
than 1000 seconds in the present ex­
ample, so that groups of particles must 
be injected to replenish the beam at a 
rate not less than the reasonable value 
of one group per second. 

It is the hope of the MURA group 
that further theoretical and experimental 
work will lead to the design and con­
struction of models that will permit test­
ing means for efficient particle accelera­
tion, the investigation of high-current 
beams, and the eventual realization of a 
research machine that will take full ad­
vantage of the benefits to be derived from 
the FFAG principle. 
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phenomena for their own sake. Sound 
waves of all frequencies were shown to 
be useful as a tool in a variety of techni­
cal fields quite remote from the custo­
mary domain of classical acoustics. 

Many participants in these sessions 
came from industrial laboratories or en­
gineering centers, and it was apparent 
from the discussions that a new area of 
technology, based on the use of sound 
waves, is taking shape. About 2 years 
ago, R. H. Bolt of M.I.T. and I coined 
the term sonics for this new technology, 
which encompasses the analysis, testing, 
and processing of materials and products 
by the use of mechanical vibrating en­
ergy. The particular frequency that is 
best suited for a given task is determined 
by the special requirements and limita­
tions of the task. All applications of son­
ics, however, are based on the same physi­
cal principles, and the relation of the 
frequency used to the range of audibility 
for man's ear is irrelevant from this 
point of view. 

The author is on the staff of the Acoustics Labo­
ratory at Massachusetts Institute of Technology. 
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Applications 

We shall see that the phenomenon of 
acoustic vibration can be utilized in many 
ways. With sound waves we can "sono- 
graph" (as with light waves we photo-
graph) the inner structure of bodies that 
are opaque to light. Sound waves can 
penetrate many solids and liquids more 
readily than x-rays or othcr forms of elec- 
tromagnctic cnergy. Thus sound can ex- 
pose a tiny crack irnbcdded many feet 
deep in metal, wherc dctcction by any 
othcr means might bc commercially im- 
practicable if not impossiblc. Similarly, 
ultrasonic pulse techniqucs are now being 
used in medicine for the early diagnosis 
of abnormal tissue growths. 

By acoustic techniques tve can rncas-
ure the elastic constants of solid mate- 
rials, and residual stresses or structural 
changes can be analyzed. The  molecular 
arrangements within many organic liq- 
uids can be inferred from measurements 
of sound velocity or absorption. T h e  ratcs 
of energy transfer among gas molecules 
and thc chemical affinity of gaseous mix- 
tures can bc dctcrmined by using sound 
wavcs. 

As soon as we can mcasure a process, 
wc havc within reach a mcans of con-
trolling it. Indeed, acoustic instrumcnta- 
tion offers extcnsivc but virtually unex-
plorcd opportunities in the automatic 
control of industrial processcs. T h e  ge- 
ometry of metal parts, the quality of cast 
nietals and laminated plastics, the tcm- 
perature in the combustion chamber of 
gasoline cngines, the composition of com- 
pounds in thc liquid or gas phase, the 
flow vclocity of liquids and gases-thcse 
and many other proccss variables 
throughout industry may, in time, come 
under the watchful car of acoustics. 

I n  the aforc-mentioned applications, 

Table 1. Technical fields represented by 
members of the committee on sonic and 
ultrasonic engineering of the Americarr 
Acoustical Socicty. 

