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Summary 

This report describes development work on meth
ods of particle separation by the Biology Division 
of the Oak Ridge National Laboratory and the Oak 
Ridge Gaseous Diffusion Plant during the period 
January 1 to June 30, 1963, under the Joint Na
tional Institutes of Health-Atomic Energy Com
mission Zonal Centrifuge Development Program. 
The central effort has been to develop zonal cen
trifuge systems for the separation of cells and sub
cellular particles, including viruses, and bio
colloids, including proteins and nucleic acids. 

The development of basic new tools requires 
close collaboration between specialists in the 
biological and physical sciences. Initially it is 
essential to develop the (1) rotors and drive sys
tems, (2) seals, and (3) containment systems 
necessary for work with virus materials. Three 
types of low-speed (A series) rotors have been 
developed. The stability problems which limited 
the B-I1 rotor to approximately 25,000 rpm are 
being solved, and operation at 40,000 rpm (90,800 x 
g) has been obtained with a new experimental upper 
damping bearing. In addition, high-speed zonal 
ultracentrifuges have been designed and tested by 
the personnel at the Oak Ridge Gaseous Diffusion 
Plant [C-I to C-V, 141,000 rpm (310,000 x g) to 
40,000 rpm (91,000 x g»). These rotors are in 
various stages of development, as noted in this 
report. A prototype of an ultrahigh-speed centri
fugal system (D series capable of 1. 2 million x g) 
has been tested to 300,000 rpm. 

This work, initiated in the Biology Division at 
ORNL, has required the talents of various groups 
at the Oak Ridge Gaseous Diffusion Plant. Theo
retical studies have been undertaken in many areas 
which bear upon the problem. These are, among 
others: (1) rotor stability and design, including 
fabrication, (2) metallurgical studies, including 
stress analysis and corrosion resistance, (3) in
strumentation and controls, (4) chemistry of cesium 
chloride for reprocessing, (5) electron microscopy, 
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(6) mathematical analyses of flow rates for con
tinuous centrifugation, (7) containment and steril
ization, and (8) data reduction. 

Under the NIH-AEC Program the principles of 
zonal centrifugation developed in the Biology Divi
sion at ORNL have been combined with certain 
revolutionary 'advances made by the Technical 
Division at ORGDP in high-speed centrifugation 
and rotor fabrication. The aim is to perfect high
resolution fractionation methods for separating 
particles ranging in size from whole cells to pro
tein molecules. Virus particles fall within this 
range, and to date two types of adenovirus and 
respiratory syncytial virus have been separated 
and concentrated, using the B- and C-series rotors. 
The biological implications of these centrifuge 
systems extend from determining the distribution of 
drugs or other materials in cells to the separating 
of viruses from tumors. Also under study is the 
possibility of using zonal centrifuges for vaccine 
production. These problems are discussed in 
detail in this report. 

Ancillary studies carried out by ORGDP have 
included (1) pressure filtration and dialysis, (2) 
ultrahigh-pressure chromatography, (3) flame ion
ization analysis, capable of resolving 10- 12 g of 
carbon, and (4) a cell synchronizer capable of con
tinuously growing 10 to 60 liters of cells. These 
programs are in various stages of development, as 
noted in this report. 

Other biological studies reported here include 
(1) a new method for cesium chloride banding, 
using angle-head rotors, (2) cell synchronization 
studies, (3) sugar analyzer development, (4) auto
mated nucleotide studies, (5) separation of radio
nuclides from river water, (6) distribution of 
particulates in Escherichia coli, and (7) protein 
synthesis of ribosomes from E. coli and rat liver 
thymus. 

The ultimate aim of this program is to develop 
methods for viewing the cell as a spectrum of 



particles, each portion of which may be analyzed 
biochemically and biophysically. Three general 
areas of investigation are included in this broad 
program and are closely interrelated in the achieve
ment of the final goals: 

1. For studies on subcellular particles it is im
portant to have available a population of cells 
which are as nearly identical in size, composition, 
and physiological state as possible. Studies on 
mass cell synchronization, therefore, will in the 
future occupy an increasing portion of the total 
effort. 

2. Development of centrifugal methods for sub
cellular particles, which constitutes the bulk of 
the present effort and will continue to do so for 
two or three years, will eventually be decreased to 
a supporting effort. 

iv 

3. The development of molecular separation 
methods, which has been a minor effort in the form 
of the automated nucleotide and carbohydrate 
analytical systems, will be gradually increased as 
high-pressure chromatography and new on-stream 
analytical systems are developed. 

The biological studies undertaken in parallel 
with the developmental effort are (1) the isolation 
of virus particles from complex mixtures, (2) ex
amination of changes in cell composition which 
follow virus infection, and (3) alterations in cell 
composition during the cell cycle. In collaboration 
with interested groups outside the Laboratory, 
studies are being undertaken on the intracellular 
localization of drugs, herbicides, and pesticides, 
since the systems described in this report are 
readily adaptable to such problems. 
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I. Introduction 

N. G. Anderson 

The central purpose of this program has been to 
develop biophysical separation methods for the 
separation of cells, subcellular particles, macro
molecules, and low-molecular-weight cell constit
uents, and to apply these methods to cells in a 
single stage of the cell cycle. Emphasis at the 
outset has been on particle separation based on 
differences in either sedimentation rate or particle 
density as observed in liquid density gradients. A 
variety of centrifuge systems has been developed 
to explore these methods. 1 During this report 
period, efforts were directed toward centrifuge 

development. These will continue for the coming 
year. However, studies aimed at exploring bio
physical separations based on ion exchange and 
electrophoresis, as well as those on the large
scale culture and synchronization of cells, are 
being carried on concurrently. We seek to integrate 
biophysical, biochemical, theoretical, physical, 
engineering, and metallurgical studies to search 
for specific solutions to basic biological problems. 
These studies are described in the Summary and 
are presented in detail in subsequent chapters. 

At present, we wish to focus on a few carefully 
chosen biological problems that can be tested 
meaningfully with the systems under development. 
While the zonal centrifuge is a tool that provides 
a rapid method for separating cell constituents 
into a spectrum of particles, most cell components 
are very poor models for studying centrifuge per
formance and resolution. With a polydisperse 
particle suspension, such as a tissue homogenate, 
broadening of a zone caused by low centrifuge 
resolution cannot be distinguished readily from 
that due to particle heterogeneity. What we require 
is a homogeneous preparation that can be studied 
alone to determine resolution and its dependence 
on concentration. The particle also must be easily 
identified when added to polydisperse systems to 

l]oint NIH-AEC Zonal Centrifu~e Development Pro
~ram Semiann. Rept. Dec. 31, 1962, ORNL-3415 (Special). 
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determine if anomalous sedimentation occurs during 
centrifugation. Uniform particle preparations are 
also required for studies on continuous-flow cen-· 
trifugation, which is of increasing importance as a 
method for obtaining large quantities of material 
for biochemical analyses. 

Homogeneous synthetic particles in the size 
range required here are relatively difficult to ob
tain. Fortunately, many virus strains yield very 
uniform particle populations, and viruses are 
available in suitable ranges of sizes and densi
ties. By studying viruses in fairly concentrated 
suspensions, we can examine the resolution of 
rate-zonal centrifuges. By adding very small 
amounts of virus to tissue breis, we may deter
mine the resolution obtained with complex mix
tures; by comparing resolution in these breis we 
may judge the heterogeneity of the smaller sub
cellular particles. Furthermore, by using very 
dilute virus suspensions, we may study the per
formance of continuous-flow centrifuges. The 
position of virus particles in gradients may be 
detected by ultraviolet absorption, by particle ob
servation and counting in the electron microscope, 
by infectivity, and by monitorin g for a radioactive 
label incorporated into the virus. The amount of 
virus may be determined in a wide range of con
centrations by' these methods. Virus particles are 
thus invaluable test or indicator units for develop
ing methods aimed at eventual attempts to isolate 
minor cell constituents, such as centrioles or in
dividual chromosomes. 

It is of interest to consider virus particles not 
only from the viewpoint of resolution obtainable, 
but also of sensitivity. For the isolation of sub
cellular particles the lower limit of particle con
centration of general interest is one particle per 
cell, and it is important to ask whether systems 
can be devised which are capable of this resolu
tion and sensitivity. If such systems can be de
veloped, it is evident that they would provide solu
tions for many less difficult separations. 



II. Biomedical Applications of Zonal Centrifuges 

A. ISOLATION OF TRACE AMOUNTS OF VIRUS 
FROM TISSUES 

N. G. Anderson 
C. L. Burger 

W. D. Fisher 
W. W. Harris 

Subcellular particles may be considered opera
tionally as a population that may exhibit differ
ences in sedimentation rate or density. If these 
properties are plotted as a spectrum in two dimen
sions, the following question arises: Is there a 
"window" in that portion of the plot where most 
virus particles occur? Stated another way, are 
there particles in normal cells which have the 
same physical properties as known viruses? For a 
gi ven virus, what fraction of the cell mass would 
have exactly the same density and sedimentation 
rate under a defined set of conditions? To attempt 
to answer these questions it is necessary to con
sider the sedimentation rates and densities of 
known virus particles, and then to examine tissues 
to see what fraction of the total tissue mass falls 
within the same size and density range. If a 
"window" indeed exists, then it is important to 
maximize the resolution of available separation 
methods and attack the problem of isolating very 
small amounts of virus which may occur in masses 
of normal or tumor tissue. 

1. Physical Properties of Viruses 

Available data on the composition and masses of 
viruses and the absorbance of solutions containing 
known amounts of particles are shown in Table 
II-A-l. The latter are calculated values and do not 
include the increased absorbance caused by scat
tered light. Ultimately it will be necessary to de
termine the absorbance of suspensions on which 
particle counts have been done carefully. The data 
are considered provisional. 
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As highly purified virus materials become avail
able for investigation and medical use, it is neces-. 
sary to consider the units in which concentration 
of virus particles are expressed, the relation be
tween these units, and the methods used for ana
lyzing virus suspensions. The following proposals 
are internally consistent and would help one to 
compare different viruses, to analyze given prepa
rations, and to estimate concentration. 

The basic unit is the weight of an anhydrous 
virus particle in grams. Fractions of a gram have 
been given names corresponding to 10 - 3N g, where 
N is a whole number. 1 In keeping with this con
vention, 10- 18 has been chosen as the weight 
unit, and might well be termed a "virogram." The 
viruses listed in Table II-A-1 range from 11 to 
3500 virograms. Thus whole numbers can be used. 
In the past, virus concentration has often been 
expressed· as micrograms of virus per milliliter 
of suspension. If a unit of virus concentration is 
chosen which contains 10 12 virus particles per ml, 
then the Ilg of virus per unit concentration is found 
to be numerically equal to the weight of a single 
virus in virograms. Thus the weight of a single 
cowpox virus is 3500 virograms, and a solution 
containing 10 12 cowpox virus particles would con
tain 3500 Ilg of virus per ml. A polio virus with a 
weight of 12 virograms yields a suspension with 
12 Ilg of virus per ml at a concentration of 10 12 

physical particleslml. In this work, we consider 
the physically defined particle (PP) and not the 
infectious one (IU). The absorbance at 260 mil of 
virus suspensions at 10 12 PP Iml spans very nicely 
the range of absorbancies usually measured with 
conventional spectrophotometers, except for the 
large pox viruses, where dilution by one order of 
magnitude (10 11 PP Iml) is required to make re
liable measurements. With these units there are 
simple correlations between number, particle 
weight, concentration, and absorbance. 

lMicrochem. J. 5, 1-3 (1961). 
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Table II·A·1. Provisional Data an the Properties and Composition of Some Viruses 

At 10.
12 

PP/m1 10. 12 Physical 
Particle 

. Virus 
Dimensions DNA RNA Weight Nucleic Particles per 

Protein/ml Virus/ml Absorbance 
b 

(11) (%) (%) (virograms) B 
Acid/ml Optical 

(Ilg) 
(Ilg) (!1g) at 260. mil 

Density Unit 

T2, T4, T6 95 X 65 40. 50.0. 20.0. 30.0. 50.0. 4.2 0..24 

T1, T3, T7 50. X 45 40. 140. 56 84 140. 1.18 0..85 

¢ X174 37 diam 25 11 2.7 8.3 11 0..0.55 18 

Vaccinia 260. X 220. x 220. 7.8 330.0. 257 30.43 330.0. 7.3 0..14 

Cowpox 260. X 220. x 220. 7.2 350.0. 252 3248 350.0. 7.3 0..14 w 

Adenovirus 5 70. diam 30. 350. 10.5 245 350. 2.3 0..43 

Rabbit papilloma 45 diam 8 150. 12 138 150. 0..34 2.9 

Poliomyelitis 27 25 12 3 9 12 0..0.76 13.2 

Foot and mouth 25 40. 13 5.2 7.8 13 0..16 6.2 

Encephalomyocardi tis '27. 30. 12 4 8 12 0..11 9.1 

Equine encephalitis 50. 4.4 83 3.7 79 83 0..15 6.7 

Influenza 80. 0..8 50.0. 4.0. 496 50.0. 0..45 2.2 

BVirogram equals 10- 18 g. 

bAt 260. mil, 1-cm light path at a concentration of 1 Ilg/ml, direct readings are as follows: RNA, 0..0.25; protein, 0..0.0.0.7; DNA, 0..0.2. 



2. Search for Viruses in Sections by 
Electron Microscopy 

The electron microscope has been invaluable in 
identifying virus particles in cells. It is important 
to know whether centrifuge systems can be built 
which will approach, or possibly surpass, the sen
sitivity of the electron microscope in identifying 
virus particles in cells. For this discussion we 
will consider virus concentrations at the level of 
one particle per cell. 

An estimation of the number of photographs which 
must be examined t~ find one virus particle per 
cell is given by the approximation 

N=---
3TA 

where N is the number of photographs to be ex
amined; r, the radius of the cell in cm; M, the elec
tron microscope magnification; T, the thickness of 
the section in cm; and A, the area of the photograph 
. 2 
In cm . 

For a cell 15 fl in diameter, approximately six 
hundred 8 x 10 in. photographs at 20,000x, using 
250-A sections, would be required. As the diam
eter of the cell or the magnification is increased, 
so is the number of photographs. 

It is evident that a statistical study of the num
ber of virus particles in a tissue at this level is 
an inordinately tedious task involving thousands 
of photographs (6000 for ten cells). 

3. Detection of Virus Particles in Gradients 

For detection of virus particles by ultraviolet 
(UV) absorption, the lower limit with present sys
tems is approximately 0.1 absorbance unit. With a 
small virus, such as polio, this represents approxi
mately 1.3 x 10 12 PP; with a large one, such as 
vaccinia, the same absorbancy is produced by 
about 1.4 x 10 10 PP. If one particle per cell is to 
be detected, then the number of original cells must 
equal the number of particles. 

Using rat liver as an example, 1 g of tissue con
tains 2 to 4 X 10 8 cells. The upper limit for tissue 
used directly in the B-II rotor is about 10 g, giving 
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about 3 x 10 9 cells. This is one order of magni
tude below the UV absorption limits for vaccinia, 
and three below that for polio. 

However, if 10 8 virus particles can be isolated 
from 1 g of tissue free of other contamination and 
in a volume of 1 ml, then their detection through 
conventional counting techniques by electron mi
croscopy is fairly simple. Further, if the isopycnic 
separations are done in a small volume, the limit 
of 0.1 absorbance unit may be considerably de
creased. 

4. Subcellular P·articles with Virus.Like 
Sedimentation Properti es 

For present purposes the osmotic properties of 
subcellular particles will be ignored, and the 
question that will be asked is: What percentage of 
the protein in a tissue sediments in a sucrose 
density gradient under a given set of conditions to 
a position that would also have been reached by a 
virus of known properties? The amount of such 
"contamination" will directly affect the level at 
which virus particles may be detected in the elec
tron microscope. 

The results of typical experiments are shown in 
Figs. II-A-1 and -2. The amount of protein present 
was determined by an automated method to be de
scribed in a subsequent report. In rat liver, from 
approximately 0.5 to 1. 5% of the total cell protein 
is found in each 40-ml fraction in the area between 
the soluble phase and the mitochondrial peak. Most 
of this material is probably fragmented endoplasmic 
reticulum. This conclusion is supported by the 
findings obtained with rat spleen, shown in Fig. 
II-A-2. In most tumor cells, and in many cell lines 
used in tissue culture, the amount of endoplasmic 
reticulum is less than in liver. If a virus particle 
is restricted to only a few of the 40-ml fractions, 
it is evident that considerable purification is 
achieved in one zonal centrifuge run. 

These studies do not demonstrate the full capa
bilities of the B-II rotor system, however. To 
retain the larger particulates in the rotor, a short, 
steep gradient was used. In practice, nuclei, 
cells, and mitochondria can be sedimented to the 
rotor wall or to a "cushion" near the rotor edge, 
and the virus-like particle range can be extended 
considerably. 

