduced or iemoved. The kinetic
v of the liquid that follows each inwardly
‘g Interface becomes highly concentrated
' coliapses. If such transient cavitics
; ittle perrancnt gas, the peak pres-
‘“poe may reach thousands of bars,
i€ may reach thousands of degrees,
*HOCK WAVES may be !
2veral cavity radii. Similar cavities
‘ aturated liquids will usvally contain
>t Snd their collapse will be less violent,
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but the peak pressures attained are still sufficient
to produce unique mechanical effects such as the
corrosion and pitting of metallic surfaces (as in
marine propellers and sonar projeciors) and the
beneficial rernoval of embedded dirt (as in ultra-
sonic cleaners). In the latter case, the soil to be
removed provides a prolific source of cavitation
nuclei at exactly the sites where cavitation is
desired.

In hydrodynamic cavitation, the tensiie stress
is of relatively long duration and pleaty of cavi-
tation nuclei are usually available. As & result,
cavitation occurs when the total net pressure, or
the stagnation pressure, becomes approximately
equal to the vapor pressure of the liquid. In
acoustic cavitation, the cyclic pressure required
to produce cavitation is a function of the fre-
quency, the partial pressure of any dissolved gas,
and the population of cavitation nuclei. For fre-
quencies above about 200 kc/sec, the threshold
pressure for cavitation increases with the square
of the frequency and is almost independent of the
degree of gas saturation. For frequencies below
200 kc/sec, the threshold pressure is a function of
the partial pressure of the dissolved gas. In
saturated liquids, at sound pressures less than a
few bars, stable bubbles can grow from cavitation
nuclei by the process of rectified diffusion. At
higher levels of acoustic excitation, transient
cavities can be formed. The threshold sound pres-
sure at which they appear and the violence of
their collapse increase as the partial pressure of
the dissolved gas is lowered.

The physical nature of the cavitation nucleus,
the details of its dynamic growtt: from. sub-
microscopic to visible size, and the peak pressures
and temperatures achieved at the climax of coi-
lapse are current topics of active research interest.

F. Vi HoNT
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CENTRIFVUGE

In most cases, the centrifuge is used for pro-
ducing sedimentation in fluids, i.e., for the
concentration and purification of materials, .2
However, it also has been used extensively as an
analytical tool for determining particle or molec-
ular weights and sizes 1-34; as a means of deter-
mining the strength of materials, and numerous
other research and practical problems.! Centrif-
ugal fields of 109 times gravity have been em-
ployed in some experiments. The effective centrif-

ugal force, F, on a particle of mass 7 and density
p in a fluid of density p’ is given by the relation
F= m(p — p")w?r/p. This force is opposed by the
frictional force of the fiuid on the particle. If the
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CENTRIFUGE

speed of sedimentation v is not too large, i.e., the
Reynolds number, vpd/n does not exceed the
order of unity, where d is the diameter of the par-
ticle and 7 the coefficient of viscosity, and if the
wall effects are neglected, the force of friction fis
given by Stokes law. In the case of sedimentation
in a liquid for a particle of effective radius a

4/3ma¥(p — p"w?r = 6mmav )

Since w, r, p, p” and » are measurable, 4 and hence
the mass of the particle m can be determined. If
we are concerned with a substance of molecular
weight M, partial specific volume ¥, molar fric-
tional constant f, density of solution p, and diffu-
sion constant D, the corresponding equation is3

M — Vp)w?r = f — )

For a dilute solution f= R7/D where R is the gas
constant and T is the absolute temperature.
Hence,

dr  MD( —pV)

V== w?r 3

dt RT 3

The velocity of sedimentation in a unit field

IS ’-{r—{(—b If M is known s can be calculated since
@°r

the other factors in the equation can be deter-
mined, or if s is measured, M can be found. The
quantity s is called the sedimentation constant and
is expressed in Svedberg units (10-13 sec)-1
named in honor of the great pioncer in the field
of molecular weight measurcment by ultracentrif-
ugation. it is a very important quantity for
characterizing a substance in solution.3.4