Field of commercial Frequency 
activity range 

Oil-wcll drilling 20-50 cy/sec 
Liquid processing* 0.2-10 kcy/sec 
Machining, engraving, 

and welding 20-30 kcy/sec 
Dental drilling 20-30 kcy/sec 
Viscosimetry 25-30 kcy/sec 
Underwater signaling 2-200 kcy/sec 
Cleaning of metal parts 20-700 kcy/sec 
Applications in 

electrochemistry* 20-1000 kcy/sec 
Medical therapy 1000 kcy/sec 
Nondestructive testing 0.5-15 Mcy/sec 
Information storage 10-40 Mcy/sec 
Molecular analysis* Entire range 

* Not yet in general industrial use in the United 
States. 

the sound is used as a measuring stick or 
flashlight-the amounts of power are 
small and incidt3ntal. In  another class of 
applications, large amounts of acoustic 
power are employed to do useful work. 
Vibrational energy is used to drill rock, 
to machine complicated profiles in one 
single operation, and to engrave all kinds 
of jewelry. As a potent microagitator, 
sound lvill facilitate thc emulsification 
of liquid mixtures and will spced up such 
processcs as homogcni;.ation or dispcr-
sion. Sonic cavitation has bccon~F a 
powerful method for the cleaning of prc- 
cision parts and may find important ap- 
plications in electrochcmistry. Acting on 
acrosols. such as fumes. dusts. and 
smokes, sound can spced up agglomcra- 
tion and collection of particles. 

Recently, the Acoustical Society of 
America organized a technical commit- 
tee on sonic and ultrasonic cnginccring. 
This group had its first n~ccting during 
the afore-mcntioncd International Con- 
gress on Acoustics. Its mcmbcrs, compris- 
ing economics-conscious industrial engi- 
ncers and rcscarch-minded universitv 
physicists, are engaged in the activities 
listed in Tablc 1. Thc  frcqucncy range 
covercd by thesc applications is extremely 
wide. Their realization therefore entails 
widcly diffcrcnt acoustic enginceririg 
practices, which is a characteristic fea-
ture-and sometimes a difficulty--of this 
new field of sonics. 

Most of the applications listed in Table 
1 have today reached the stage of suc-
cessful commercial opcrations; that is, 
thc uscfulncss to industry of these tcch- 
niques and instruments has bcrn widely 
rccognized, thc development of rcliablc 
equipment is morc or less completed, 
and the manufacture. sales. and main-
tenancc of the equipment havc proved 
to bc economical. 

T h e  three items marked in Table 1 by 
asterisks--liquid processing, electrochem- 
istry, and molccular analysis-have not 
yet conquered thc markct in this coun- 
try ( I ) ,  although basically thcy do not 
appear to be less promising than those 
which havc. I n  fact, sonic treatment of 
liquid mixtures and slurries and sonic 
improvemcnt of clectroplating tech-
niques are already in industrial use in 
Europe. T h e  success of such processing 
methods depends largely on thc avail- 
ability of transducer mechanisms that 
are capable of generating sonic powcr 
economically, both in sufficient amounts 
and in a way compatible with the flow 
of industrial production. If the materials 
to be treated arc rncountered in small- 
or medium-sized batches, conventional 
transducers of the magnetostrictivc or 
piczoelcctric typc map handlc the job. 
For example, in the brewery industry 
such units have been installcd for the ex- 
traction of vegetablc bitters from the 
hop. They become impractical, however, 

Fig. 1. H) drodynamic valve oscillator 
coupled to a treatment tank, according to 
the method of J. \'. Bouyoucos. Direct- 
current flow energy is provided by a 
pump. Fluctuations of pressure at the left 
side of the diaphragm produce a flow 
modulation owing to changes in the gap 
area of the valve. The resulting pressure 
changes at thc valve end of the loop are 
transmitted through the loop bacl: to the 
diaphragm. Stable oscillations build up at 
a frequency for which the half-wavelength 
equals the loop length. Sound energy is 
extracted from the loop by a transmis-
sion-line section terminated by a dome-
shaped acoustical window. 

for vcry largc batches or high rates of 
liquid flow. In  this case, the rcccntly de- 
vcloped hydrodynamic valvc oscillators 
( 2 )  (Fig. I )  or some types of liquid jct 
transducers may be much morc adequate. 
Both are being considcrcd for largc scale 
dyeing, clcaning, and plating operations. 