It is also evident that preconcentration can be 
used to increase greatly the amount of virus-range 
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material in the rotor. Thus the large particles may 
be sedimented at low speed, and the virus-sized 
material may be sedimented at higher speed, re
suspended, and then run in the zonal ultracentri
fuge. As much as 100 g of tissue or cells may be 
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processed in this manner. However, in the present 
work, efforts have been made to develop general 
methods that would not necessarily involve pelIet
ing virus materials at any stage, so that very sensi
tive materials may be isolated. 
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B-II Zonal Centrifuge. A total of 12.5 ml of a 20% perfused rat liver brei was introduced centripetal to a 1200-ml 

17 to 55% sucrose gradient with a cushion of 66% sucrose. This was overlayed with 216 ml of Miller Golder buf~er 

(pH 7.5, Jl = 0.1), and the homogenate centrifuged 1 hr at 24,250 rpm at 5°C. Protein is shown as percent of the 

total sample found in each fraction collected. 
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5. Sedimentation of Virus Added to Tissues 

The possibility must be considered that virus 
particles may not sediment as expected in the 
presence of large amounts of subcellular material. 
To examine this possibility, small amounts of 
phage labeled with P 3 2 were added to rat liver 
breis, and the separated fractions counted. The 
results show that negligible adsorption to sub
cellular particles occurred. With other cells and 
viruses, however, adsorption may occur, and each 
cell-virus system must be examined for this pos
sibility. The isolation of adenovirus 2 from in
fected human tissue culture cells will be discussed 
in a subsequent report. 

6. Isopycnic Separations of Particles Previously 
Isolated by Rate-Zonal Centrifugation 

The fractions collected from the zonal ultra
centrifuge suspected of containing virus particles 
must now be separated on the basis of particle 
density by banding in cesium chloride or other 
dense solution. The centrifugal systems that will 
ultimately be used for this cannot be visualized 
with certainty at this time. To centrifuge par
ticles from sucrose solutions into small-volume 
CsCI gradients, for example, may require specially 
designed tubes and rotors. At least 12 samples 
must be examined at one time, and preferably 
many more. 

To complete the two-dimensional sedimentation 
rate-density plot of tissue constituents, it is neces
sary to band the particles in each of many fractions 
collected during the rate-zonal separations. In our 
initial studies the latter fractions have first been 
centrifuged at high speed in an angle-head rotor, 
followed by pellet resuspension in CsCI of ap
propriate density. We intend to study methods for 
centrifuging particles directly out of sucrose into 
CsCI. For equilibrium banding of many samples in 
CsCI, we need simple methods for centrifuging up 
to 12 samples at a time and automated systems for 

7 

monitoring CsCI gradients for refractive index and 
absorbance. The status of this work is. presented 
in Chap. IX, where the use of angle-head rotors in 
place of swinging-bucket rotors is discussed. 

To explore rate-zonal centrifugation in the B-Il 
rotor, followed by CsCI banding of the virus-con
taining fractions, T3 phage particles were added to 
a rat spleen brei which was then centrifuged as 
described in the legend of Fig. Il-A-2. The virus 
peak is small as observed in the B-Il rotor UV 
monitor. Presence of virus in this peak was con
firmed by electron microscopy. A number of frac
tions were then centrifuged for 2 hr at 30,000 rpm 
in the Spinco 30 rotor, and the pellets resuspended 
in CsCI with a density of 1.5. After centrifugation 
for 15 hr at 24,000 rpm, the virus was recovered as 
shown in Fig. II-A-3. While the virus sample 
represents a very large number of particles (4 x 
10 12

), the virus mass was only 560 Ilg, 0.0163% 
of the sample mass. The phage particles were 
easily identified in the electron microscope, and 
only a small amount of contamination was ob
served. The T3 sample was equivalent to approxi
mately 6000 particles per cell - a concentration 
yielding about ten particles per 250-A section of a 
cell. It is evident that the method can be scaled 
down by nearly a full order of magnitude using 
methods available now and can possibly be in
creased in sensitivity by two orders of magnitude 
using more refined methods for scanning isopycnic 
gradients. If the gradients were scanned with the 
electron microscope, a considerable additional 
sensitivity could be obtained. 

7. Further Studies 

We wish ultimately to scan human tUmors and 
other tissues for virus particles. To properly in
terpret the results it will be necessary to make 
extensi ve observations on "normal" materials to 
discover the nature of any subcellular particles 
that may resemble viruses in physical properties. 
Preliminary results obtained with human leukemic 
plasma show the presence of particles having the 
size, morphology, and density of viruses. 
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Fig. II·A·3. Banding of T3 Phage in CsCI. In (a), the same number of phage was added to the spleen brei de· 

scribed in Fig. II·A·2 and was similarly centrifuged. In (b-f), five fractions from the rate·zonal run shown in Fig. 

II·A·2 have been banded in CsCI, and the runs have been monitored using the refractive index-absorbance monitor 

described in a subsequent section. The majority of the T3 virus was found in fractions 13 and 14. Very little back· 

ground material with the same density as T3 was found in tube 10, a result indicating the small amount of con· 

taminating material found in this sedimentation rate region. 

B. lARGE· SeAL E VI RUS ISOLATION 

N. G. Anderson 
C. T. Rankin, Jr. 

R. E. Canning 
C. L. Burger 

1. Types of Viruses To Be Isolated 

While stable spherical viruses are excellent test 
objects for studying the performance of zonal cen
trifuges, many of the most important isolation 

problems involve virus particles that are unstable 
and do not necessarily behave ideally. It is im
portant, therefore, to determine the applicability of 
zonal centrifuges to the isolation of a number of 
different types of viruses. 

Initially, four viruses presenting quite different 
isolation problems have been considered. These 
are adenovirus 2, Echo 28, the respiratory syncytial 
virus, and the Rauscher mouse leukemia virus. The 
first is a nuclear virus that must be separated from 

.. 



other subcellular particles. Echo 28 is a small 
virus growing to very low titer in tissue culture. 
The respiratory virus is a very sensitive virus 
that may require the development of rapid, refined 
concentration methods, while the Rauscher virus 
may serve as a prototype for the oncogenic viruses 
now being sought in human materials. 

The basic problems are (1) concentration of the 
virus into a small volume, (2) separation based on 
sedimentation rate, and (3) sedimentation based on 
particle density. For some applications the B-II 
rotor system 2 serves all three purposes. However, 
for very small virus particles this rotor has not 
provided sufficient centrifugal force at a reason
able flow rate. Further, a number of viruses lose 
infectivity when sedimented against a solid sur
face. Alternate approaches to the concentration of 
virus particles, therefore, have been investigated. 
These include ultrafiltration (Chap. XIII) and 
sedimentation in a large-capacity rotor, for example 
C-V (Chap. VII), directly into a dense medium 
such as a CsCI solution. For separations based 
on rate, the rotors B-II and the newer modification, 
B-V, will probably continue to be most useful. 
To achieve purification by isopycnic banding, a 
series of rotors (C-II to C-IV) are being developed 
for samples of varying size (Chap. VII), while 
angle-head centrifugation of CsCI-suspended par
ticles has been developed where many different 
individual samples are to be banded. As these 
methods are perfected they will be applied to the 
isolation of the viruses listed. 

2. Preliminary Studies on Adenovirus 2 

The initial studies on the isolation of adenovirus 
2 were done on whole cultures (cells plus culture 
fluid) that had been frozen and thawed several 
times to release the virus particles. The fluid 
was passed through the B-II rotor, using it as a 
continuous-flow centrifuge. The sedimented virus 
was then displaced off the wall and banded in a 
CsCI de'nsity gradient. Because of instabilities 
observed at high speeds (Chap. VI), the rotor was 
operated at only 20,000 rpm, a speed insufficient 
to achieve complete sedimentation of the virus. 
While encouraging concentrations were obtained, 
further study on continuous-flow separation of 

2N. G. Anderson, Joint NIH-AEC Zonal Centrifuge De
velopment Program Semiann. Rept. Dec. 31, 1962,ORNL-
3415 (Special), p 39. 
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adenoviruses has been delayed until higher speeds 
can be routinely achieved. 

The second method investigated involved pre
concentration of the culture fluid lysate by dialysis 
against high-molecular-weight Dextran. The con
centrated material (53 ml) was then separated by 
rate-zonal centrifugation through a sucrose density 
gradient for 30 min at 20,000 rpm. The results are 
shown in Fig. II-B-1. The virus was found in the 
sharp peak at the 1.234 density level, using the 
electron microscope. Whether this is the isopycnic 
point for the virus in sucrose remains to be seen. 
Infectivity studies by Maurice Mufson at the Lab
oratory of Infectious Diseases at the National 
"Institutes of Health indicate that the majority of 
the virus particles are in this peak, with a few 
being scattered in the lighter portions of the 
gradient. The peak material was banded in CsCl 
in an angle-head rotor, as described in Chap. IX. 
A photomicrograph of purified material is shown in 
Fig. II-B-2. 

The results shown in Fig. II-B-1 are surprising 
because the virus sedimented much farther down 
the gradient than would be expected on the basis 
of physical dimensions of the particles. This 
strongly suggests that the virus particles may 
aggregate in solution. Preliminary studies carried 
out by W. W. Harris in which adenovirus 2 was 
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sedimented onto a fl at surface from solutions con
tainin g varying concentrations of virus suggest 
that the degree of aggregation i s concentration 
dependent. The peak observed to the right in 
Fig. 11-8-1 may the refore rep resent highly aggre
gated material, while the small amount of infec
tivity observed closer to the starting zone is prab-

. • .. e '. ' 
t ••• 
•••• 
• • • 
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ably due to the presence of aggregates of smal ler 
s ize. 

Studies on the pH dependen ce of aggregation are 
now being done so that rate-zonal centrifugation 
may be used to purify adenoviruses. The results 
of this work will be presented in deta il in the next 
report. 

F ii. II-B-2. Photom ic:r05l.oph of Purified Adenovi rus 

2. 320,OOOX . 
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III. Theoretical Studies 

A. USE OF ZONAL CENTRI FUGES FOR 
VIRUS CONCENTRATION 

A. S. Berman 

1. Theoreti cal Approaches to Vi rus Concentration 

A study was made of how B-type rotors could be 
used for virus concentration. Three techniques 
were examined: (1) the conventional batch, (2) a 
semibatch, and (3) a continuous-flow procedure. 

In the conventional batch technique the rotor is 
filled with a virus suspension, and the material is 
centrifuged for the time required to remove a given 
fraction of the virus. The depleted medium is then 
displaced out of the spinning rotor with distilled 
water, which is added through the center line, and 
the original filling procedure is repeated. After 
the desired number of batches are run, the virus 
that has accumulated on the wall is removed by 
using a density-gradient banding technique or is 
mechanically removed after stopping the rotor. 

In the semi batch process the rotor is never com
pletely filled with the virus suspension. Instead, 
batches are consecutively introduced which fill the 
rotor to a predetermined thickness. The remainder 
of the rotor is filled with distilled water or other 
fluid that is lighter than the virus suspension. The 
centrifuge is then run for the time required to re
move a given fraction of the virus from the layer, 
after which the layer is "backed out" by feeding 
the light displacement fluid to the center of the 
rotor. 

With all the rotor systems used thus far, a core 
is used which occupies the rotor axis and defines 
the minimum radius of the fluid mass in the rotor. 
It can be shown that the minimum total centrifuga
tion time required in the semi batch process is 

11 

given by 

(1) 

where 1) is the viscosity of the suspending medium; 
V t' the total volume of material to be processed; 
f, the fraction of virus removed; V, the volume of 
the rotor; p, the density of the virus (assumed 
spherical); p I' the density of the suspending me
dium; D, the diameter of the virus particle; and w, 
the angular velocity of the rotor. All quantities 
are expressed in cgs units. For the actual semi
batch process in which the material to be processed 
is handled in N steps, the· total centrifugation 
time l is given by 

(2) 

For the batch process, the time required is 

A convenient comparison between the batch and 
semi batch techniques is obtained by defining the 
process efficiency as 

( 
T ) E = m f. 

Tactual 

(4) 

This efficiency is unity if all the virus is removed 
in the minimum time defined above. Note that this 
definition does not include the times involved in 
adding material to or removing it from the rotor. 

IThe total time for the process is the sum of the total 
centrifugation time and the time required to add material 
to, and to remove material from, the rotor. These latter 
times can be appreciable, and they are comparable to 
centrifugation times. 



Figure III-A-1 shows the efficiency as a function 
of the fraction of virus removed for the semi batch 
and batch processes. The superiority of the semi
batch process for the removal of a substantial 
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Fig. III-A-lo Efficiency of Batch and Semibatch Tech

niques for Virus Concentration. V
t 

is the volume to be 

processed; V, volume of centrifuge; N, number of steps. 

Waiting time for processing equals (Tm F)/E sec with 

Tm = [a V T1V(P - Pl)]f and a = 9-qlw2d2• See text for 

other symbols. For example, 

." = 0.015188 poise, 

w = (20,000 rpm) (217 radianS) (~ min) , 
rpm 60 sec 

d= 550 X 10-8 cm, 

a= 10.3015 X 102, 
. 4 3 

V
t
=10 cm, 

V= 1625 cm
3, 

Tm = 13,781 f sec = 3.828 f hr; 

P = 1.51, 

PI = 1.05. 

For 95% removal, 

f= 0.95 

TB = 12.070 hr, 

V
t 

TSB = 4.245 hr for-= 5; N'" 31. 
NV 

fraction of virus is clearly seen. In addition, this 
efficiency improves rapidly with increasing number 
of steps, for a given f, and little is gained by 
continuing the increase in N. 

Both processes were considered for use in exist
ing B-type rotors. If a design change is permitted 
in the core of a B-type rotor, then a continuous 
flow-through technique can be considered. In this 
technique the core is such as to almost fill the 
rotor, leaving a thin annular space between the 
core and the rotor wall. The medium containing 
the virus is fed continuously to the annular space 
at one end of the rotor, flows along the annular 
space, and is removed at the opposite end of the 
rotor. The flow rate is adjusted so that a given 
fraction of the virus is removed. 

A solution to this sedimentation problem has 
been obtained 2 which accounts for the radial varia
tion of the centrifugal field across the annular 
space, and also for the radial variation in axial 
flow along the annular space. The solution relates 
a cluster of variables, G (depending on the proper
ties of the centrifuge, the virus, and the suspend
ing medium), to the fraction of virus to be removed 
and the inner and outer radii of the annular flow 
channel: 

7Tr; w 2Le D2(p - Pl) 
G = --"--- ------=-

Q 9." 

2 In R2 

{ 
1 2 

X In -------,,--- (1- R)f 
1 - (1 - R2)f 

+ ~ ~n-RR22 [In 1 _ (11_ R2)fr}, (5) 

where Q is the volume flow rate (cm 3/sec); r2, the 
outer radius of the annulus (cm); R, the ratio of the 
inner to outer radii of the annular flow channel; 
and Le, the effective length of the rotor. The re
maining symbols have been defined previously. 
The effective rotor length, Le, approaches the 
length of the annular flow channel as the axial 
mixing caused by the feed to the rotor approaches 
zero. 

2Viscosity and pressure have been assumed constant 
in the annular flow channel, and the virus has been 
assumed spherical. It has also been assumed that the 
virus is uniformly distributed across the annular space 
at the feed point. 



For radius ratios greater than R = 0.8, G is given 
with a' maximum error of 5% by the much simpler 
expression 

These equations permit preliminary design calcu
lations to be made readily, once the required 
properties of the centrifuge, the virus, and the 
suspending medium are known. 

Figure III-A-2 gives G as a function of the radius 
ratio R, for three values of f, the fraction of virus 
removed. The figure also shows (broken line) the 
values of G obtained from the simple formula valid 
for radius ratios close to unity. A typical calcula
tion may illustrate the use of the equations: 

7 

6 

5 

4 

G 

3 

2 

1 

\ 
\ 

!----

Centrifuge Properties 

r
2 

= 5 cm 

Le = 25 cm 

R = (r/r
2

) = 0.9 

Speed = 20,000 rpm or 

w = 2.094 X 10 3 radians/sec 

V= 1963 cm 3 

Particle and Medium Properties 

P= 1.51 g/cm
3 

(T3 phage) 

D = 5.5 X 10-6 cm (T3 phage) 
3 

Pi = 1.05 g/cm 

~ = 0.015188 poise 

UNCLASSIFIED 
ORNL-DWG 63-4235 

\ f=1 

\ 

"" "- "" ~ 
0.75 --1:::= ===. 
0.5 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

R=rdr2 

1.0 

Fig. III-A-2. Annular Spacing for Continuaus-Flow 

Centrifuge. Broken line, computed from simplified Eq. 

(6) for R close to unity. 

13 

Assume that we desire to remove all the virus, 
so that f = 1. Since R is close to uni ty, we can 
estimate G from Eq. (6) to obtain 

1 2 
G = 1 - - (-1)(1 - 0.9 ) = 1.095 . (7) 

2 

The more accurate equation for G gives 1.109 for 
this case, so that the error of the approximation 
formula is only about 1. 3%. The feed rate can 
now be computed from the known value of G: 

77r 2w 2Le D2(p - Pi) Q = __ 2 ___ ----:-__ 

G 9." 

77(5 2)(2.094) 2(10 6)(25)(5.5) 2(10- i 2)(0.46) 

(9)( 1.109)(0.0 15188) 

Q = 0.790 cm 3/ sec = 2.84 liters/hr. 

(8) 

Thus 50 liters of suspension can be processed in 
about 17.6 hr with this centrifuge. If the speed 
were 40,000 rpm the flow rate could be increased 
to about 11.4 liters/hr, and 50 liters could be 
processed in about 4.4 hr. 