From the above equations alene, one might
expect a substance would completely settle out of
the solution even with very weak centrifugal
fields or gravity alone if the field is applied for
sufficient time. This, of course, is not the case be-
cause of thermal agitation or BROWNIAN MOTION
of the melecules or particles, which gives rise to
back diffusion. It can be shown? that the average
displacement of a particle in time = due to
Brownian motion is AX =717 and for a spherical
particle of radius a the average velocity for a time

T iS
i A X i R’{' 1 1/2
e o N 3

T

where N is the avegadro number. Tt is clear that
when v becomes very much larger than the
settling velocity v nothing can sediment out of
the solution. When this is the case, it can be
shown®* that when equilibrium is reached be-
tween sedimentation and back diffusion

Jiu C}fll_ i ]&[(1 *,’)V)wg(i‘zz e 7’12)
i B YRT

4

where C: and fi1 are the concentration and
activity coeflicient, respectively, at the radius r:
and C; and f: are the corresponding quantities at
the radius ra. If the substance is in dilute soluticn

94

sector-shaped centrifuge cell, the weight-
average molecular weight M is given by34

. 2RT @y s
— (1 0 I7P)w2(1.b2 i raz) CO )

where Ca is the concentration at the radius of the
miniscus ra, Co is the concentration at the pe-
ripheral radius 7» and Co is the average concen-
tration.

In deriving the above equations, the effect of
electrical charges has been neglected. Usually, the
solutions are kept near the isoclectric point, but
in many important cases this is not possible. The
effects of charges on the above eguations have
been investigated and in some cases found to be
quite large.3.4,6

For the separation, purification, or concen-
tration of materials in solution or suspension in
a liquid, the centrifugal field is made high enough
so that the sedimentation velocity v is appreciable.
Equations (1), (2) and (3) are used for estimating
the sedimentation. However, these equations hold
strictly only when the sedimentation is radial and
no turbulence, radial flow, or re-mixing occurs.
In most centrifuges used commercially (the cream
separator, for example), the liquid flows through
the machine during the sedimentation. Any
radial flow stream is acted upon by coriolis forces
which usually produce mixing. Also, the fempera-
ture may not be uniform throughout the sedi-
meniting column. This gives rise to convection if
the temperature change produces greater densities
near the axis. The driving force which generates
thermal convection is roughly proportional to the
density gradient times the centrifugal field. Since
the latter is large in most centrifuges, the tem-
perature gradient must be small. For a detailed
discussion of commercial type centrifuges, both
flow-through and batch-type and their operation,
reference should be made to Keith and Lavanchy?
and others.? In addition to the use of the centri-
fuge in industry, it is widely used in research and
testing laboratories for the purification and
preparation of many different substances. As
should be expected from theory, high speed cen-
trifuges do not deactivate most molecular species.

ven molecular species such as are often en-
countered in biology and medicine which are
stable only over a few degrees of temperature and
a small range of pH are not appreciably effected
by a comparatively large centrifugal field. For
this reason, high speed centrifuges are widely nsed
in biochemistry and molecular biophysics. The
rotors of these high speed centrifuges usually spin
in a good vacuum (below 19-5 torr) to avoid
heating and thermal gradients in the rotor. Such
centrifuges with push-button control are readily
obtainable cormmercially.

Analytical Centrifuges. The centrifuge is em-
ployed as an analytical tool in one of two general
nethods.?* The first method makes use of Egs.
(1), () and (3), while the second is based upon
Egs. (4) and (5). Sometimes combinations of
these two methods are used.34 When a centrifuge
is employed in analytical work, it is usually called
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an ultracentrifuge.? The first method has been
more widely used, at least, until recently. In this
method, comparatively high rotor speeds with the
resulting high centrifugal fields are employed in
order to produce an easily measurable rate of
sedimentation v. The value of v is usually
measured by optical means and s is computed.
The high centrifugal field quickly produces a small
density gradient across the centrifuge cell which
stabilizes the sedimenting column. As a result,
very high accuracy in rotor temperature and speed
control are not mandatory, although desirable.
Another important factor is that the time of cen-
trifugation is comparatively short (~hours).
Furthermore, if the solution contains a number
of molecular species, each species sediments at its
characteristic rate and the value of its sedimenta-
tion constant s is easily determined. The effect of
ionic charge and the pH of the solution on the
values of s and the effect of concentration of one
species on the other during sedimentation, etc.,
have been quantitatively investigated, both
theoretically and experimentally, by a number of
workers.® 478 The rate-of-sedimentation method
has the disadvantage of not being an absolute
method and requiring a knowledge of the diffu-
sicn constant D as well as the shape of the sedi-
menting particle or molecule. Often these factors
introduce large uncertainties in the value of
M.