hfolecular analysis by sonic measurc- 
ment techniqucs is a particularly fasci- 
nating field. So far, however, it hay been 
exploited almost exclusively by univer- 
sity physicists for purely scicntific pur- 
poses. Thcy have perfcctcd both the 
theoretical concepts and the requircd 
acoustic instrumentation to a high degree 
( 3 ) .I t  would thus appear that thc analy- 
sis by ultrasonic interfcromrtry of acous- 
tically excited molcculcs could well be- 
come a valuable adjunct to infrared spec- 
troscopy, which utilizcs the clcctromag- 
netic radiation emitted or absorbed by 
molccular vibrations. 

\Ire may now ask oursclvcs why the 
adoption of sonic techniques has bccn 
rclativcly slow in many areas of industry, 
dcspite the impressive l i ~ t  of potentially 
useful effects that havc been clcscribcd 
in the literature during the last 25 ycars 
( 4 ) .  Some relevant answers to this ques- 
tion werc given during the afore-men-
tioncd mceting of the committee for 
sonic and ultrasonic enginecring. They 
may bc condensed into the following 
three key problems, which seem to posc 
themselves whenever thc applicability to 
industry of a new tool, or process, or in- 
strumentation is being evaluated: ( ij 
the rccognition of an cxisting necd; ( i i )  
the demonstration of technical feasibil-
ity; and (iii) the economics of both de- 
velopment and operation. 

A clear-cut evaluation of these qucs- 
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tions requires a close meeting of minds 
between the sonics experts, the produc- 
tion engineers, and management-and 
often a potentially useful approach is 
abandoned because of the lack of tech- 
nical liaison. In other cases, the final 
completion of the development of a proc- 
ess that was shown to be feasible in small- 
scale laboratory tests did not take place 
because of excessive costs. 

However, sometimes the need, the 
feasibility, and the economics have been 
mutually supporting, and a highly suc- 
cessful new instrumentation has emerged. 
This was the case, for example, in the 
field of nondestructive testing. Here, the 
introduction of ultrasonic pulse-echo 
techniques during the past 10 years (5) 
has filled an urgent need for more sensi- 
tive testing methods in a rapidly develop- 
ing technology (Fig. 2). Moreover, with 
continued research, the capabilities of the 
method have been increased beyond the 
mere detecting of cracks and flaws. I t  
is now possible to evaluate ultrasonically 
rather subtle material properties such as 
surface hardness or metal fatigue. 

Another example is the use of sonic 
energy for the cleaning of delicate com- 
ponents of instruments. Conventional 
methods rely largely on manual manipu- 
lation of these parts. As Table 2 shows, 
the ultrasonic method which does the 
same job much faster and often more 
thoroughly, appears to be quite superior 
from an economic point of view. 

But even if the afore-mentioned three 
basic requirements are met, and a hope- 
ful new product is born, a good deal of 
continued nursing, mainly in the form of 
technical education, is necessary to keep 
it alive and to adapt it to the ever-chang- 
ing needs of industry. And this again can 
be achieved only by the cultivation of 
the relationships between the scientific- 
minded people in the laboratory and the 
practical-minded people in the field. 

At present the liason between the two 
groups is far from satisfactory from the 
point of view of a healthy development 
of sonic technology. I t  appears that there 
are two main reasons: one is the general 
shortage of trained manpower in applied 

Table 2. Analysis of monthly cleaning and 
repair costs (10). The numbers in parcn- 
theses in column 1 indicate the quantity. 
- - 

Old Ultra- 
Assembly method sonic 

2 CM75 field coil (8) 
2 CII75 armature (4) 
30 E02 field coil (8) 
30 E02 armature (8)  
1 193 field coil (8)  
1193 armature (4) 
901 field coil (5) 
Total monthly cost 
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Fig. 2. Ultrasonic inspection system at Lockheed Aviation Corporation. In the fore- 
ground are control panels for programmed scanning. Jet-turbine parts are immersed 
in the large tank shown in background. The movable bridge astride the tank supports 
ultrasonic transdueer heads capable of following complicated contours. 

physics; the other is the need for more 
interdepartmental training programs at 
our universities and colleges. Vigorous 
educational programs already exist in 
nuclear engineering, they are being con- 
sidered in molecular engineering ( 6 ) ,  
and they should be initiated in sonics. 