2. Effect of Transient Times and Corioli s 
Forces on Sedimentation Rates 

(Spherical Particles) 

Under current operating conditions for virus con
centration or separation, even a superficial ex
amination of the equation of motion for the settling 
particle reveals that Coriolis effects will be small. 
Nevertheless, we wished to obtain an estimate of 
the dependence of the Coriolis effects and transient 
times on the properties of the centrifugal field, 
the virus, and the suspending medium. To obtain 
such estimates, the following equation of motion 
for a spherical particle settling slowly in a cen
trifugal field was examined: 

Stokes resistance Acceleration 
in rotating 
frame of 
reference 

+ 2w X v 

Coriolis 
acceleration 

~ 

+ w X (w X P). (9) 

~. 
Centripetal 
acceleration 



In this equation v is the velocity vector of the 
particle, and P is its position vector; P and Dare, 
respectively, the density and the diameter of the 
particle. The viscosity and the density (both as
sumed spatially constant) are TJ and PI respec
tively. The angular velocity vector of the rotor is 
0. Since v is very small compared with 0 for cur
rent operating conditions, the Coriolis effect (pro
portional to cuv) will be small compared with the 
effect of the centrifugal field (proportional to cu 2r). 
The dependence on the properties of the system 
requires a solution of the above equation. For 
the present case it is convenient to use plane
polar coordinates. In this system the vector Eq. 
(9) yields 

f3vr + vr - vJO + 2cu) - cu 2r= 0, 

f3ve + ve + vP) + 2cu) = 0, 

(10) 

(11) 

a pair of equations for the radial (vr ) and the 
tangential (v e) velocity components of the par
ticle. In these equations, r is the radial position 
coordinate, () is the angular position coordinate, 
cu is the angular velocity of the rotor, a dot over a 
quantity denotes the time derivative of that quan
tity, and f3 is gi ven by 

(12) 

The terms ve(iJ + 2cu) and vr(e + 2cu) represent 
effects of the total Coriolis and centrifugal forces, 
that is, the forces on the particle produced by the 
rotation of the centrifuge with angular velocity cu, 
plus the secondary effects produced by the fact 
that the particle moves in a curved path (with 
angular velocity iJ) relative to the rotating axes. 
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Since in the problem of interest here, cu » e, the_ 
contribution made by e to these terms will be 
ignored. 

With this simplification the pair of equations can 
be reduced to a single third-order differential equa
tion for the radial position of the particle: 

d3r d2r 2 2 dr 2 
dt 3 + 2f3 dt 2 + (f3 + 3cu ) dt - f3cu r = O. (13) 

For cu/f3 small compared with unity, the solution for 
this equation is 

r = a 1 exp (cu 2 ~) + [a 2 exp (2icut) 

+ a 3 exp (-2icut)] exp [-~ + ;;)t], (14) 

where aI' a
2

, and a
3 

are constants of integration. 

The transient time is seen to be very short and is 
approximately given by (1If3) sec (about 10- 10 sec 
for typical operating conditions and particles). 
Ignoring this transient effect, we find that the 
steady-state velocity components are given by 

(15) 

(16) 

Thus the ratio of the tangential velocity (due to 
Coriolis effects) to the radial velocity is of the 
order cu/2f3 or 10- 7 for typical current conditions 
and particles. 



IV. Rotor Design 

A. STABILITY STUDIES 

D. A. Waters 

1. General Considerations 

The series A and C rotors developed during this 
program were designed from the outset to be stable, 
with suitable damping, at all speeds up to the de
signed maximum. The B-II rotor, however, has 
presented instability problems that were extremely 
difficult to analyze and that were not solved until 
very recently. 

In the past, this rotor exhibited a marked insta
bility between approximately 23,000 to 30,000 rpm. 
This instability is sufficiently severe to limit safe 
operating speed to about 20,000 rpm. 

The instability has now been identified as an 
excitation of fast precession. The fast-precession 
curves for the B-I1 rotor, empty and full of water, 
are shown in Fig. IV-A-l. Although the exact 
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mechanism which initiates this behavior is not 
known, past experience has shown that vibrations 
from a variety of sources can excite large-ampli
tude fast precession if the damping of the rotor is 
marginal. Consequently, when the amount of effec
tive upper bearing damping was increased, the 
rotor could be driven successfully to the design 
speed of 40,000 rpm without sign of instability. 

During the extensive analysis of the B-II system 
the rigid-body behavior of the. rotor was analyzed. 
The runouts (variations in distance between a 
rotating mass and a proximity probe) of the various 
components of the rotor system, and of the rotor 
itself, are shown in Fig. IV-A-2. The upper sus
pension system encounters a rather severe reso
nance value at 34,000 rpm which may initiate the 
fast precession encountered experimentally at a 
somewhat lower speed. The analysis techniques 
used to investigate the behavior of the existing 
B-II rotor were used successfully to design and 
operate the C-series rotors. 
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2. Stability of the liquid 

Extensive experimental evidence has been ob
tained with regard to the high-speed mechanical 
behavior of a rotor when not filled with liquid. 1 

The tests were conducted primarily on the 8- and 
C-class rotors. No mechanical problems were en
countered in either class of rotor when they were 
not filled. It has also been demonstrated that both 
classes of rotors can be run to design speed 
(40,000 rpm for the B-I1, 141,000 rpm for the C-I1) 
incompletely filled, with or without septa. As a 
result of this work, a new core with four centrally 
supported septa has been constructed and suc
cessfully tested (rotor B-V; see Chap. XVlIG). 

B. THEORY OF ROTOR STABILITY AND ITS 
APPLICATION TO ROTOR DESIGN 

D. A. Waters 

1. General Considerations 

The primary consideration in the design of a 
liquid centrifuge is the application, which dictates 
the capacity, loading and unloading procedure, 
rotational speed, and g-force. This section con
cerns the three critical design areas: (1) the ratio 
of the polar and transverse moments of inertia and 
the effect of this ratio upon shaft stiffness and the 
damping required to operate the machine, (2) the 
critical speed of the rotor, and (3) the stress in 
the rotor. Analysis has shown that two states of 
precession exist; one, a fast precession of the 
rotor symmetry axis in the same direction as the 
spin of the rotor, and the other, a slow precession 
of the rotor symmetry axis in the opposite direction' 
of the spin of the rotor (Fig. IV-B-1). The de
pendence of the frequencies of fast precession 
upon the ratio of the polar and .transverse moments 
of inertia should also be noted. As the ratio ap
proaches unity, the expected frequency of fast 
precession increases until it approaches the value 
of the spin velocity of the rotor itself. When the 
ratio is equal to unity, the rotor behaves physi
cally as a sphere, with its moments of inertia equal 
in' all directions. Thus -it has no principal axis to 

l]oint NIH-AEC Zonal Centrifuge Development Pro
gram Semiann. Rept. Dec. 31, 1962, ORNL-3415 (Special) 
p 25. 
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rotate about, and its spin axis will tend to wander 
continuously if the suspension systems are highly 
flexible. 
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2. Critical Speed of the Rotor 

The critical speed of the rotor itself must be 
determined when the required length-to-diameter 
ratio of the rotor is large. If flexible shafting is 
used to support the rotor, it can be demonstrated 
that the shafting exerts a negligible influence upon 
rotor critical speed. In such cases, the rotor can 
be treated quite accurately as a free beam. The 
Raleigh-Ritz method of analysis can be used to 
determine this frequency: 

a fL { [d2
¢(X) 1 } - 2 - ljJ[¢(x)] 2 dx = 0, (1) aai 0 dx 

where 

¢(x) = ~ a.(x/l)2i, 
;=0 I 



v is the critical frequency (cps); A, cross-sectional 
area (in. 2); y, density (lb/in.3); E, Young's modu
lus (lb/in. 2); I, area moment of inertia (in. 4); g, 
32.2 ft/ sec 2; L, length of rotor; and I, L/2. The 
¢(x) function defines the shape of the rotor when 
it is operated at its critical speed. Assuming free
free end conditions, the shape function can be de
termined by invoking the boundary conditions 

and (2) 

at the ends of the rotor. Taking the midpoint of 
the rotor as the origin and applying the boundary 
conditions to the first four terms of the series, 
¢(x) yields the shape function 

( 
x6 5x4 15X2) 

¢(x) = a + a - - - + -- . 
o 3 16 14 12 

(3) 

The total mass of the end plugs will be assumed 
concentrated in a solid plug of uniform density and 
effective thickness, t

efC 
From this assumption, 

teff can be derived from the ratio of the mass of 
the bowl, M

b
, to the mass of the end plug, M ; ep 

or 

(4) 

where K is the ratio of the cross-sectional area of 
the end plug, nr2, to the cross-sectional area of 
the bowl, nl1r2. 

The range of integration of Eq. (1) is 0 ~ x ~ I 
for the bowl and I ~ x ~ I( 1 + a/ K) for the end plug. 
Furthermore, it will be assumed that the shape of 
the deflection curve, ¢(x), will be constant through
out the end plug, the value of which is equal to the 
deflection at x = I or 

(5) 

Substituting Eqs. (2-5) into Eq. (1) and integrat
ing over the appropriate ranges yields the follow
ing simultaneous equations that can be solved for 
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the critical frequency V; 

ao(1 + a) + a/4.1429 + lla) = 0 , (6) 

tjJI4 
0.4063a3 - - [ao(4.1429 + lla) 

300 

+ a/28.8504 + 121a)] = O. (7) 

These equations can be solved quite easily by 
hand. However, they have also been included in a 
computer program to simplify multiple computations 
for optimum design. 

A vibration test stand in which the rotor is ex
cited by a loudspeaker is used to make a final 
check on the frequency computations. The rotor 
can be mounted either as a free-free beam in the 
test stand, or it can be mounted in its suspension 
system. 

C. PHYSICAL PROPERTI ES OF MATERIALS 

H. P. Barringer 

1. Design Calculations 

The equations 1 for rotor wall thickness and 
optimum stress conditions for a completely filled 
centrifuge rotor can be written as 

t=a 1+ -1 =ak, {f ( 4p )1 / 2J1 / 2 } 
(3 + fL)O 1 

(1) 

and the working stress, 

where t is the optimum wall thickness (in.); a, 
inside rotor radius (in.); p, fluid density (lb/in. 3); 
0, rotor material density (lb/in.3); fL, Poisson's 
ratio (dimensionless); k l' constant (dimensionless); 
U, optimum tangential working stress (lb/in.2); 
V p' inside peripheral speed (in./ sec); g, gravita
tional constant (in./ sec 2); and k 2' constant (lb
sec 2/in. 4

). Furthermore, the maximum centrifugal 
field that can be produced is 

aw 2 V w 
n - - ----E-°max - -- - , g g 

(3) 

where gmax is the centrifugal field (times gravity) 
and w is the angular velocity (radians/sec). The 



maximum inside length of a centrifuge is given by 

_{an [EIJ1/2}1/2_ 
L- - - -k3a, 

UJ 111 
(4) 

where L is the inside length of centrifuge (in.); 
an' constant to correct for constrains and end con
ditions (dimensionless); E, modulus of elasticity 
(lblin. 2); I, moment of inertia (in. 4

); 111' mass per 
unit length of beam (lb-sec 2/in. 2); and k

3
, constant 

( dimensionless). 
The volume of the centrifuge is usually of con

cern and can be expressed as 

V=1Ta2Lk4, (5) 

where V is the volume (in. 3
) and k 4 is a constant 

to compensate for the addition of septa, etc., to 
the rotor interior (dimensionless). Finally, the 
ratio of mass moments of inertia are to be con
sidered to avoid an unstable configuration 

(6) 

whe~e I spin is the polar moment of inertia (in.-Ib
sec ) and I trans is the transverse moment of inertia. 

From these equations several obvious conclu
sions can be drawn for a given fluid density: 

1. The maximum inside peripheral speed is a 
function of the strength-to-density ratio (0-/0). 

2. The maximum centrifugal field is proportional 
to the maximum peripheral speed of the material. 
Therefore, for a given material, high angular speeds 
are required to produce high g's. 

3. For a given material and working stress level, 
a fixed ratio of L/ a can be obtained. Long-length 
rotors that operate below their first flexural criti
cal speeds can be lengthened primarily by reducing 
the rotor operating speed or changing the constant 

an' 
4. The maximum volume of a rotor is propor

tional to the a3 when Eq. (4) is used with Eq. (5). 

2. Desi gn Data 

The selection of a centrifuge rotor material is 
usually based on the folloWing conditions: (1) 
strength-to-density ratio, (2) ease of fabrication, 
(3) c,ost and availability, (4) corrosion resistance, 
and (5) operating temperature. Typical materials 
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for use in rotor construction are shown in Table 
IV-C-1. 

From the information in Table IV-C-l a number 
of materials have been considered (see Table IV
C-2), and the data have been used to construct 
rotor design curves for various stress levels, as
suming dense CsCI solutions are used, as shown 
in subsequent figures. 

The data in Table IV-C-3 are given where N is 
the angular speed of the centrifuge rotor in rpm, 
and where a circumferential wrap is used for the 
Fiberglas-epoxy and steel wire-epoxy rotors. With 
such wraps, a metal liner is used to carry the 
axial hydraulic load. 

Using the working stresses shown in Table IV
C-2 and the stress relations given in Table IV
C-3, another comparison (Table IV-C-4) can be 
made to show the maximum inside peripheral speed 
of the rotor. The table also points out the penalty 
for centrifuging heavy liquids. 

The data in Table IV-C-2 have been plotted as 
design graphs in Fig. IV-C-l, using CsCI to deter
mine the proper design of a liquid centrifuge. 

3. Filament-Wound Vessels 

From the data in the preceding section it is 
evident that higher peripheral speeds and resulting 
higher g-fields can be produced by using circum
ferential wraps of Fiberglas or steel wire over a 
liner. This technique has been used by aerospace 
firms for rocket motor cases,2 and represents the 
simplest fabrication method. Two slightly differ
ent methods have been used to form rocket motor 
cases without the use of metal liners. These are 
(1) the balanced method which uses sets of longi
tudinal and circumferential wraps, such as those 
on the Polaris missile case 3 and (2) the method of 
winding the cases on a helix angle where the path 
of the glass or wire filament is that of a geodesic. 
Techniques for winding vessels with openings on 
either end of the cylinder, such as would be re
quired with centrifuges, have also been developed 
for aerospace applications. 

2 . 
C. N. Odell and W. E. Albert, Aerospace Eng. 21, 33 

(1962). 

3F • J. Danns, Optimum Filament-Wound Construction 
for Cylindrical Pressure Vessels, ASTIA Rept. AD 
292010, p 12 (April 1962). 

.. 
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Table IV-C-l. Typical Mechanical Properties of Various Materials 

Yield or Strength-

Ultimate Material to-Density 
Material Strength, cr Density, S Ratio, cr/ S Trade Name 

(psi) (lb/in.
3

) (in.) 

X 10
3 

X 10
6 

Acetate 138 0.0543 2.54 Fortisan 36 

Aluminum 78 0.101 0.773 7178-T6 

Beryllium 144 0.036 4.0 Beryllium wire 

Glass 250 0.075 3.34 S-994 HTS 

Magnesium 32 0.060 0.534 AZ31B-H24 

Plastic 40 0.051 0.784 Mylar T film 

Steel 300 0.289 1.04 Maraging steel 

Steel 650 0.283 2.30 Rocket motor case wire 

Titanium 220 0.175 1.26 13V-11Cr-2Al 

Table IV-C-2. Typical Mechanical Praperties of Material s for Liquid Centrifuges 

Ultimate (0.2%) Yield 

Material Strength Strength 

(psi) (psi) 

X 103 
X 10

3 

7075-T6 Aluminum 76 67 

Beta-titanium 190 170 

Maraging steel 286 280 

BBased on working stress. 

Working 
Elongation 

Stress 
(%) (psi) 

X 10 3 

11 50 

4 150 

11 250 

Rotor Material 

Density 

(lb/in. 3
) 

0.101 

0.175 

210,000 

Strength

to-Density 

Ratio
B 

0.495 

0.857 

0.865 



" 

Table IV-C-3. Optimum Working Stresses and Wall Thicknesses for Liquid Centrifuge Rotors 

7075-T6 Aluminum 
Rotor Fluid 

CsCl
B 

66')"0 Sucrose b 

Emptyd 

B p = 0.06 lb/in. 3
• 

b p = 0.0476 lb/in. 3
• 

c p = 0.036 lb/in. 3
• 

d p = O. 

0.865 

7.83 

7.05 

2.88 

0.36a 

0.33a 

0.29a 

o 

Beta-Titanium 

12 

11.1 

10.1 

4.98 

0.285a 

0.255a 

0.225a 

o 

Fiberglas Epoxy 

7.32 

6.6 

5.88 

2.13 

0.41a 

0.372a 

0.33a 

o 

Maraging Steel 

16.8 

15.7 

14.6 

8.24 

0.23a 

0.21a 

0.18a 

o 

Table IV-C-4. Maximum Inside Peripheral Velocity for Liquid Centrifuges B 

Rotor Fluid 
Material 

CsCl Sucrose Water 

7075-T6 Aluminum (202) (211) (222) 

7,950 8,360 8,820 

Beta-titanium (295) (308) (322) 

11,700 12,200 12,800 

Maraging steel (322) (333) (356) 

12,800 13,200 13,700 

BValues in parentheses in m/sec, others in in./sec. 