The second method, known as the equilibrium
method, is based upon Egs. (4) and (5). It is a
reliable, absolute method since it is based upon
equilibrium thermodynamics. Also, it is not
necessary to know the value of the diffusion con-
stant or the shape of the molecule to get the value
of M. As pointed out above, no actual sedimen-
tation on the walls of the centrifuge cell occurs in
the equilibrium method so that the rotor speed
and resulting centrifugal field are relatively low.
Consequently, if the concentration of the solute
in the solvent is low, the density gradient in the
cell is small which in turn makes the sedimenting
column sensitive to small rotor temperature and
rotor speed variations. Recently, considerable
effort has gone into designing and adapting ultra-
centrifuges to equilibrium measurements and the
centrifuging time has been reduced {rom several
days to several hours.:349 An over-all pmcmon
in the measurement of the molecular weights of
between 0.1 and 1 per cent over the moleculax
weight range from 100 to 108 has been obtained.?
The determination of molecular weight distribu-
tions, etc., can be carried out.

Gas Centufugmu. The centrifuge has been used
for removing fine particles suspended in gases
dﬂd for the separation of gaseous mixtures. The
um» particles. sediment on the inner wall of the

xmfugc where they are removed while the cen-
trnuve is spinning or when it is stopped. In the
Scparation of gases and vapors a tubular type
centrifuge is uiually used in which the gases flow
out of tbe centrifuge in a light and heavy fraction.
Such tubular centrifuges have been used for the
S¢paration of isotopes.” 7.10-12

When a centrifugal field is applied to a gas it

CENTRIFUGE
sets up a pressure gradient
Mp
dpldr = Mpw?r = U

where p is the molar density and p the pressure. In
a binary mixture of two ideal gases with miolecular
weighis M1 and M» and with mole fraction & of
the lighter gas of molecular weight M, it has been
shom1 both theoretically and experimentally that
at equilibrium where r2 is the radius of the inside
periphery of the centrifuge tube

N . ( N S (M2 — M ku 2r9?
el Ttbe Bl T

In order to determine the value of a centrifuge
or cascade of centrifuges for separating isotopes
or gases, it is customary to calculate the separative
work or separative power which is a measure of
separation produced by a single centrifuge or
a number of centrifuges used in a cascade.
Cohen'? has shown that the separat ive power of
a single centrifuge is

Dp| (M2 - M)w?? |
it {(—ﬂz~ —l)w—z—J Z?,f moles/sec

olf—
2RT

ATL

where Z is the centrifuge tube length, D the
diffusion constant, and -/ the flow factor which
depends upon the flow pattern in the centrifuge
and has a maximum value of one. The number of
centrifuges required to carry oul a given amount

of separation ina time 7 is —< where U is the total

U
10"
separative work and is defined as!4
N\\

A w

N,
log, ~———2— — F(2Nr — 1) log. livip

U= WQ2Nw — 1)1 ‘ONT P@ENo 1)

=N

where F is the number of moles of feed material
of mole fraction Nr and W and Ny and P and Np
are the corresponding values for the waste and the
product. It will be observed that the effectiveness
of a centrifuge for gaseous or isotope separation
increases directly as the fourth power of the pe-
ripheral speed, as the length of the centrifuge, and
as (/’\/[2 o Mx)z.

J. W. BEams
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