Basic Physics 

Let us now review some of the basic 
physics underlying the field of sonics. 
Some examples of the instruments that 
are currently available for sonic analysis 
and processing will be described as we go 
along. 

A sound wave is characterized by its 
speed of propagation and its velocity. In 
solids, the velocity c is 

where E is the elastic modulus and p is 
the density; in liquids, the velocity is 

where fi is the adiabatic compressibility; 
in gases, the velocity is 

where Po is the ambient pressure and y is 
the ratio of specific heats. 

The wavelength then is h = c/f, where 
f is the frequency of sound-for example, 
in water (c  = 1500 m/sec) it is about 5 
centimeters at 30 kilocycles per second 
and about 1.5 millimeters at 1 megacycle 
per second. In steel, the respective wave- 
lengths are about 4 times as large. The 

particles in a medium exposed to sound 
oscillate around their equilibrium posi- 
tions with a maximum displacement 
(amplitude) A, a maximum velocity 
U = o A  (where the angular frequency 
o = 241, and a maximum pressure 
P = pc U. The ratio P/U = pc is called the 
characteristic impedance of the medium, 
and the product 

is the sound intensity. This important 
quantity is expressed in watts per square 
centimeter; it may be as low as 
watts per square centimeter in analytic 
sonics and as high as 105 watts per square 
centimeter in sonic processing. 

Sound waves may be generated by 
moving diaphragms or pistons, by devices 
that intenupt a fluid flow (sirens, jets, 
valve oscillators), or by slabs of mate- 
rials that contract or expand under the 
influence of magnetic or electric fields. 
Usually the use of each type of trans- 
ducer is limited to a certain frequency 
range. I t  is therefore an important task 
of the sonic engineer to determine, first, 
the optimum frequency range from the 
point of view of the end-result to be 
achieved and, second, to pick the type of 
transducer that is most efficient in this 
range. 

Another important quantity is the 
sound absorption of the medium. I t  de- 
tennines the range of penetration of the 
wave and depends greatly on the ho- 
mogeneity and structure of the medium. 

After this brief survey of acoustic 
terminology, we are ready to proceed 
with a discussion of the basic principles 
involved in (i) the use of sound waves 
in testing and analysis, and (ii') the proc- 
essing of materials by sonic energy. 



Table 3. Types of waves in isotropic solids. 

I tem 
Pure Pure longitudinal Extensional Flexural Surface 

(bending waves) (Raylcigh (bulk waves) waves) (rod waves) wavcs ) 

Boundary requirements Infinite Infinite Finite Finite Infinite 
Dimensions of sample d S h  d ~ h  d L h  d < h  d ~ l  
Modulus of elasticity 1 ' + 2 ~  ~r. Y Depcndcnt on Dependent on 

h and d p and ci 

Sound velocity v (kt + 2 p ) / ~  vI./p VY/p Rod of radius r :  

,/r 3h' + 2~ v z x  v Y / p  
0.87+1.12~ - 

p hP+p  Plateofthi~knessd: - 1 + a  v PIP 

Wave-type conversion at boundary Partly to shear wave Partly to To Rayleigh To Rayleigh wavc 
bulk wave wave a s k e d  

a s k e d  

The two quantities that are fundamen- 
tal to all measurements are the sound ve- 
locity c and the sound attenuation co- 
efficient a, and the solutions of the wave 
equation are of the form 

o 
y~ = yo exp. j(ot  - k+x)  ; k+ = - - ja 

where y may represent any of the ficld 
variables, such as particle displacement, 
particle velocity, or pressure, and k* is 
the complex propagation constant. 