Empty 

(348) 

13,800 

(458) 

18,200 

(458) 

·18,200 

Working Stress 

(psi) 

50 

150 

250 

Steel Wire Epoxy 

14.7 

13.6 

12.5 

6.74 

0.25a 

0.22a 

0.20a 

o 
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Fig. IV-C-l. Design Graphs for Liquid-Filled Centrifuges. (a-e) Optimum wall 

thickness of rotor and inside radius as a function of rotor speed using various ma

terials. Cesium chloride was used in all cases at 0.060 Ib/in. 3 in liquid-filled cen

trifuge. (f) Inside peripheral speed compared with fluid density for materials of rotor 

construction. 

Material 

Aluminum 

(0.101Ib/in. 3 ) 

{3-Titani~m 

(13V-llCr-3AI) 

(0.175 Ib/in. 3 ) 

F iberg la s 

(0.075 Ib/in. 3
) 

Maraging steel 

(0.289 Ib/in. 3 ) 

Steel wire 

(0.237 Ib/in. 3 ) 

Working Stress, (J' Wall Thickness, t 

8.65 0.36a 

12 0.28.5a 

7.32 0.41a 

16.8 0.23a 

14.7 0.25a 



Figure IV-C-2a shows a portion of a rotating 
centrifuge filled with liquid and helically wrapped' 
with high-strength filaments. Figure IV-C-2b shows 
an enlarged view of a filament, with unit width and 
depth in the direction of the wrap, along with the 
area of the other surfaces. The stress and force 
diagrams are shown in Fig. IV-C-2c and -2d from 
which the helix angle can be found. 

The value CT sin 2 ¢ represents the circumferential 
stress and CTCOS 2 ¢, the axial stress, thus 

or 

Then 

• 2 rI.. 
CT SIn 'f' = CTe ' 

CT sin 2 ¢ 

CT cos 2 ¢ 

'Pi ' ¢ = tan-
l V~ 

A 

(7) 

(8) 

(9) 

(10) 

where CTe is Eq. (2); the axial stress is the hy
draulic load acting on the end caps of the centri-
fuge, 

npw 2 a4/4g pw 2a3 

(11) CT
A 

= 
27Tat 8gt 

where the wall thickness is given by Eq. (1). 
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(d) FORCE DIAGRAM 

Fig. IV-C-2. Force and Stress Analysis for Helically 

Wrapped Rotors. (8) Portion of a rotating centrifuge 

filled with liquid and helically wrapped with high

strength filaments. (b) Enlarged view of filament, with 

unit width and depth in the direction of the wrap, to

gether with the area of the other surfaces. (c) Stress 

diagram from which the helix angle 'can be found. (d) 

Force diagram. 
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Fig. IV-C-3. Design Data for Fiberglas and Steel Wire 

Helically Wound Centrifuge Rotors. Cesium chloride 

(0.060 Ib/in. 3) was used in I iquid-fi lied centrifuges in 

both cases. 

Material 

Fiberglas 

(0.75 Ib/in.3 ) 

Steel wire 

(0.273Ib/in.3 ) 

Working Stress, CT Wall Thickness, t 

7.85 0.418 

15.6 0.258 

? 
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Table IV.C.S. Optimum Working Stresses, Wall Thicknesses, and Helix Angles for 

Helically Wound Liquid Centrifuge Rotors 

Rotor 

Fluid U 

x 1O-6N
2a 2 

Helical Wrap Fiberglas 

UIU
A 

Helical Wrap Steel Wire 

¢ U UIU
A 

X 1O-6N
2a 2 

CsC1 7.85 0.41a . 14.1 75°_6' 15.6 0.25a 17.1 76°_25' 

Sucrose 7.06 0.372a 14.5 75°_17' 14.4 0.22a 17.7 76°_38' 

Water 6.27 0.33a 15.1 75°_35' 13.2 0.20a - 19.6 77°-19' 

Empty 2.13 0 m 90° 

When Eqs. (1), (2), and (11) are substituted into 
Eq. (10), the helix angle becomes 

6.74 0 m 90° 

8 [ { + (4P - 1] [Y + P + y(3 + Il)YP] • P VI V(~ (12) 

The filament working stress for helically wound 
rotors can be no higher than for cylindrical wrap; 
therefore, the circumferential working stress must 
be reduced by the relation of Eq. (7). 

The data from Table IV-C·5 have been assembled 
in the form of design graphs, using CsCI, for find
ing the proper design of a liquid centrifuge, as 
shown in Fig. IV-C-3. 

D. METALLURGICAL STUDIES 

K. T. Ziehlke w. S. Dritt H. P. Barringer 

Several problems prompted extensive metallurgi
cal investigations on the C-I1 and C-III rotors. 

The C-III biological centrifuge failed at 5: 10 AM 

on May 7, 1963, at 81,000 rpm, after 40 hr of opera
tion with DNA and CsC!. At the time the failure 
occurred, the 7075 aluminum-alloy rotor was at a 
calculated stress of 52,300 psi. Severe fragmenta
tion occurred. 

To simplify the diagnosis and to determine where 
the failure initiated, the major fragments were first 
reassembled for study. The reconstruction is 
shown in Fig. IV-D-1 and includes the bowl, end 
plugs, and motor plate. Areas of interest were 
sectioned for microstructural study. To aid in 

diagnosis, hardness and impact tests and heat 
treatment studies were made on pieces of the bar 
stock from which the rotor had been machined. 

The outstanding characteristic of the fracture 
surfaces is their fibrous character, seen in greater 
detail in Fig. IV-D-2. The failure appears to have 
originated at a design notch, the corner just out
side of the D-ring groove (Fig. IV-D-3) at the end 
of the rotor. 

A high density of massive, second-phase stringers 
that were oriented with the bowl axis was noted in 
examination of the microstructure of the bowl frag
ments (Fig. IV-D-4a), and of the forged 707S-T6 
bar stock from which the bowl was machined. 
These stringers are weak and will serve as paths 
along which cracks, once initiated, will readily 
propagate(Fig. IV-D-4b). 

The nominal operating sti"ess on the material was 
about 52,000 psi. Hardness test results of 139 
Brinell hardness number (BHN) indicated a mar
ginally low-heat treatment accomplishment, but one 
which should have resulted in a yield strength of 
about 65,000 psi. Since the fracture surfaces 
showed a strong orientation in the direction of the 
microstructural stringers, impact tests were run to 
evaluate directional weakness. The results of 
these tests showed the stock to be very weak 



transversely. The impact test specimens failed by 
cleavage, a brittle fracture mechanism, and re
vealed a pattern ( Fig. IV.D-S) similar to that seen 
in the rotor that fai led. 

The microstructural stringers are a residue of 
the cast ingot structure. They a re broken up and 
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given their directional o rientation during the forg· 
ing operation and would be largely taken into 
solution in an adequate heat_treatment cycle. 
Samples of the forged har stock were reheat-treated 
in a cycle determined to give maximum mechanical 
properties which included solution heat treatment 
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Fi g. IV.D. 1. Re construct ion of C·III Rotor. The ro lor was ClpproximCl,ely 11 in. long. 
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Fig. IV_O_2. OuU landing CharacteriS!ic: of the Frac_ 

lure Surface. (a) Cleavage Dnd 'ensil" fractures 01 

oppos;t" ends of ,olor. 2X . (b) Radio l cleD vDge fracture 

01 rolor midsection. 3~X. Re duced 29%, 

for 30 min at 870° F, 1 hr at 890oF, water quenched, 
and aged for 26 hr at 250° F. The resulting micro
st ructure is shown in Fig. IV-D-6. In addition to 
the reduction in the number and size of the f3-
phase stringers , the material hardness was in
creased from 139 to 155 BHN. and the t ransverse 
impact strength was more than doubled, to a level 
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Fig. IV.D.l. Crock in Area 01 Siress C o nce nlrol ion. 

sx. 

only 18% below the impact strength longitudinally. 
It is concluded that the failure initia ted at one 

end of the rotor in the relatively sharp corner 
formed at the end of the threaded section against 
the plane surface that forms the seat for the end 
plug. The fractures at this end, and the longi
tudinal fragmentation in the body of the bowl, were 
cleavage fractures, followi ng a fai rly dense pattern 
of longitudinal stringe rs o f the ,B(Zn) phase in the 
microstructure. At the other end, the fractures 
were predomi nant ly tensile. The failure resulted, 
therefore, from the combination of stress concen
trations at a sharp corner and the low transverse 
strength of the material due to the presence of the 
second-phase stringers. These stringers would 
have been largely eliminated by an adequate solu
tion heat treatment. Reheat-t reated samples showed 
a decrease in the stringers in the microstructure, 
accompanied by an increase in hardness and a 
doubling of the transverse impact strength. In the 
future, samples of rotor material stocks will be 
subjected to metallurgical examination before the 
rotors are fabricated. 
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Fii. IV.D·S. Impact Froc:tu.es in 7075 Alloy Forged 

80r StOCk. Note ,h. similarity in 'exlu •• of ,h. trans

.... n. frocture surface (rop) and the cleavoge 'rocturn 

in the rota. ,hown in Fig. IV-D-2. Charpy V-nolch 

lompi .. hod on a"eroge trons .. e,.. impact streng,h of 

3.0 ft-tb and On overall_ lonlli ludinol strength of 7.7 

It·lb . 2X. Reduced~. 

F ig_ IV.D.4. Microst ruclure of ,h. Bow[ F rogment s. 

(a) MkrOltruelur. 0'7075 alloy rotor. Th. block ,'ringe •• 

contain most of tho i,on and . ilicon impurities in ,h. 

alloy. Th. gray moui.... porlid.. in po,,,11.1·1in8 

",.oys are the proeutectic I3( Zn ) phose, resultini from 

nonequilibrium . olidlfication of the primary iniot ond 

not loken into solution durini .ub.equent .olution heot 

treolment. Etchont, 0.5% H F . 2S0X. (b) Crock propo

iotini oloni f3.pha.e .trinier.. Mo.t of the th,eaded 

•• c tion ot this end of the rotor .eporat.d in 

Th. rotor oxi ..... 0. parallel to Ih •• trinier • • 

0.5" HF. 2S0X. Reduced 29%. 

this .... oy. 

Elchont, 
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TRANSVERSE 

LONGITUDINAL 
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fig. IV.D .6. Microstructure of Reheat.Treated Sor 

Stacl<. Compare the number and volume of the J3. phase 

stringers with those in the original structure shown in 

fig . IV·O·4a . The transverse impact strength of this 

material hos been raised from 3.0 to 6.3 h·lb. Hardness 

is ISS SHN compared to the os· received hardness of 

139 BHN . Etchant O.S~ HF. 250X . 

E. CORROSION STUDI ES 

w. S. Dritt K. T. Ziehlke 

The failure of one C-III rotor and the discovery 
of apparent cracks in another rotor and in two end 
plugs raised the possibility of corrosion in the 
7075 aluminum alloy used in their machining. Both 
anodized and nonanodized rotors have been tested 
when filled with CsCl solution . These surface 
conditions were duplicated in tests run on 7075 
alloy sheet stock. Samples were loaded to the 
nominal operating stress level of 52,000 psi. The 
s train gages were then removed and the samples 
submerged in an agitated, saturated solution of 
CsCl at room temperature. The loaded, bend-test 
fixtu res used in the CsCl exposures are shown in 
Figs. IV-E--l and IV-E-2 Since samples loaded in 
this type of fixture expose a relatively large area 
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of constant stress to the co rroding medium, the 
interpretation of the test results is s implified. 
Samp les were exposed in the as-received condi
tion and after an anodizing treatment similar to 

& 
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F ig. IV.E. " Nonanodind 707S_T6 A. luminum A.fte r 

20 hr in Soturoted Cs C I. The polyvinyl ch loride point 

uud to electrically insulate the test strip from the 

diuimilar metal holder Can be Seen ot th. ends of the 

sample. IX. Reduced 22Y2r", 

I 
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Fig. IY·E.2. Anodind 707S·T6 Aluminum Aher 110 hr 

in Soturated Cs CI. 



that given to the rotors and end plugs. Specimens 
were taken from the starting sheet both longi
tudinally and transversely. They were examined 
after 20 hr and after the test was terminated at 
110 hr. A nonanodized bend sample removed from 
test after 20 hr is shown in Fig. JV-£"1. There is 
no evidence of reaction except for a slight da rken
ing of the initially bright surface. Figure IV-£"2 
shows an anodized sample after 110 hr of expo
sure. This sample shows no evidence of corrosive 
attack by CsCI. The darkening of the unprotected 
aluminum that occurred in the sample of Fig. IV-£" 
1 is not related to the condition of stress. The 
same degree of darkening was also observed in an 
unst ressed sample shown in Fig. IV-£.,3 when com
pared with the unprotected sheet stock befo re im
mersion . 

The 7075 aluminum alloy is sensitive to galvanic 
attack if coupled to an electrically dissimilar ma
terial in the CsCI electrolyte. The samples shown 
in Fig. IV-£-.4 were not insulated from the nickel
pl ated steel bend fixtures. These samples were 
exposed for 20 hr. The di rectional pattern of 
rolling is apparent in the corrosion product on the 
nonanodized samples, the first and third bars being 
longitudinal samples, and the second and fourth 

UNC\. ... MIFIED 
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F ig. IV·E· J. Discolorat ion of Unstressed Sample 

Aft .. 20 hr In SDturoted CsCI . L.ft, "o s ... eceived " ; 
I right, alter exposure . I X. Reduced 2872". 
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F ig. IV·E·04. Ga lvani c Attock on Samples Coupl.d to 

Electro l.1S Hickel· Ploted Steel. Th. two samples on 

the left were In th. " os .r.ceived" condition. The two 

on the right w.re anodind belor. ..posu.e to the 

saturated CsCI. IX. Reduced 28~". 

being t ran sverse. This pattern results from dif
ferences in corrosion rate from point to point be
cause of differences in electrode potential between 
the two principal phases in the alloy. The anod
ized samples, in contrast, show no attack except 
where the film c racked as a result of the applied 
load. We noted that the film is apparently most 
susceptible to cracki ng when the bend axis paral
lels the sheet rolling direction (transverse sam
ples). The I3-phase st ringers are oriented toward 
the bend axis in the t ransverse specimens, and 
therefore tend to induce discontinuities in the 
anodized film. 

No failures were experienced in any of the bend 
samples and no evidence of susceptibility to 
stress corrosion could be found in metallographic 
examination of exposed samples. It is concluded 
that the 7075-T6 alumi num is not sensitive at the 
design stress to stress corrosion in saturated 
CsCl. A general attack of a shallow-pitting nature 
was observed on some of the non anodized samples. 
which was probably galvanic in origin, since the 
samples were not electrically isolated from the 
nickel-plated s teel bend fixtures. Electrically in
sulated samples did not pit and showed only a 
s light discoloration. 

• 
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F. DYE·PENETRATION STUDIES 

W. S. Dritt K. T. Ziehlke H. P. Barringer 

Two liquid centrifuge (C-lI) rotors and two sets 
of end plugs were examined to detennine the cause 
of leaks in service. The first rotor examined had 
been in service fo r approximately 50 hr at speeds 
up to 90,000 rpm. It was then anodized and reo 
turned to service fo r a period of 400 hr at speeds 
as high as 141,000 rpm, at a nominal stress of 
52,000 psi. A dye penetrant was used to detect 
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cracks, which might serve as leak paths, in this 
rotor. The rotor and two of the end plugs were 
then examined destructively. A second C-ll rotor 
and the other two end plugs were also examined by 
the dye-penetrant method. They did not contain 
cracks and were retumed to service. 

Figure IV-F-la shows an end of the first rotor 
and a crack on the inside surface parallel to the 
rotational axis and extending to the sealing lip. 
Figure IV-F·lb shows a crack on the opposite end 
of the rotor approximately 120° from the fi rst c rack. 
A section through this crack is shown in Fig. IV· 
F. l c. The crack contains anodized film on the 
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(d) L..-_ ....... _;.....;;;...... __ ... 

Fi'il' IV.F.I. Cro~ks in Rotor. (a) Cro~k on one end of rotor. I ~X. (b) C.o~k on opposite end of .oto •• SX. (e) 

S.~tion 'hrou'ilh ~ro~k in rolo. showing anodized film in ~ro~k. lOOX. (dl C.o~k in .oto. away from ends. 2SX . R • • 

du~ed 22% . 



interior surfaces of the crack, indicating that the 
crack was present before the rotor was anodized. 
A crack in the inside surface of the rotor is shown 
in Fig. IV-F-Id A section through a top end plug 
(Fig. IV-F-2) shows a second-phase stringer which 
resulted in a discontinuity on the oxide film on the 
anodized surface. 