The response of matter to elastic 
strains, such as those occurring periodi- 

Fig. 3. Influence of impurities on sound 
velocity in carbon dioxide, according to 
A, Eucken and R. Becker. I, pure COI; 
11, CO, and 5 percent He; 111, COX and 
11.3 percent CHI; IV, COS and 5.7 per- 
cent &; V, Co t  and 12.3 percent Hs; VI, 
CO* and 2.8 percent H.O. 

Fig. 4; Ultrasonic viscosimeter. The trans- 
ducer consists of a longitudinally vibrat- 
ing magnetostrictive reed. [Courtesy Ben- 
d k  Aviation Corporation] 

790 

cally in a sound wavc, is intimately rc- 
latcd to the interactions bctwccn the 
building blocks of matter, thc atoms, 
molcculcs, or ions. In thc casc of solids, 
stifincss may bc rclatcd clirtctly to the 
latticc forces, as is suggcstcd by tllc Gruc- 
nciscn rulc (7) .  In liquids, thc comprcssi- 
bility is proportional to thc molrcular 
packing factor s=  (molcculnr volume)/ 
(molar volumc) : CI I, = const. x s, whcrc 
const. - 5000. In gases the dccisivc fac- 
tor in sound propagation is thc ratio of 
specific hcats 

whcrc f is thc number of drgrccs of free- 
dom of the gas. Tllc sound wave prop- 
agates by transmitting momcntum from 
molcculc to molcculc throl~gli collisions. 
In  this process, intcrnal molcc~~lar vil~ra- 
tions arc cxcitcd to a dcgrcc that dcprnds 
on thc number of cllcctivc collisions 
within cach cyclc of thc sound tuavc: As 
a result, thc quantity f and with it the 
effcctivc magnitude of y may vary with 
the sound frcqucncy. Thc timc constants 
involved in thc energy transfer by col- 
lision dcpcnd largely on thc prcscncc of 
impuritics in a gas. This suggests thc use 
of sound vclocity mcasurcmcnts for g s  
analysis (Fig. 3); as for cxamplc by 
ultrasonic intcrfcromctry. 

Timc-dcpendcnt adjustments of inter- 
nal molccular excitation (in gascs) or of 
external molccular configuration (in 
liquids) to applied compressions arc r e  
ferrcd to as relaxation proccsscs. Con- 
figurational relaxation takes placc in ccr- 
tain organic solutions, in clcctrolytcs, and 
in suspensions of high polymer, long- 
chain molcculcs. At those frequencies 
whcre relaxation occurs, characteristic 
changcs of sound vclocity and sound ab- 
sorption may bc obscrvcd. Also, thc rhc- 
ological propcrtics of viscous liquids and 
slurries may be analyzed acoustically by 
mcms of shear wavcs and by using the 
characteristic reaction of a mcdium on a 
sound source. Measurement of the im- 

pcdancc offcrcd by a "loaded" shcar 
transtluccr to its associated clcctric net- 
work will thus allow a determination of 
thc cornplcx shcar rigidity of thc loading 
mcdium. Instruments bascd on sucll 
shear-tvnvc impcclomctry arc now com- 
mcrci:~lly availal)lc (Fig. 4). Thrir ap- 
plications rangc from thc control of pc- 
trolcum fractionation to thc evaluation 
of blood clotting times. 