The cracks in the rotor were fanned before the 
rotor was anodized. The aluminum-alloy material 
(707S.T6) from which the rotor and the end plugs 
were made contained striations similar to those 
found in the s tructure of the material used for the 
e-Ill rotor which failed (see preceding sections). 
These second-phase stringers, which were present 
in quantities indicative of incomplete solution 
heat treatment, served as foci fo r the initiation of 
c racks. 
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F ii. IV.F.2. Section Through Top End Cop Showing 

DIscont Inuity In Oxide Film 01 LocCltion of Surfoce. 
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v. low-Speed Zonal Rotors 

H. P. Barringer 

A. ROTOR A-VIII 

Rotor A-VIII is a conversion of the B-III rotor 
for use on the International Equipment Company 
model PR-2 centrifuge drive system. The A-VIII 
does .not represent an extremely stable rotor due 
to its configuration, but satisfactory mechanical 
operation has been obtained by attaching a con
version section to the drive shaft of the Inter
national PR-2. A locating system is used to 
attach the rotor to the conversion section. The 
centrifuge has been operated at its top design 
speed of 6000 rpm. The rotor runout is shown 
in Fig. V-A-! with the four large peaks repre
senting natural critical frequencies of the drive 
system. The rotor is ~hown in Fig. V-A-2. Data 
on the performance of this rotor will be presented 
in a subsequent report. 
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Fig. V-A-l. Runout of Rotor A-VIII When Driven by 

International PR-2 Centrifuge • 
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B. ROTOR A-IX 

Rotor A-IX, shown in Fig. V-B-l, has been 
designed to replace rotor A-V. The new design 
permits higher speed and more stable operating 
characteristics. The centrifuge has thick trans
parent end caps to permit visual studies when 
used on the International Equipment Company 
model PR-2 centrifuge drive. The rotor volume 
of 1300 ml is divided into eight sector-shaped 
compartments. Each compartment is 91. 6 in. deep . 1 
and has a maximum radius of 7 in. The central 
core is a single 45° cone with a maximum radius 
of 1.86 in. Flow lines to the rotor edge pass over 
the septa, thus leaving the entire sector-shaped 
compartment unobscured. The rotating seal is 
described in Chap. X. 

It was necessary to disassemble the drive 
systems and regrind each taper to the manufac
turer's specified values. When proper mating fits 
have been established between the male drive 
shaft and the female taper on the centrifuge, the 
A-IX is held in position by its weight - approx
imately 50 lb. 

Numerous tests have been made spinning the 
rotor at approximately 4000 rpm both empty and 
when filled with water. The design speed of 
6000 rpm has not been reached due to the limited 
power of the drive system. Rotor runout when 
empty and filled with water is shown in Fig. 
V-B-2. It should be noted that these rotors have 
not required balancing to run satisfactorily. The 
high run outs encountered at 400 and 900 rpm when 
the rotor is filled are natural critical frequencies 
of the centrifuge system. Tests with water have 
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F ig. V-A-2. Rotor A-VIII. 

F ig. V.B.I . Rotor A-I X. 6000 rpm, 7150 )(~. 1.3 li'.'$, 
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shown that the centrifuge will make a satisfactory 
continuous-flow device for large particles as well 
as a rate-zonal centrifuge. Estimated flow rates 
of 1 liter/min appear feasible with low-viscosity 
materials. 
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Fig. V-B-2. Runoutof Rotor A-IX-b on Internotionol 

Model PR-2 Centrifuge Drive • 



VI. Intermediate-Speed Zonal Rotors 

A. ROTOR B-II SYSTEM 

H. P. Barringer C. Nunley D. A. Waters 

The B-I1 rotQr was Qriginally designed fQr Qper
atiQn at 40,000 rpm. In the Qriginal tests, lQw
speed instabilities were Qbserved in the regiQn 
around 5000 rpm which diminished when the 
number Qf septa was increased. With 36 septa, 
acceptable QperatiQn at speeds up to. 25,000 rpm 
has been Qbtained. HQwever, at higher speeds 
instabilities are encQuntered. Since the B-I1 
system will prQbably be the first instrument de
velQped under this program to. CQme into. general 
use, it has been cQnsidered Qf paramQunt impQr
tance to. determine the nature Qf the instabilities 
previQusly encQuntered and to. mQdify the system 
so. that high-speed QperatiQn may· be routinely 
Qbtained. 

FQr definitive studies, prQximity prQbes have 
been deplQyed in fQur PQsitiQns to. mQnitQr vibra
tiQns Qccurring in the upper bearing, in the tQP 
and bQttQm plugs Qf the rotQr, and in the trans
missiQn Qf the centrifuge drive. The Qutputs are 
simultaneQusly displayed Qn a fQur-channel QscillQ
sCQpe Qr recprded Qn tape up to. 180,000 cycles/min 
and phQtQgraphs were taken Qf QscillQscQpe 
traces. The phase relatiQn Qf the mQtiQns at 
variQus PQints may be Qbserved alQng with the 
frequencies Qf vibratiQns (the QscillQscQpe has a 
time-calibrated sweep rate) and the amplitudes. 
As shQwn by the QscillQgrams in Fig. VI-A-1, 
the instabilities Qf the B-I1 rotQr exhibit charac
teristic precessiQnal. instability. EffQrts to. 
eliminate this vibratiQn invQlved three areas Qf 
the system: (1) drive quill and lQwer damper 
bearings, (2) transmissiQn bQX mQunting system, 
and (3) tQP centrifuge damper bearing. The first 
two. were investigated in detail and fQund nQt 
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to. be the primary cause Qf the instabilities Qb
served at the higher speeds. 

The Qriginal design Qf the B-I1 tQP bearing was 
revised to. incQrpQrate mQre damping and lQwer 
spring rate between the bearing and the vacuum 
chamber. Immediate improvements in the insta
bility were nQted. The maximum amplitude Qf 
the instability was reduced frQm greater than 
0.120-in. tQtal indicatQr reading (TIR) to. the 
maximum amplitude Qf 0.003 in. TIR, as shQwn 
by the QscillQgram in Fig. VI-A-2. This amplitude 
produced no. detectable nQise, and at abQut 33,000 
rpm the amplitude markedly diminished, permitting 
the rQtQr to. be d~iven successfully to. 40,000 rpm. 
The IQw-amplitude frequency (rotQr runQut) is 
smaller (see Figs. VI-A-1h, c and VI-A-2) due to. 
the use Qf rotQr B-I1-b fabricated by UniQn Carbide 
CQrpQratiQn, Nuclear DivisiQn. The actual value 
Qf the runQut Qf the Qriginal B-I1 system during 
unstable QperatiQn at 30,000 rpm is nQt knQwn 
since the prQbes PQsitiQned 0.060 in. frQm the 
rQtQr were cQmpletely destroyed. 

An experimental damper bearing with built-in 
seal hQlder is shQwn in Fig. VI-A-3. This bearing 
eliminates the instability cQmpletely, with satis
factQry QperatiQn to. the design speed Qf 40,000 
rpm. ApprQximately 50 test runs have been made 
using this bearing with no. instability encQuntered. 

Tests with and withQut the imprQved damper 
bearing shQW that the rotQr can be Qperated with
Qut the 36 septa shQwn in Fig. VI-A-4 when the 
rQtQr is partially Qr cQmpletely filled with water, 
and that fluid perturbatiQns are nQt resPQnsi ble fQr 
the instability. 

A new CQre with Qnly fQur septa, which are 
centrally supPQrted, has therefQre been CQn
structed. Preliminary tests with T2 phage show 
that this CQre gives the same resQlutiQn Qbtained 
with the Qriginal B-I1 CQre. The fQur-vaned CQre 
assembly is designated B-V. 

:., 
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F ig. VI ·,,·,. Os cillO'il'oms of B.II Rotor Taken at 

Three Sp •• d ... The upper Iroce .. or. monitoring tho 

lop end c:op, the lowo. troce the bottom end c:ap. ( ... ) 

Tokon 01 28,000 rpm; ",.rl;.;ol sensiti vity 0.005 in.fern; 

horiz.ontol . w.ep rate 0.005 ... c / em; high-ampUtude 

frequency, 114 cps; IDw-amp lilud .. frequency, not de

'e ctobl. but opproll imololy 28,000 'pm. (b) Tokon at 

23,500 rpm; vert ieo l ,ensit;vily. 0.005 in .fern; hO ';10"1.;1I 

s w •• p ,ate, 0.010 lec/ em; hori zontal s w.ep ,oto, 0.010 
.. c l em; h igh.ampl itude f.equonc:y, 86.S ep.; low

amplituda fr oquency, approximately 23,500 rpm . (e) 

Token 01 23,000 .pm; ve rtical sensitivity 0.005 in.fern; 

ho,ilon,ol sw •• p 'CliO, 0.010 see/ em; horizontal sw.ep 

.0'., 0.010 . oe / c:m; high-amplitude frequency, 87 cps; 

lo .... ·omp lilud. fr.qu.ncy, opprox;mat.ly 23,000 rpm . 
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Fi g. VI-A-2. O.,;,lllogrom of B_II Rotor Taken 01 

About 30,000 rpm. V.rticol unI5i!i ... ily, 0.005 in .lcm; 

horizanlal .weep rale, 0.02 uc / cm. The troce i$ 

man itar ing the bottom end cop. High-omplitude frequency 

;$ 111 CP$; low-omplilude frequency, obout 30,000 rpm. 

F ig. VI-A-). Damper Beoring for Rolor B_II. 
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B-II 
40,000 Rpm . 
91.000,', 
1.6 Jilen 

F i 'il ' VI ·A.4. Rotor B.II.b. End Caps Removed, Septa in Fore ground. 



VII. High-Speed Zonal Rotors 
H. P. Barringer 

A. GENERAL CONSIDERATIONS 

To achieve high centrifugal fields in the speed 
range from 40,000 to 141,000 rpm a number of 
very difficult problems must be solved. If the 
8-11 configu ration is used as the prototype, then 
high-speed seals and drives in addition to new 
rotors would be required. For initial explora
tions. simple tubular centrifuges using the re
orienting gradient principle previously described 
have been employed. These may be used for 
isopycnic separations with either preformed or 
centrifuge-produced gradientsj or rate-zonal sepa
rations may be made us ing gradients and sample 
layers introduced into the rotor at rest. One-piece, 
quadri-sector cores are used to minimize laminar 
mixing during acceleration and deceleration. The 
simplicity of the basic design is a great advantage 

when hazardous materials are to be handled in 
either a glove box or a remotely controlled instal· 
lation. 

B. ROTOR C_II 

Rotor C·II shown in Fig. VJI-S-I has run a 
total of 300 hr. Six centrifuges of this configura
tion have been constructed, and metallurgical 
studies have been done on components of two 
rotors. 

The centrifuge system with the supporting equi~ 
ment is shown in Fig. VII·S-2. The operation 
of this centrifuge was discussed in a previous 
report. I 

IH• P. Beninger, Joint NIH-AEC Zone' Centrjfu~e 
ProgTem $emiill'ln. Rept. Dec. 3 1, 1962. ORN[...341S 
(Specie l). p S1. 

Fi g. VI I·B·I. C_II Zonol Ultrocentrifuge. 141,000 rpm, 310,000 x~, 100 mi. 

38 



39 

F ig. V II-B·2. Centr ifuge System with Supporting Equipment. 

C. ROTOR C-III 

Rotor C-lU has a design speed of 81 ,000 rpm 
(172,000 x g at R ) when loaded with 500 ml 

mO> 

of fluid with a density of 1. 7. The rotor is a 
hollow , tubular, reorienting gradient.type zona l 
centrifuge, which is loaded and unloaded at rest. 
The density gradient may be formed with a suit
able gradient engine and introduced together with 
the sample zone at rest for rate-zonal sedimenta
tion studies, or the gradient may be formed by 
the centrifugal field as fo r isopycnic zonal 
centrifugation. 

The rotor is shown with all rotating components 
in Fig. VII_Col. The motor armatu re attached to 
the lower end cap can be seen at left. The core 
is shown in the foreground, and the bore of the 
centrifuge rotor is shown in the background. One 
part of the upper magnetic bearing can be seen 
at the extreme right. This magnet is press-fitted 
into the adjacent e nd cap . Th e centrifuge spins 
with its axis in the vertical plane, resting on the 
pivot bearing at the bottom, and using a magnetic 
bearing at the top end of the centrifuge; that is, 
at the top end there is no contact between rotating 
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Fig. VII·C.I. C·III Zonol Ultrocentrifu98. 81,000 rpm, 172,000 X ll, sao mi. 

and non rotating surfaces . The entire centrifuge 
is operated in a vacuum, and all parts of the 
centrifuge system, motor, bearings, etc. are inside 
the vacuum chamber. 

The fragments of one C-III rOlor which failed at 
81,000 rpm are shown in Chap. IV. Minor damage 
was done to the vacuum chamber. 

O. ROTOR C·1V 

Figure VII_D_I shows rotor C-IV, which operates 
at 66,000 rpm (143,000 x , at Rmu> and has an 
internal volume of 1000 ml. This rotor is s imilar 
to those described above and has been operated 
successfully at full speed with esCl. 

Fill. VI I·D. I . C_IV Zonal UltracenTrifuge . 66,000 rpm, 143,000 X 9. 1000 ml. 



--------------------------------------------------------------------------------------------------

E. ROTOR C·V 

Rotor C-V is similar to the B-lI and C-series 
rotors. It has an internal volume of 5000 ml and 
operates at 40,000 rpm (91,000 x ~ at R ). m., 
Figure VII-E-l s hows the rotor as it would be 
for use with the pivot bearing support system. 
Figure VII-E-2 shows the rotor with modified 
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end caps for testing on the Spinco model L 
centrifuge drive system. The rotor can be operated 
as a batch -type centrifuge on either system, or 
it can be converted into a continuous-flow cen· 
trifuge machine by using a different core. All 
the rotating-components C-series rotors a re ma
chined to an accuracy of 5 x 1O-~ in., or less, 
total indicator reading (TIR). 

Fig. YII· E.}. C.V Zonal Ultrac:entrifU'ile. 40,000 rpm, 91,000 x~. 5000 mi . 

F ig. Yll .E.2. C.Y Zonol Ultracentrifuge with Modified End Caps for Testing on Spinc:o Model L Centr ifuge Dr ive 

System. 40,000 rpm, 91,000 x~. 5000 mi . 



F. FUTURE C ROTORS 

For the processing of some biological materials 
a large number of conventional angle-head centri
fuges are required for prolonged equilibrium runs. 
Since the centrifuge drives are not ordinarily 
used more than the recommended 400 hr before 
being replaced, a large number of drive systems 
would be required to sustain continuous operation 
of, for example, 12 angle heads operating 24 hr 
per day five days per week. However, the bearing 
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system used with the C-series rotors can be used 
for much longer periods than conventional drive 
systems. 

In a multiple angle-head operation, -several angle 
heads and their associated motors and bearings 
could be stacked like shelves into a common 
vacuum chamber to minimize expense. 

A 40,OOO-rpm angle-head rotor has been adapted 
for use on a magnet-pivot system for preliminary 
testing. The results show the system is feasible 
and practical. 



VIII. Ultrahigh-Speed Rotor Systems 

W. W. Smith W. G. S. Fort 

A. ROTOR 0-' 

The D·I rotor shown in Fig. VIII·A·l is designed 
to ope rate at 400,000 rpm (1,200,000 x g at Rmax) 
and contains 10 mt of fluid with a density of 1.7. 
The rotor is fabricated from 18% nickel maraging 
steel with a yield strength of 260,000 psi and 
an elongation of 11% at the tensile strength of 
268,000 psi. All internal surfaces that will be 
exposed to esCI have been Kanigen nickel-plated 
to prevent corrosion, while the external surfaces 
have been given a black oxide coating to increase 
heat transfer. 

To date, the rotor has been driven to 300,000 

H. F. Dunlap H. P. Barringer 

rpm on the magnet-pivot suspension by means 
of the stator from an ultrahigh-speed electric 
motor. The system shows promise for reaching 

the design speed of 400,000 rpm. 

The rotor has been designed to operate with 
steel end plugs as a preparative centrifuge o r 
with transparent materials for visual analytical 
studies. When transparent windows are used, 
optical studies of the rotor contents similar to 
those performed in the conventional analytical 
ultracentrifuge can be made. However, for optical 
studies the magnet-pivot support system restricts 
the field of view so that a magnetic support sys
tem is desirable. 

5 
QRGDP PhOIOg'oph y 0 

UNCLASSIFIEO 
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Fig. VII I_A._I. D-I Zonal Ultrguntrifug • . 400,000 rpm, 1,250,000 X Q, 10 c:c:. 
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B. MAGNETIC SUPPORT SYSTEM 

The support of rotating bodies in a magnetic 
field with no contact between the rotating member 
and any stationary object has been demonstrated 
and summarized by J. W. Beams 1 at the University 

of Virginia. Stable operation and ultrahigh speeds 
for producing high-g fields are two of the advan
tages of full magnetic supports. 

The approach taken at ORGDP has been that of 
utilizing a design incorporating transistorized 
circuits in place of vacuum tubes. A magnetic 
support system has been built for the D-I rotor 
and has been tested at low speeds. Fabrication 
of the mechanical vibration damping components 
for high-speed testing of the centrifuge is now 
under way. The operation of the system will be 
described in subsequent reports. 