Techniques 

IVc shall now comidcr somc of the 
tcchniqucs that arc uscd in sonic an:llysis. 
For tllc mcasurcmcnt of sound vclocity 
or wavclcngth thcrc are two mcthods of 

CbTHODE RbV TUBE 
SCREEN INDICATION 

Fig. 5. Ultrasonic pulse techniques. (A, 
B) pulse transmission from transmitter 
crystal T to receiver crystal R;  (C) pulse 
reflection method with separate crystals T 
and R :  the extra pip on the oscilloscope 
indicates a flaw; (D) pulse rcflcction 
method with a single crystal for T and R;  
(E) immersion technique ; the oscilloscope 
pattern shows multiple reflections between 
sample boundaries. [Courtesy Sperry Prod- 
ucts, Inc.] 
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choice, standing-wave techniques and 
pulse techniques. In  standing-wave tech- 
niques, the periodicity in space of one of 
the acoustic field variables-pressure, 
density, or particle velocity-is deter-
mined. Typical devices that are widely 
used are the acoustic interferometer and 
the impedance tube (8). In  pulse tech- 
niques, the time required by a short wave 
train to travel a given distance is meas- 
ured. Standing-wave techniques are usu- 
ally more suitable in the kilocycle range 
of frequencies, whereas pulse techniques 
are indicated for the megacycle range. 
The various ways in which ultrasonic 
pulses may be used to detect flaws in 
solids or to measure thicknesses or dis- 
tances are illustrated in Fig. 5. Similar 
techniques are used for gaging the level 
of liquids in closed tanks, and pulses re- 
verberating many times in a suitably 
shaped solid block serve as information 
storage devices. 

At this point we must note that, 
whereas only one type ~f wavenamely ,  
longitudinal-exists in gases, additional 
forms of wave propagation are possible 
as the rigidity and structure of matter 
change. We have already mentioned that 
liquids of high viscosity may support 
shear waves in addition to longitudinal 
waves. In isotropic solids we must dis-
tinguish between five different types of 
waves (Table 3 ) .  Finally, anisotropy will 
lead to a dependence of sound velocity 
on the direction of propagation, with re- 
gard to the crystal axes. 

If the variation of pressure and the 
density in a sound wave are in phase, the 
wave propagates without loss of energy. 
However, once the perjod of the sound 
vibration is comparable with the time 
constant of one of the afore-mentioned 
relaxation processes, the density will lag 
behind the pressure. The loop area of the 
resulting pressure-density diagram then 
represents the energy that is lost per 
cycle. Another cause of losses is multiple 
reflection or scattering that is caused, for 
example, by grain boundaries in poly- 
crystalline materials. In principle, such 
losses may be determined in four differ- 
ent ways, as is illustrated in Fig. 6. They 
are ( i )  the time decay of forced vibra- 
tions in a standing-wave system, (ii)  the 
decrease in amplitude with distance in 
progressive waves, (iii) the bandwidth 
of a harmonic mode of a resonating sys- 
tem, and (iv) the standing-wave ratio 
in an impedance tube. Many technical 
materials have been analyzed by these 
methods, and useful correlations have 
been established between their loss be- 
havior and other physical properties. 

We now come to the other application 
of sonics-namely, the processing of ma- 
terials. I t  has been found that intense 
vibrations affect colloidal distributions, 
equalize electrolytic concentrations, and 
speed up aging processes. Also, by ab-
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Fig. 6. Basic techniques for attenuation measurements: K,  temporal damping constant; 
g spatial attenuation constant; 6, logarithmic decrement; Q, quality factor, S.W.R. = 
standing-wave ratio. 

sorption in a lossy medium, intense vibra- 
tions may produce local heating effects 
as, for example, in the use of ultrasonics 
in medical therapy. In general, one may 
distinguish between two types of action, 
effects that are localized at interfaces be- 
tween different kinds of media or be-
tween constituents of the same medium, 
and volume effects. Interface effects play 
a predominant role in power sonics and 
lead to a number of unusual phenomena. 
They are produced more readily than 
volume effects. For example, small bub- 
bles or particles suspended in a liquid are 
subjected to drag forces in a sound field; 
similar forces come into play if a sound 
field interacts with an aerosol. This, then, 
is the physical basis for such processes as 
sonic stirring, degassing, and coagulation. 