The electronic components are shown diagram
matically in Fig. VIII-B-1. The distance between 
the stationary, nonrotating proximity coil (A) and 
the rotor is sensed and amplified by (B), and a 
signal is sent to an amplifier (C) for phase cor
rection and control of the set point or elevation 
of the D-I rotor. The computer amplifier (D) 
determines the first derivative of the distance 
signal and sends the signal to amplifiers (E and 
F) for determination of the second derivative and 
control of the vertical damping of the centrifuge 
rotor. The control signals are amplified (G and H) 

by units that operate a transistor gate to control 
the programmable transistorized high-current 
power supply (J), which, in turn, regulates the 
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flux in the magnet (J). All items are commercially 
available, and preliminary tests show the system 
is stable. 

1J . W. Beams, Phys. Today 12(7), 20-27 (1959). 

I 

A. PROXIMITY COIL 
B.-H. COMPUTING AMPLIFIERS 
L PROGAMMABLE TRANSISTORIZED 

POWER SUPPLY 
J. SUPPORT MAGNET 

UNCLASSIFIED 
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ROTOR D-I 

Fig. VIII-B-l. Diagrammatic Representation of E lec

tronic Components of ORGDP Magnetic Support System. 



IX. Density-G ra d ie nt Centrifug ation 

in Angle-Head Rotors 

W. D. Fisher G. B. Cline N. G. Anderson 

Preparative isopycnic density-gradient centrif
ugation is ordinarily done in high-speed swinging
bucket rotors, such as the Spinco SW39 and SW25. 
In addition to requiring this special equipment~ 
the technique is severely limited by the small 
number of samples and the low total sample vol
ume that may be used. In recent studies on 
methods for isolating small numbers of virus 
particles from tissues and for separating nucleic 
acids which differed in density, we required means 
for centrifuging many samples simultaneously. 
We investigated the possibility of making such 
separations in ordinary angle-head rotors, which 
are widely available and have a large number of 
tubes and high capacities. This application of 
angle-head rotors depends on reorientation of the 
density gradient from horizontal to vertical during 

deceleration, which, in effect, replaces the me
chanical transition of the tubes in the swinging
bucket rotor. This approach appeared feasible 
since the same basic principle has been applied 
to the construction of hollow, cylindrical, re
orienting gradient rotors (C-series rotors) in which 
a density gradient formed at rest is reoriented 
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radially during centrifugation and is subsequently 
recovered at rest after deceleration. 

Figure IX-1 illustrates the principal results 
obtained in a test system of T3 bacteriophage 
in CsCI (p = 1. 519). After the rotor coasted to 
rest without braking, the tubes were removed 
and unloaded through a length of stainless steel 
tubing inserted to the bottom of the tube. The 
sample was passed through a flow cell in a 
Beckman DB spectrophotometer and a Waters 
model 34H refractometer, which displayed optical 
density at 260 mil and refractive index on a Brown 
12-point recorder. The results show that (1) the 
gradient produced approached the predicted 
equilibrium condition, (2) good banding was ob
tained, and (3) the reorientation of the gradient 
column did not cause appreciable disturbances 
of the gradient or sample zone. 

Results, similar to those for the No. 40 rotor 
were obtained with the Nos. 30 and 50 Spinco 
rotors. DNA, adenovirus, and R17 bacteriophage 
have been separated isopycnically in angle-head 
rotors. 
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Fig. IX-l. T3 Bacteriophage Banded in CsCI. Curve A is the calculated gradient at equilibrium. Curve B was 

obtained after centrifuging for 30 hr at 33,000 rpm in a No. 40 rotor in a Spinco model L centrifuge. Curve D is the 

corresponding optical density tracing. Curves C and E were obtained after a l-min recentrifugation at 33,000 rpm 

of previous Iy banded phage. 



x. Seal Development 

C. E. Nunley 

A. SEAL DESIGN 

The face seal is used for applications requmng 
a high order of sealing effectiveness when relative 
motion between static and dynamic surfaces is 
limited. The face seal can be made to accom
modate fluids over a wide range of viscosities. 
The major advantage afforded by this seal, how
ever, arises from the fact that primary sealing 
takes place in a radial plane; this permits the face 
seal to be more easily pressure-balanced. 

Most seal applications involve an accumulation 
of relative axial motions, arising from such factors 
as thrust bearing endplay and differential thermal 
expansion between shaft and housing. Moreover, 
manufacturing tolerances account for a degree 
of uncertainty as to the relative axial position 
of the primary sealing elements after assembly. 
To ensure continuing contact between static 
and dynamic sealing surfaces, it is necessary to 
provide a degree of axial freedom for one of the 
primary sealing members, usually the seal ring. 
This necessity then implies a requirement for 
an additional, relatively static seal between the 
translating seal ring and the housing. This 
"secondary seal" may take a variety of forms; 
however, the a-ring is commonly used in seals 
for low-temperature applications. 

To complete the function of maintaining contact 
between the primary sealing members, there must 
be some axial driving force to move the seal ring. 
One or more axial springs are used to provide 
the required driving force which prevents the seal 
faces from becoming separated during operation. 
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B. SEAL TYP ES 

1. A· Type Rotor Seal 

The A-type seal, designed for relatively low
speed rotors, is shown in Fig. X-B-l. The opera
tion of a flexibly mounted rotating seal without 
an upper bearing to assist alignment of the two 
surfaces requires some means to ensure repro
ducible alignment. The cone-shaped alignment 
plug (9) shown in Fig. X-B-! mates with a similar
shaped hole in the dynamic face seal (8) as shown 
in Fig. X-B-2. 

@ LOADING 
SPRING 

® MANIFOLD 

® O-RING 

(f) STATIC FACE 
SEAL 

® DYNAMIC 
FACE SEAL 

® ALIGNMENT 
PLUG 

© O-RING 

® O-RING 

@ FEED TUBE 

@ ROTOR CORE 

@ INLET 
LINE 

UNCLASSI FlED 
QRNL-OWG 63-4247 

SOLDER 

COOLING COIL @ 

SPACER@ 

Fig. X·B.l. A.Type Seal Assembly. 
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F ig. X- B.2. Portion of .... Typ. Seal. 

This seal can be designed so that it may be 
removed after the gradient and samp le have been 
introduced or while the rotor is operating at full 
speed, then reengaged after the rotor has returned 

to unloading speed; or the seal can be left en
gaged during high·speed operation and cooled by 
coil (17) (Fig. X-B- l). This seal has operated 
satisfactorily on the A-VI rotor, and tests indicate 
it will operate equally well on other A-type rotors 
such as the A-IX. 

2. B- T yp ~ Rotor Seol 

For work with pathogenic viruses, seals are 
required which (1) show minimum cross leakage 
between inlet and outlet streams during operation, 

(2) do not allow virus leakage out of the seal 
enclosure, and (3) have provision for the inactiva
tion of any live virus particles which may escape 
from the sealing faces. The seal illustrated in 
Fig. X-B-3 meets the above specifications . It 
assembles into a single unit which attaches to 
the upper rotor shaft as shown in Fig. X-B-4. 
The seal is totally enclosed and is cooled by 
circulating fluid which may contain a disinfectant. 
This seal is currently being used on the B-lt 
rotors. 

3. C· Type Rotor Seol s 

Seals for C-III and C-IV rotors are now in a de
velopmental stage. 
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XI. Reprocessing of Cesium Chloride 

A. INTRODUCTION 

C. W. Weber 

In several rotor systems now under development, 
large amounts of CsCI are used. The B-II rotor, 
for example, requires about 2 liters of a solution 
of density 1. 7 for one isopycnic separation, while 
the C-V rotor requires 5 liters. It is desirable to 
recover the CsCI for reuse. 

Cesium chloride above 99% purity, with total 
di valent cation impurities below 0.01%, is required. 
The optical density of the saturated solution should 
be less than 0.1 higher than a standard saturated 
solution, at 260 mil with a 1-cm light path. 

Ini tial tests indicate that a laboratory-scale 
method of reprocessing has been achieved. The 
waste CsCI is autoc1aved to inactivate virus con

taminants, organics are carbonized and filtered 
out, and metallic impurities are removed. The 
chemical and spectrochemical analyses of the 
combined reprocessed CsCI batches are shown in 
Table XI-A-1. Also studied, but not reported, was 

a hybrid system. 

B. REMOVAL OF METALLIC IMPURITIES 

1. Method 

An organic extraction method for the recovery 
and purification of cesium has been used at ORNL 
by Crouse and Arnold. 1- 3 In this method, cesium 
is reacted with a phenolic compound and the cesium 
subsequently removed from the organic salt by 
treatment with a mineral acid. 

The process of CsCI recovery with 4-sec.butyl-2-
(alpha-methylbenzyl)phenol (BAMBP) is presented. 
A Varsol solution of the ion exchange liquid 

1D. J. Crouse and W. D. Arnold, Jr., private communi
cations, April-May, 1963. 

2D. E. Homer et al., Chern. Technol. Div., Chern. 
Develop., Sec C, Progr. Rept. April-June 1962, ORNL 
TM-265. 

3D• E. Homer et al., Chern. Technol. Div., Chern. 
Develop., Sec C, Progr. Rept. July-December 1962, 
ORNL TM-449. 

Table XI-A-l. Analysis of Reprocessed Cesium Chlorides 

Spectrochemical 

Element 

Ag, AI, Be, Ca, Cr, Cu, Fe, 

Mg, Mn, Mo, and V 

Pb and Ti 

Hi, Cd, Co, Ni, Si, and Sn 

P and Zn 

Na (flame photometry) 

K (flame photometry) 

STen pound batch. 

Concentration 

of Each Element 

(ppm) 

<1 

<5 

<10 

<50 

500 

80 

50 

Chemical 

Measurement 

CsC1 

P as PO 4
3

- (colorimetric) 

Nitrogen (Kjeldahl) 

Density 

Optical density at 260 mil 
vs H 20 

Concentration 

1242 g/liter 

<5 ppm 

<25 ppm 

1.91 g/ml 

0.047 



BAMBP, in the hydrogen fO.rm (ROH), is reacted 
with the impure CsCI solution: 

ROH + Cs+ + OH-~ ROCs + H
2
0. 

Cesium is stripped from the organic phase by dilute 
hydrochloric acid: 

ROCs + H + + CI-~ ROH + Cs + + CI- . 

Flame photometry and emission spectroscopy, as 
well as nitrogen determination, have been used to 
measure metallic ions and protein content of the 
CsCI rotations. 

The prototype laboratorywscale system consists 
of five contactors as illustrated in Fig. XI-Bolo 
The impure CsCI solution is introduced into the 
extractor. Then the BAMBP solution (1 M) is circu
lated through the extractor, two water scrubbers, 
the hydrochloric acid stripper, and a third water 
scrubber. For each mole of CsCI being processed, 
one mole. of sodium hydroxide is added to the ex
tractor and one mole of hydrochloric acid is added 
to the stripper. A slight excess of the acid and 
base reagents is required for complete cesium 
transfer. 
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2. Tests and Results 

A waste CsCI solution was processed in the 
laboratory system shown in Fig. XI-Bolo The 
scale of studies was limited to 500-ml-volume con
tactor stages. Table XI-B-1 presents results of 
the initial cesium extraction test. The organic 
phase was circulated at 100 ml/min for 45 min, 
probably exceeding the requirements for acceptable 
purification. 

Cesium removal from the feed was 99.8%. The 
product recovered in the stripper exceeded 99.9% 
purity. The product solution was then evaporated 
to dryness, dissolved in water, and filtered. The 
optical density of the saturated filtrate was 0.31, 
which compared with 0.30 for a purified standard, 
at 260 mIL and 1-cm light path. 

Although the test did not cover the full range of 
possible impurities, the purification is acceptable 
for divalent cation removal and total optical
density measurements. 
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NO.3 H 20 
SCRUBBER 



.~ 

52 

Table XI-B.l. Initial Test Data from Cesium Chloride Reprocessing System 

Organic Aqueous Concentration (g/liter)" Normality 
Volume Volume + 

(ml) (ml) CsCI Na K Ca Mg Cs OH HCI 

Extractor 

Initial- 330 250 112.1 21.0b 0.1 0.07 c 0.003
c 0.666 0.86 

Final 330 250 0.25 Strong 0.1 0.001 c 0.00005 0.0015 0.06 

No. 1 Scrubber 

Final 455 125 1.1 0.25 0.01 0.02 0.0002 0.015 

No.2 Scrubber 

Final 455 125 3.0 0.11 0~04 0.01 0.0003 0.012 

Stripper 

Initial 330 250 0 0 0 0 0 0 0 0.875 

Final 330 250 101.3 0.03 0.005 0.002 0.0001 0.602 0.19 

No. 3 Scrubber 

Final 330 250 1.5 0.006 0.001 0.00076 0.00015 

a Aqueous. 

bAs NaOH and NaCl. 

c Prior to filtering where some Mg and Ca was removed. 



XII. Containment and Sterilization 

v. H. Kiplinger 

A. BIOHAZARDS 

To prevent contamination of virus cultures and 
to avoid any loss of the material during centrifuga
tion it is necessary to consider methods of sterile 
operation for the complete containment of the 
rotor and all virus handling systems. T he require
ments for the safe handling of virus-containing 
materi als are being set up by the ORNL Bio
hazards Committee and will be reviewed in a 

subsequent report. The extensi ve experi ence 
of personnel at ORNL in developing systems for 
work with high-level radioactivity and toxi c gases 
wi ll be utilized in the development of these 
systems. 

B. CONTAINMENT 

A stainless steel biological safety cabinet (Fig. 
XII- B.l) approximately 6 ft in length, 2 ft in 

UNCL_SSIF, t D 
' HOTO 6an 

Fi !il. XII·B.l. Containment System Des igne d for B·II Ultroc:e ntrifuge. 
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height, and 2 ft in depth has been designed and 
fabricated for the routine operation of rotor B-II. 
This unit encloses the top of the centrifuge and 
houses the uv monitor ·system. The end of the 
unit has a double-door arrangement enclosing a 
compartment 18 x 14 in. so that materials put 
into the system may be gas-sterilized before 
entry into the main portion of the presterilized 
cabinet. In this way, filling and emptying of 
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the rotor are accomplished under sterile condi
tions, and contamination either into or out of the 
system is eliminated. 

Since modification of the existing cabinet will 
be necessary for specific application, plastic 
cabinets will be constructed in the future. The 
essential equipment for this work, including heat
sealing equipment for plastic bonding, has been 
procured. 
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XIII. Pressure Ultrafiltration 

A. FLOW RATES THROUGH VISKING 
DIAL YSIS TUBING 

D. E. Fain 

Flow rates of distilled water and of 1% bovine 
serum albumin (BSA) have been measured through 
Visking cellulose dialysis tubing, using pressure 
differentials up to 500 psi. This work was under
taken to aid in separating virus particles by 
reducing the total volume of solution before cen
trifugation. It is desirable to reinforce the mem
brane so that large pressure differentials can 
be used to obtain greater flow rates. The experi
ments reported utilized reinforced membranes 
for high-pressure tests in order to obtain data 
useful for estimating the size of equipment and 
amount of membrane material needed for specific 
purposes. 

Three techniques for reinforcing dialysis tubing 
were evaluated. The best system involves the 
use of a wire spring (Fig. XIII-A-1) used as a 
support mechanism for the tubing. Another, that 
of using a porous tube as support (Fig. XIII-A-2), 
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was tested. The third method, using glass beads 
within the cellulose tubing, causes difficulty 
due to the extra weight and subsequent leakage 
(Fig. XIII-A-3). The method of reinforcement, 
in general, did not affect the flow rates. We 
conclude, therefore, that any. technique which 
proves convenient may be used. 
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Fig. XIII·A·2. Flow of 1% BSA Through Two Samples 

of Dialysis Tubing. Porous·tube support. 
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Differences from sample to sample of dialysis 
tubing were observed, and general conclusions 
are difficult to draw with respect to flow proper
ties. However, it appears that flow is not linear 
with pressure drop across the membrane, since 
proportionally smaller flow increase is observed 
with pressure increase. 

Flow appears to be nearly inversely proportional 
to the thickness of the membrane (Figs. XIII-A-4 
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and -5). When the tubing is reinforced with inter
stitial hemp, the flow rate does not show an ap
parent decrease (Fig. XIll-A-6). The hemp may 
increase the structural strength, however, so that 
the flow vs pressure difference relation is more 
nearly linear (Fig. XIII-A-5). 
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B. DESIGN OF CONCENTRATION SYSTEMS 

H. P. Barringer 

Conceptual designs are being considered which 
utilize Visking's No. 12 uncolored fibrous casing 
as the dialysis membrane. This material has a 
dry un inflated circumference of 18.2 in. and pore 
radii of 12.2 A. 

The casing is 3.5 mils thick and is reinforced 
with fibrous hemp for additional strength required 
in a large separation facility. 

The use of the membrane supported on a porous 
bed of glass beads, similar to normal filtration 
methods, has given good results. Other methods 
of reinforcing the membrane for large area ex
posures· are being tested. 

'. 

.. 



XIV. Data Reduction 

A. COMPUTER PROGRAM FOR DETERMINING 
SEDIMENTATION COEFFICIENTS USING 

SUCROSE GRADIENTS IN THE B-II 
ZONAL CENTRIFUGE 

E. F. Martin N. G. Anderson 
R. Elizabeth Lybarger 

1. General Considerations 

During centrifugation in the zonal centrifuge, a 
particle migrates through the density gradient at 
a rate determined by the amount and duration of 
the applied acceleration, the size and density of 
the particle, and the density and viscosity of 
the suspending medium. It is of interest to cal
culate from data obtained with the zonal centrifuge 
the sedimentation coefficients of particles of a 
given size and density at 200C in water. Since the 
computations are very laborious, a computer pro
gram has been developed to calculate the required 
information. 

In the zonal centrifuge, sedimentation begins as 
soon as the particle is introduced into the rotor 
and continues until the gradient has been com
pletely recovered at the end of the run. It is 
therefore necessary to determine f (jJ 2 dt for the 
entire run, that is, immediately after introduction 
of the sample, through acceleration to operating 
speed, operation at speed, deceleration, and un
loading. This is now done electronically as 
shown in Chap. xv. 

At the conclusion of centrifugation the contents 
of the rotor are withdrawn into sample containers, 
in some instances with a concurrent flow of ma
terial into auxiliary analytical devices. Therefore, 
the material in a single sample tube may be the 

. total quantity withdrawn from a toroidal section of 
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the rotor; or it may be representative of a slightly 
larger volume, a small portion of which enters the 
auxiliary analytical systems. In either case the 
average properties of the material in the tube are 
equivalent to the average of the total quantity re
moved from a specific section of the rotor. In the 
calculations, therefore, the contents of a specific 
tube are correlated with a radiaf location in the 
rotor. Since the material is withdrawn through the 
rotor axis, the initial tubes (fractions or cuts) will 
contain the overlay. The calculation of sedimen
tation coefficients is started with the portion of 
the material which represents the volumetric center 
of the starting particle sample layer. 

The time required to fill each sample container is 
recorded during removal of the solution from the 
rotor. This allows the calculation of the amount 
of gradient entering the auxiliary analytical device, 
if it is in operation. When the rotor has been 
emptied~ the average sucrose concentration in 
each sample tube is determined refractometrically. 
Data from each experiment are supplied on the 
sucrose concentration for each collected fraction; 
if auxiliary analytical systems are used, the time 
required to fill each tube is supplied also. The 
other data items required are all single valued. 

Since the centrifuge program is concerned initially 
with virus isolation,· osmotic changes occurring in 
the gradient have not been considered in this 
study. 

Often particles with different densities are 
present in the same gradient. It is desirable, 
therefore, to calculate sedimentation coefficients 
for particles with several different densities and 
to plot the data in such a way that the sedimenta
tion coefficient of a particle of any given density 
may be determined. 



2. The Program 

We require a program to calculate sedimentation 
coefficients corresponding to the. center of each 
of from 40 to 100 fractions and to report this value 
correlated with each fraction. The basic equation 
for the calculations is: 

s.=----------~~---------
1 w2t 

where 

. (P
S
-P

20
) 

x " 

S = sedimentation coefficient, 

7J = viscosity, 

7J 20 ,w 

(1) 

P s = density of a particle (virus, etc.), 

Pm = density of the solution stratified, 

R = radial distance. from axis of centrifuge 
bowl (rotor) to the extremity of the cylin
drical volume which contained the fluid 
volume represented by the sample with
drawn into container i, 

w = 21T(rpm)/60, 

t = time (sec) of effective centrifugation, in
cluding corrections for acceleration and 
slowing of the rotor (the equipment in
corporates an integrator which records 
w 2 t), 

P
20

,w = density of water at 20ec, 

7J = viscosity of water at 20ec, 
20,w 

i = subscript denoting a specific portion of 
centrifuged solution, that is, tube, cut, 
or fraction. 

Tabulated data of sucrose concentration vs 
density (at oec) and viscosity (at sec) are avail
able. These data have been fitted, by the least
squares method, to polynomial equations. For the 
density, the following third-degree equation pro
vided a very close fit: 
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P = 1.0 + 0.003929917x + 0.000016603218x 2
, (2) 

where P is density, g/ml, and x is concentration, 
g/ g, expressed as percent. It was necessary to 

break the viscosity curve into ten segments to 
attain a satisfactory fit with a fourth-degree equa
tion of the form: 

7J = A + Bx + Cx 2 + Dx 3 
, (3) 

where 7J is viscosity, centipoise; x is sucrose con
centration, g/ g, expressed as weight percent: and 
A, B, C, D are polynomial coefficients. The limits 
of each curve segment, and the applicable co
efficients, are tabulated in Table XIV-A-1. 

The program permits the addition of data for 
solutions other than sucrose, up to a total of nine 
solutions. The following is the equation for the 
volume of rotor B-II: 

v = 74 + 25.87 [1TR 2 
- 2.88(R - 2) - 41T], (4) 

where R is radius (cm) and V is volume (cc). Since 
the program requires calculation of the radius for 
a given volume, the form used is 

R = 81.273V 2 
- 74.506V - 102.082 . (5) 

The program provides for use of up to 99 different 
rotors. Each time a new rotor is put into pro
duction, it will be necessary only to recompile a 
new subroutine, incorporating the proper coeffi
cients in arrays A, B, and C. Rotor B-V, now 
undergoing tests, will require such a revision in 
the program. 

A FORTRAN deck was compiled on an IBSYS 
monitor. A FORTRAN glossary and listings are 
not included here but are available. I 

The program is designed to accept data for a 
maximum of 100 tubes (cuts). If the quantity of 
data exceeds this value, the calculations will be 
completed through tube 100, and the balance of the 
data will be ignored. If future experimental con
ditions should increase the quantity of data, only 
minor program changes would be necessary. 

lean be obtained from N. G. Anderson, Biology Di
vision. 

." 



" 

-

59 

Table XIV-A-l. Limits and Applicable Coefficients for Each Segment of the Viscosity Curve 

Range of 

Concentration A B C D 

('70) 

0-1 1.52 0.028458313 - 0.0091426457 0.0050598586 

1-15 1.5018023 0.035322959 0.0015809948 0.000037521348 

15-30 0.51940283 0.21893221 - 0.0095684131 0.00025830963 

30-40 - 32.398942 3.4653102 -0.11602272 0.0014195706 

40-50 -485.38163 36.201171 - 0.90605868 0.0077874755 

50-55 - 6, 716.4824 404.22887 -8.1603287 0.055511223 

55-59 7,089.3527 - 300.05596 3.7849495 - 0.011832235 

59-62 -134,047.78 6,845.4074 -116.84542 0.6672486 

62-64 -455,574.31 22,279.857 -363.78081 1.9839709 

64-66 -4,172,494.9 195,551. 72 -3055.7052 15.92152 

3. Data Preparation 

Figure XIV-A-l shows a convenient format for 
presenting the run data. A new data sheet is 
originated for each run. Figure XIV-A-2 shows 
the required arrangement of the cards in the data 
deck. The types of information noted on the card 
column are shown. Detailed aspects of FORTRAN 
format are not included. 

4. Reports of Results 

The calculated sedimentation coefficients for 
a single cell-component density are presented 
on a sheet. Each sheet has appropriate experi
mental identification data in the headings. The 
res ults are tabulated as one, two, or three pairs 
of columns, depending on the quantity of informa
tion. Figure XIV-A-3 is an example of the output 

for two pairs of columns. A secondary listing will 
follow each page described above. This report 
(see Fig. XIV-A-4 for an example) contains iden
tification headings and tabular correlations of run 
number, sucrose concentration, viscosity, density, 
and sedimentation coefficient. 

On the sheet following the last page of output, 
the number of runs processed in the current job 
is reported as follows: 

__ LOGICAL RUNS COMPUTED IN THIS JOB. 

Normally this message will result when the job is 
terminated. The main program is designed to 
furnish output for 100 tubes (cuts). This is ade
quate for present rotor systems. Errors are also 
reported in the output. A general scheme of data 
computation is shown in Fig. XIV-A-5. 
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UNCLASSIFIED 
ORNL-DWG 63-4256 

REQUEST_=--'36'--'4--=-O _____________ _ JOB TITLE _-"-N.'-'-'IH_-""AE"-"C'--=Z0o.:.:N-=:AL=----:o:CEe:..::N:..:..TRc::.I:...:FU:..:cG::...E ------------___ _ WRITTEN BY ______________ _ DATE _____________ ___ 

RUN NO. EXP. NO. MONTH DAY YEAR ROTOR IDENT. 
ROTOR TEMP SIDE PUMP W 2 , x 10-6 OVERLAY 

CUT VOL. SAMPLE DEN LINE DENSITIES SOL 
CODE FLOW RATE VOL. VOL. CD VOL. CD 

1-B 9-16 47-24 25-32 33-40 41-48 49-56 57-64 65-72 73-80 . 

V V ::H:: V V 1 V 1 1\ =p P-< :::::::::: 1 
CUT TIME CONCENTRATION V CUT 

/ CUT TIME CONCENTRATION V CUT 
/ 

V" 
CUT TIME CONCENTRATION V CUT \ / NO. NO. NO. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 !" 78 79 80 " 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 " 78 79 80 " 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 I" 78 79 80 \ / 
~ 

I 

""" " 1 3 4 

" f'-
V 2 

d V V 3 5 V V \ / 
/ 3/ V 3 6/ 

V" V \ / 

" 4" 

"'" " 3 7" " ~ 5 ""~ " 3 8 , ~ 1\ / 
/' 6 "",V / 3 9 d V /' \ / 

IV 7/ V 4 0[/ V 
1,,\ 81" I" I" '\ \ / 

" 9 " " " " \ / 
/ 1 0 /' /' /' ~ \ 

V 1 1/V" V /V" IV 1\ 1 
~ 1 -2 "' '\ I"~ 1,\ \ / 

f'- 1 3 

" f'- ~ " \ / 
V 1 4 "",V V V / 

V 1 5/ V /V" V V 
'\ 1 6" '\ " '\ /\ 

" 1 7 ""~ " "" ~ " V 1 8 V / d V V / \ 
/ 1 9/ V / V / \ 

" 2 0 "' 1,\ " '\ 1/ \ 

" 2 1 ""~ " "" " " / \ 
/' 2 2 /' / /' 1/ / \ 

V 2 3/ -V /V" V / \ 
I\, 2 4 " I\, "'~ II\, 1\ 
~ 2 5 "" " " ~ '\ / \ 
V 2 6 V V V /' / \ 

/ 2 7 / V /V" V 

" 2 8 " I\, """, 1\ / \ 
~ 2 9 "" ~ I\, ~ ~ / \ 
/' 3 0 

"'" 
V V d V / 

V 3 1/1/ V / / / \ 

" 3 2 "'"", 1,\ """, '\ / \ 
'\ 3 3 "" , '\ , I\, !/ , 

Fig. XIV-A-l. Format for Presenting Run Data. 

.: 

" 



/ 
/ 

/ 

/ 

/ 
/ 

/ 

CUTTIM CONC CUT 
NO. 

/ 
RUN IDENT / 

/ 
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998 

999 

UNCLASSIFIED 
ORNL-DWG 63-4257 

----~- LAST CARD IN JOB 

----.-- LAST CARD, EACH RUN 

---~- VARIABLE NUMBER OF DATA CARDS 

---------l~~ 1st CARD, EACH RUN 

998 -----'~~ VARIABLE NUMBER OF RUNS 

/----.~- LAST CARD, EACH RUN 

------Jl .. - VARIABLE NUMBER OF DATA CARDS 

RUN IDENT ------I~_ 1st CARD, EACH RUN 

Fig. XIV.A·2. Data Deck. 
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UNCLASSIFIED 
ORNL-DWG 63-4258 

NAlIONAl INSTITUTE OF H~AlTH -_U.S.ATOMIC ENERGY COMMISSION ZONAL CENTRIFUGE PROGRAM 

~E~X~P~E~R~IllM~EN~T~N~'I~JM~A~E~R~ __ -~OL-____________ ~R~U~N~I~UMAER~_1~7~3~ ____________ ~D~A~T~E~O~F~R~U~N~~M~A~R~C~H-&2~8~.~1~9~6~3 

___________ --OR-"O"-T'--'O"-'R-'--_ H_-~I~I _____ _ 

___ j~Jli~I!'l!.AT~_______________ _____________________ _ SEDIMENTA~T~I~O~N~ ________ _ 

CUT 
COEFFICIENT 

(REF.WATER,20CI 
COEFFICIENT 

_____ ,~I ___ -'-'( R",E""F,---,,--' W"-,A::..T~,E""R,,--,-,, 2""'0"-'C .... ''--________ _ 

___________________ .:--.1.1_, _____________ , _______ , ____ , -13 ------- ---xio----
XIO 

53 552. 54--- --------5e-y:-------_______ ~13~___ 7.U14 
I 4---16~9C9 
I 5 26.985'--_____ _ __________ 55 630. 
16 37.454 56 683. 
17 47.889 57 745. 

-------1-8---~8~372- ------- ----- --- ----- 'C>il--------ii30: 
59 924. ,-------------- ,---- ,----- ----------- ----------{,o' -------104=-:9::-'.'----------'-----_________ ~19~--- 69.414 

2Q 80.494 

22 103. 
_________ 6 L __ ~I ~18=:7!:_'.~--------

62 1370. 
21 91.516 

23 113. 
24 124. 
25 136. 
26 147. 
27 158. 
28 169. 
29 180. 

---------~3~O--- 192. 

3 I 203. 
32 215. 
33 227. 
34 239. 
35 251 • 
36 263. 

_____ ~37 ,~2~7~6~.'-----
38 290. 
39 303. 
40 316. 
41 330. 
42 344. 
43 358. ---------44----------3 72. ---------------- ------------------------ , 

45 387. 
46 403. 
47 419. -------- -48------1135 .-----------'----------------------- ------------
49 454. -------------.;0--- -------'414-;,----------'------'-- ------,----------, 
5 I 495. 

----------';'5--02:- 521 • 

Fig. XIV.A.3. Example of Output for Two Pairs of Columns. 
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UNCLASSIFIED 
ORNL - DWG 63- 4259 

NATIONAL INS1ITUTE OF HEALTH - U·S.ATOMIC ENERGY COMMISSION ZONAL CENiRIFUGE PROGRAM 

EXPERIMENT NUMBER -0 RUN NUMBER 173 DATE OF RUN MARCH 28, 1963 

ROTOR B-II DENS lTY (I OF I) 1# 1.500 

CUT PERCENT SEDIMENTATION 
-------NO--:-SlJC-ROS-E-----OEN S f'fy-----VTscOSTT',---COE FF I C IENT---------
-------;-' T3_---;8;;-.:..;3o-;2;;.,4~u~' 00 I • 'J 33 868 I .92 7 80 6 7.0 I 420 

14 9.700000 1.039682 2.027435 )6.90856 
15 11.100000 1.045668 2.139997 26.98483 

------,;-:6;- 12. 800 Olj 0---,-:-0-5:3 0:r3--~~29T6 54---'------37.-4-542-4---'-'-----------
17 13.600000 1.056518 2.368999 47.88899 

-------71-;.,8---7-1;-4~.500000 1.-060475---2-:1160778 ----58.37168 --------,---
19 16.200000 1.068022 2.653181 69.41396 
20 17.000000 1.071607 2.745054 80.49420 
21 17.600000, 1.074310 2.816944 91.51649 

-------ii2-;.,2---7-1 ~8-=-. 2"'0~01mo---j~07t-O~--2_:_89T76~----i 02.50126'-----
23 18.800000 1.079751 2.969851 113.46842 

-------ii2T4---7-19~.5~0~OQTIJ--~082947 ~.065525 124.49~9~7~'~------
25 20.200000 1.086159 3.166631 135.61741 
26 20.8000GO I.08892~ 3.258020 146.77777 
27 21.300000 1.091240 3.337766 157.93241 

------.2~8,---ii2-71-.n900000 1.094028 3.438056 169.16581 
29 22.500000 1.096828 3.543677 180.49662 

------ ~D 22.800000 I :Ll98233 3.598590 191.72754 
31 23.600000 1.101993 3.752267 203.23436 
32 24.300000 1.105301 3.895864 214.96989 
33 24.800000 1.107674 4.003959 226.79816 
34 25.3GOOOC 1.110054 4.116880 238.73372 
35 26.000000 1.113402 4.283443 250.95962 
36 26.60JOOO 1.116284 4.434443 263.41349 
37 27.40GOOO 1.120145 4.648205 276.29937 
38 28.100000 1.123541 4.847468 289.55648 
39 28.500000 1.125489 4.966669 302.91264 

--------;:4~Or--~2.;;-8. 800000 1.126953 5.058693 316.27851 
41 29.900000 1.132348 5.416067 330.49570 
ij2 2?9ITOOOO 1.132348 5.416U67 344.42255 
43 30.000000 1.132840 5.450157 358.17521 
44 30.300000 1.134320 5.570452 372.01170 
q5 31.600000 1.140765 6.043047 386.99786 
q 6 :S2. 3OlTIlOo---T. 1 442') 8 6.32230 3 '---;:4:';;0C;:;2C=-.-i:5-';'3-;'2~2~8-------
47 32.900000 1.147266 6.578350 418.53244 

---------~33--:800[jOiJ---T:T5n9 9 6.9955 I 7 435'."-4;O-5;;:6~2~3~------
49 35.200000 1.158905 7.736633 454.22276 
50 35.900000 1.162482 8.155540 473.86558 
51 36.700000 1.166591 8.678701 494.66262 

------------~5~2---Y39~~4~O~O~ObO 1.ISIT6l3 10.850423 521.34131 
53 41.000000 1.189037 12.502342 552.40387 

----------~5~4~-42.2DOOOO 1.195410 14.002296 ----75~8~7~.~3T34~9~6~-------------
55 44.000000 1.205060 16.708595 629.69070 
56 45.900000 1.215363 20.427605 682.50159 
57 47.300000 1.223031 23.918114 745.06165 
58 49.600000 1.235770 31.405525 829.85003 
59 50.400000 1.240243 34.884338 924.2101 I 
60 52.300000 1.250949 45.016968 1049.33095 
61 53.000000 1.254924 4~.628662 1187.46042 
62 54.700000 1.264645 63.772217 1369.62770 

Fig. XIV-A-4. Secondary Listing Which Follows Each Sheet Showing Output. 
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IBM 
7090 

COMPUTER 

5;, 

UNCLASSIFIED 
ORNL - DWG 63- 4260 

VISCOSITY OF MEDIA, 
"10 SUCROSE, 
DENSITY. 