A particularly powerful phenomenon 
is cavitation. This is the breakdown of 
the cohesion of a liquid that is exposed 
to high tensile forces as the sound wave 
passes through it. Such breakdown usu-
ally occurs at the weakest points within 

Fig. 7. Vibrating crucible for irradiation 
of metal melts, according to H. Seemann. 

the liquid. Tiny bubbles, dust particles, 
and particularly interfaces where poor 
wetting conditions exist, facilitate the on- 
set of cavitation. As the term cavitation 
implies, cavities are formed in a liquid 
during the negative pressure phase of the 
sound wave; these subsequently collapse 
during the positive pressure phase. Such 
cavity collapses may produce pressure 
peaks of several hundreds of atmospheres. 
Under the influence of cavitation, steel 
surfaces may be pitted, oxide layers re- 
moved, bacteria disintegrated, or high 
polymers depolymerized. One particu-
larly successful application of surface 
cavitation is in ultrasonic drilling; an-
other is in the soldering of aluminum. 

The periodic strains set up by intense 
vibrations in metals or solidifying melts 
(9) are capable of rearranging disloca- 
tions or impurities in some materials. 
This may have an effect on crystalliza-
tion, grain formation, and precipitation 
hardening. A promising electrodynamic 
method for exciting whole crucibles to 
intense radial vibrations at  frequencies of 
10 to 50 kilocycles per second is shown 
in Fig. 7. 

The number of specific examples that 
could be given in this review of the pres- 
ent scope of sonics is of necessity limited. 
However, it may give the reader some 
feeling for the potential usefulness of 
acoustic instrumentation in certain in-
dustrial tasks. I t  is safe to say that acous- 
tical physicists who are interested in the 
growth of sonics are eager to accept the 
challenge of their industrial colleagues 
to put sound waves to work. Progress dur- 
ing recent years has been encouraging, 
and with improved contacts among in- 
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New Principle of Closed 
System Centrifugation 

James L. Tullis, Douglas hl.Surgenor, Rober t  J. Tinch,  
Maur ice  D'Mont, Frederic  L. Gilchrist, Shirley Driscoll, 

Owing to its easy availability, blood 
was one of the first human tissues to 
undergo definitive chemical study. How- 
ever, certain of the components have 
been difficult to obtain in their true state 
in nature. This often has given rise to 
conflicting data. The dynamic state of 
blood within the bodv. as well as its oe- ,, 
culiar property of being able to change 
from a liquid to a solid, makes the static 
conditions of blood outside the circula- 
tion highly artificial. The early discovery 
that citrate and other calcium complex- 
ing agents would block coagulation has 
been estimated (1) to have slowed cer- 
tain types of hematologic research by 
several decades. This is not due to intrin- 
sic damage from citrate ion. Rather, it is 
because blood rendered incoagulable can 
be collected without attention to its la- 
bile components. This has led to the uni- 
versal collection of blood, for either anal- 
ysis or therapy, under nonphysiologic 
conditions; rubber tubing, warm glass 
bottles, and anticoagulant solution, fol- 
lowed by a variable storage period dur- 
ing which the equilibrium state of cell 
destruction and resynthesis no longer ob- 
tained. 

In  an effort to surmount these condi- 
tions, work was begun in 1949 by Edwin 

Dr. Tullis, Dr. Surgenor, and Dr. Driscoll are 
associated with Harvard Medical School, Boston, 
Massachusetts, in, respectively, the department of 
medicine, the department of biological chemistry, 
and the department of pathology. Mr. Tinch and 
Mr. Gilchrist are at the Laboratories of Protein 
Foundation, Jamaica Plain, Massachusetts. Dr. 
D'Hont is a member of the department ot chem-
istry of the University of Louvaine, Louvaine, Bel- 
gium; and Dr. Batchelor is on the staff of the de- 
partment of medicine of the Massachusetb General 
Hospital, Boston. 

William H. Batchelor 

J. Cohn and collaborators on equipment 
designed to collect and fractionate blood 
as early as possible in its natural state. 
The  underlying principles were simple: 
rapid cooling, nonwettable surfaces, low 
turbulence, minimal gravitational forces, 
closed-system sterility, and rapid removal 
of the cytologic components before en-
zymatic degradation could ensue. I n  a n  
effort to make these fundamental tech- 
niques applicable to tissues other than 
blood, the engineering was developed in 
such a manner that broad versatility was 
permitted. As a result, a basic centrifuge 
system was evolved which has almost 
equal application to virus purification, 
milk stabilization, and the separation of 
other multiphase systems. 1;s perform-
ance thus far has been chiefly assayed in 
the blood field, owing to the central 
theme of the originating laboratory ( 2 ) .  

Closed System 

In the design of the apparatus, all parts 
that come into contact with blood or 
other biologic material were completely 
segregated from the mechanical and 
electric components necessary for power 
and control. The mechanical com-
ponent, designated the cartridge,'"^ 
simple in design; it is sterilizable in an 
autoclave and has attached to it the col- 
lection assembly and receptacles for stor- 
age of the individual fractions. The "car- 
tridge" can be stored indefinitely in an 
open area, because of a locking device 
which assures maintenance of "closed sys- 
tem" sterility (Fig. 1) . 

Collection of the effluent fluids and cell 

terials (Interscience, New York, 1954), p. 92 
8. 	 L. Beranek, Acoustic M e a s t ~ v e m e n t s  (Wiley, 

New York, 1948). 
9. 	 H .  J. Seemann and H .  Staats, Metal1 9, 868 

1955). 
10. From TWA Cngrg. Rept. No. 1025. 

suspensions is accomplished by means of 
coaxial rings which are a part of a dy- 
namic or centrifugal valve. Thus, effluent 
discharged under centrifugal force is col- 
lected in an outer annular space; the ma- 
terial that drains after decelerating the 
bowl is collected in a separate, inner, an- 
nular chamber. Adoption of this prin- 
ciple avoids the need for manifolds to 
control the flow of liquids into their re- 
spective receivers. All connections into 
and out of the apparatus are thus made 
on a stationary, collecting assembly (Fig. 
2 ) .

Three basic bowl designs are employed 
in the centrifuge: an inverted conical- 
shaped, two-compartment bowl (type I )  ; 
a peripheral-feed, long-traverse bowl 
(type 11);  and an inverted, cylindrical, 
falling-film bowl (type 111). These make 
possible diverse types of separation which 
involve the removal of cells or precipi-
tates from a liquid medium. The three 
bowls also possess internal flexibility by 
means of a locking device in the mid- 
portion of the bowl. This permits the in- 
sertion of various dividing bafRes without 
change in the outside dimensions or in 
the relationship of the bowl to the drive 
mechanism. I t  also permits facility of dis- 
assembly for thorough washing, resur-
facing, and removal of pyrogens. 

Type-I Bowl 

The separation of certain cytologic 
components of the blood is a typical ex- 
ample of the use of type-I bowl (Fig. 3 ) .  
Blood contains three formed elements of 
varying average densities-red cells 
(1.095), white cells (1.065), and plate- 
lets ( 1.032)-suspended in liquid 
plasma. Sedimentation (either spontane- 
ous or accelerated by rouleaux reagents) 
and low-speed centrifugation have gen- 
erally been used for separation of the 
three kinds of cells. The densities of the 
three cell types represent average values 
only. Considerable variation exists in 
both size and weight. As a result, no single 
mechanical system has ever led to a pure 
yield of cells. Partial purification of a 
single kind of cells has been achieved by 
repeated packing of blood in a bucket- 
type centrifuge with pipette removal of 
the layer that most closely corresponds to 
the desired cell population. The present 
device permits a continuous-flow system 