Fig. XIV-A-S. General Scheme of Data Computation. 

B. CALCULATION OF DENSITY AND VISCOSITY 
OF SUCROSE SOLUTIONS 

E. J. Barber P. B. Wood 

1. General Considerations 

In the calculations used in the preceding.section, 
the density and viscosity are two of the intensi ve 
properties of the sucrose gradient which must be 
accurately known. Both of these intensive proper
ties are functions of the readily measured param
eters of temperature and composition of the solu
tion at any given point in the centrifuge. Since 
the density and viscosity of sucrose solutions 
have been experimentally determined over a range 
of compositions and temperatures and reasonably 
precise tables prepared giving these or related 
properties as functions of the weight percent 
sucrose and the temperature, 2,3 it is possible to 
compute, by interpolation of the tables, the density 
and viscosity of the solution for each fraction 
withdrawn from the zonal ultracentrifuge. Because 
of the number of samples collected from even a 
single run of the centrifuge, this approach is im
practical and means of expressing the density and 

2C. F. Snyder and L. D. Hammond, Weights Per United 
States Gallon and Weights Per Cubic Foot of Sugar 
Solutions, Circular of the National Bureau of Standards 
C-457, Dec. 5, 1946. 

3J • F. Swindells et al., Viscosities of Sucrose Solu· 
tions at Various Temperature: Tables of Recalculated 
Values, Supplement to National Bureau of Standards 
Circular 440, July 31, 1958. 

the viscosity as analytical functions of the tem
perature and composition were sought. The anal
ysis of the density and viscosity data are two 
different problems, since even the form of the 
functions are different and the analyses are there
fore discussed separately. Both analyses are 
approaching completion. 

2. Density Relations 

Changes in the density of a solution due to a 
change in temperature are usually ·quite accurately 
expressed as a second-order polynomial in the 
change in temperature so that the density p at 
one temperature is readily calculated from the 
known density at another temperature, that is, 

Pt = Pt [1 + a(t2 - t 1) + {3(t - t )2] (1) 
2 I 2 1 

or 

Since the temperature range of interest includes 
OCC and accurate density data are available at 
that temperature, we can let t = OCC and t be-

I 2 
come tCC and as an applicable equation for any 
given composition as a function of temperature, 
we would have 

P = A 1 + A 2 t + A 3 t2 
, 

provided t does not become too large. 

(2) 



In the particular case of sucrose solutions, one 
also notes that the molecular weight of sucrose 
is 342.3 as compared to a molecular weight of 
18.032 for water. Since the density of sugar is 
only about 50% greater than that of water, a plot 

of the density of sucrose solutions of varying com
positions at a given temperature vs compositions 
in terms of weight fraction may, and does in this 
case, show only small deviations from linearity. 
This means that at constant temperature, density 
is probably accurately expressed as·a function of 
the weight fraction by the second-order polynomial 

(3) 

where p is the density of solution of composition X, 
X is the weight fraction of 'sucrose, and C I' C 2' 

and C
3 

are temperature-dependent constants. The 
constant C I can be interpreted as the density of 
water at the given temperature. 

Combination of the relation in Eq. (2) with that 
in (3) suggests that over the temperature range for 
which data are available, an equation of the fol
lowing form would be sufficiently accurate: 

p = (B I + B 2 t + B 3 t
2

) + (B 4 + B 5 t + B 6 t
2)X 

where p is the density of a sucrose solution, t is 
the temperature in ee, X is the weight fraction of 
sucrose, and the Bi are constants valid over the 
temperature and composition ranges for which data 
are available. 

From the data previously reported I covering the 
temperature range of 0 to 30ee, the set of constants 
listed in Table XIV-B-1 gives an equation with 
a maximum error of about 7 parts in 10,000. 

The equation in Table XIV-B-1 is sufficiently 
accurate over the temperature range of the data, 
but it cannot be extrapolated with any reliability. 
An equation giving reasonable accuracy to 50ee 
is needed. A reference which gives the accurate 
densities of sucrose solutions up to 60ee has 
been found; 4 but as yet the data which it contains 
have not been obtained. The available data have 

4Plato, Wiss. Abhandl. Kaiserlichen-NormaI-Eichung
Kommission 2, pp 140-53 (1900). 

65 

Table XIV-B-l. Constants for Use in Expressing 

Density as a Function of Concentration 

and TemperatureB 

Constant Value 

BI 1.0003698 

B2 3.9680504 X 10-5 

B3 - 5.8513271 X 10-6 

B4 0.38982371 

B5 -1.0578919 X 10-3 

B6 1.2392833 X 10-5 

B7 0.17097594 

B8 4.7530081 X 10-4 

B9 - 8.9239737 X 10-6 

BDensity expressed in g/ml, concentration as weight 
fraction sucrose, temperature as °C, constants valid over 
temperature range of 0 to 300C and composition range of 
0.00 to 0.75 weight fraction sucrose. 

therefore been examined to see if any reliable 
method for extrapolation exists. The density of 
any binary solution at a given temperature may 
be calculated by the relation 

xM + (1 - x)M 2 

P 
_ I 
- , 

XVI + (1 - x)V
2 

(5) 

where x is the mole fraction of component 1: 

M and M are the molecular weights of components 
I 2_ -

1 and 2, V I and V 2 are the partial molar volumes 
of components 1 and 2, and X I is the weight 
fraction of component 1. 

The partial molar volumes V I and V 2 may also 
be functions of the composition. Often the molar 
volumes V I and V 2 may be substituted with essen
tially no loss in accuracy, and the solutions are 
said to be ideal. Since the molecular weight of 
one total mole is always given by the expression, 



xM 1 + (1 - x)M 2' the actual molar volume of the 
sucrose solution could be calculated from the 
density by the relation 

v = xM 1 + (1 - x)M 2 (6) 
x 

where V is the molar volume at mole fraction x x 
and p x is the experimental density at the same 
mole fraction. A plot, V x against x at a given 
temperature, was linear within the plotting error 
so that sucrose solutions may be said to be nearly 
ideal and the following equation may be applied 
with reasonable accuracy: 

xM 1 + (1 - x)M 2 
p = --=-------=-

XVI + (1 - x)V
2 

(7) 

when p is the density of sucrose solution, x is the 
mole fraction sucrose, M 1 and V 1 are the molecular 
weight and molar volume of sucrose, and M 2 and 
V 2 are the molecular weight· and molar volume of 
water. 

Now we note that V 1 and V 2 are both expressible 
as second-order polynomials in t, where t is in 
ce, and that the data for the molar volume of water 
are accurately known over the whole temperature 
range of interestS so that V 2 can be determined 
independently of the set of data for the density 

of sucrose solutions. Thus the data on the density 
of sucrose solutions . can be used to determine 
the theoretical molar volume of liquid sucrose as 
a function of temperature. Since the curvature 
will be small, the density equation will have the 
form 
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(8) . 

where VI = BI + B2t + B3 t2 ; V 2 = Al + A2t + A3 t2 : 

B l' B 2' and B 3 are constants determined from the 
sucrose solution data~ AI' A 2' and A 3 are con
stants determined from the data on pure water; and 
the other symbols have the mea~ings given before.' 

The constants in Eq. (8) are given in Table 
XIV-B-2. Using these constants, the maximum 
error in the range of the data between 0 and 30ce 

SC. D. Hodgman (ed.), p 1630, Handbook of Chemistry 
and Physics, Twenty·Eighth Ed., Chemical Rubber 
Publishing Co., Cleveland, Ohio, 1944. 

Table XIV·B·2. Constants for Use in Expressing 

Density as a Function of Mole Fraction of Sucrose 

Constant Value 

Al 18.027525 

A2 4.8318329 x 10-4 

A3 7.7830857 x 10- S 

MI 342.30 

M2 18.032 

BI 212.57059 

B2 0.13371672 

B3 -2.9276449 x 10-4 

and 0 to 70 wt % sucrose is 4 parts in 1000. It 
is believed that this equation will suffer very 
little loss in accuracy in being extrapolated to 
soce, particularly because the ideality of sucrose 
solutions improves with increasing temperature and 
the relation for the molar volume of liquid sucrose 
shows but little deviation from linear dependence 
on the temperature. 

3. Viscosity Relations 

The viscosity data chosen for fitting are those 
of the National Bureau of Standards. 2 These data 
are tabulated as functions of composition at 1 
wt % intervals from 20 to 7S wt %. Data between 
o and 20 wt % were calculated at SoC intervals 
over the temperature range of 0 to 80°C, using an 
equation of the form 

n X 2 
In- =A--+ BX 

n T 1 - X o 
(9) 

where n is the viscosity of sucrose solution at a 
given temperature, n~ is the viscosity of pure 
water at the given temperature, X is the weight 
fraction of sucrose, and A and B are temperature 
dependent constants. This equation was developed 
originally by the Bureau of Standards 2 for the 

data at 20ce. Values of A and B were computed 
from the viscosity data for pure water and the 
data for solutions containing 20 and 30 wt % 

. sucrose at the desired temperature intervals. 



This equation cannot be extrapolated to higher 
sucrose concentrations with any accuracy. The 
viscosity data tabulated in Tables 131 and 132 of 
the National Bureau have been supplemented by 
the data for pure water and values calculated at 
5, 10, and 15 wt % sucrose at each 5ec interval 
using equations of this form. 

In fitting the viscosity data, it is recognized 
that water is an associated liquid containing 
clusters of molecules with a high degree of struc
tural order and that sucrose itself is capable of 
forming hydrogen bonds with the water. Since 
varying the amounts of sucrose may be expected 
to affect the structural arrangement of the solution 
more than varying the temperature, an equation 
was sought which would accurately describe the 
change of the viscosity with temperature at con
stant composition. Reasoning that one of the 
more successful viscosity treatments is the 
"hole" theory of Eyring and associates 6 and 
noting the analogy between the number of "holes" 
per unit volume and the vapor pressure, the Antoine 
equation, so successfully used with vapor pres
sure data, was tried. This equation as related to 
viscosity has the form 

B 
log n = A + --; 

t + C 
(10) 

where n is the viscosity at a given composition, 
t is the temperature in ec, and A, B, and Care 
composition-dependent constants. This equation 
may be more familiar in the form 

n M* 
In-= , 

no R(T - To) 

where 

In no = 2.303A, 

I1H*/R = 2.303B, 

To = 273.16 - C, 

(11) 

no is the limiting viscosity, M* is the heat of 
activation for viscous flow, R is the gas constant, 
and To is a temperature correction which fixes the 
virial coefficients, a, {3, y, etc. in the expression 

M* (1 + a + ~ + Y 3 + ... ) . 
RT T T T 

(12) 
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When this evaluation is carried out, constants 
A, B, and C ar~ found at any given composition 
such that the viscosity data as a function of the 
temperature are reproduced to about 3 parts in 
1000. It is now necessary to determine A, B, and 
C as functions of the composition. The Antoine 
constant C has been shown to be fitted when 
plotted as a function of the mole fraction by the 
right negative leg of a hyperbola having the 
equation 

C = 146.06635 - 25.251728 

[ (
X 2]1/2 

X 1 + 10.070674842) 
(13) 

where X is the mole fraction and C has the units 
of degrees in the Centigrade or Kelvin scale. 

Substitution of this equation for C in Eq. (10) 
for the various compositions studied results in an 
insignificant loss in accuracy so that evaluation 
of A and B as functions of mole fraction is now 
in progress. These constants plot as smooth 
functions of the mole fraction sucrose but contain 
some features which are difficult to describe 
analytically using any simple function. Preliminary 
study indicates that these constants can be ex
pressed in terms of polynomials provided one 
polynomial expression is used to describe the 
values from 0 to about 55 wt % sucrose and a 
second is used over the range of 45 to 75 wt % 
sucrose. Expressed in terms of mole fraction 
sucrose, these ranges are 0.00 to 0.06 and 0.04 
to 0.14 respectively. It is believed that this 
approach will yield analytical expressions with 
the desired accuracy of 1% or better. 

Attempts to analyze the A constant in terms of 
the limiting viscosity concept, using the relations 
that the reciprocal of the viscosity is the fluidity 
and that the molar fluidities are additive according 
to the mole fraction rule, did not result in anything 
easier to treat analytically than is the A constant 
as a function of mole fraction itself. Also attempts 
to handle the B constant in terms of molar heats 
of activation using the additivity rule were simi
larly unfruitful. 

68 • Glasstone, K. J. Laidler, and H. Eyring, The 
Theory of Rate Processes, McGraw-Hill, New York, 
1941. 



xv. Centrifuge Instrumentation 

R. H. Stevens 

A. REQUIREMENTS 

The instrumentation complex required for zonal
centrifuge operation is divided into three basic 
systems. These are (1) the controls and indicators 
for actual centrifuge operation, (2) the speed
sensing system for determining f w 2 dt at any time 
during the centrifuge run, and (3) the analytical 
monitor for determining the distribution of particles 
in the gradient recovered from the centrifuge. For 
work with potentially hazardous materials it is 
desirable to mount as much of this complex as 
possible away from the centrifuge. During the 
present report period a complete prototype has 
been constructed and extensively tested. 

B. INSTRUMENTATION 

Instruments associated with the modified Beck
man Spinco L centrifuge which uses the B-II rotor 
are shown in Fig. XV-B-l. Mounted in the centri
fuge cabinet is the drive motor, heating and cool
ing system vacuum pump, thermister rotor tempera
ture sensor, thermocouple environmental pressure 
sensor, a proximity type HI speed sensor, and a 
mechanical tachometer. A Beckman DU spectro
photometer, located in the glove box, is used to 
measure the ultraviolet absorbance of the density 
gradient of the centrifuge effluent stream. The 
remaining °analytical and control instruments were 
packaged in two cabinets which are remote from 
the centrifuge. 

The analytical cabinet contains a Gilford model 
205 light stabilizer which powers the hydrogen 
lamp used in the spectrophotometer. A Gilford ° 
model 220 optical-density converter, also con-

68 

M. J. Bartkus 

nected to the spectrophotometer, produces a dc 
output voltage proportional to the uv absorbance 
which drives a Brown "Electronik" lO-mv ab
sorbance recorder. A Sola type CVH-l constant
voltage transformer supplies power for the analy
tical instruments. 

The rotor speed control, indicators of tempera
ture and pressure in the centrifuge, a Bentley E15 
power supply, and a Bentley 0152 amplifier have 
been assembled on a control panel in the control 
cabinet. Also mounted in this cabinet is a Hewlett 
Packard model 500BR frequency meter, which 
senses the rotor speed signal from the Bentley 
amplifier and provides a dc output voltage propor
tional to speed. This voltage drives a Leeds and 
Northrup model H "Speedomax" indicator, which 
was modified by the addition of a squaring circuit. 
The squaring circuit output is electronically inte
grated in the Royson "Lectrocount" integrator. 
The Royson provides a digital indication of the 
time integral of the square of the rotor's angular 
velocity, for example, 

Addi tional instrumentation required for dri vOing a 
C-II rotor includes a Hewlett Packard model 200 
ABR audio-frequency (af) generator, a phase
splitting control panel, and two Bogen model MO 100 
booster amplifiers. The Royson "Lectrocount" 
was modified to increase the integra ting rate be
cause the frequency meter output was reduced. A 
dual scale on the L. and N. "Speedomax" model H 
indicator facilitates reading speed of either the 
B-II or C-II rotor directly. 
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XVI. Electron Microscopy 
W. W. Harris 

Biological monitoring methods for viral sys tems 
depend upon plaque, serological, or live-animal 
tests. Plaque testing requires several hours, usu
ally overnight. Serological methods vary in time 
required for positive identification, while bioassays 
require weeks to months for completion. None of 
these methods determines the total number of viral 
particles separated, only the infectivity. Electron 
microscopy is a physical method, when the par
ticles are sufficiently concentrated, for rapid de
tection and identification of known virus particles. 
The method can be semiquantitative for the number 
of particles present but gives no information about 
virulence. 

During this period, electron microscopy was used 
to monitor 16 zonal-centrifuge runs and for com
plete surveys of two of these runs. Positive 
identifications were obtained within an hour or 
two after withdrawal from the centrifuge for T2 
and T3 phages, types 2 and 5 adenovirus, and the 
Rauscher agent (Fig. XVI-A-1). In several runs, 
information about stability of the viral particles to 
centrifuging conditions was obtained by comparison 
of particle morphology in relation to pH or to 
gradient composition. 

Two of the zonal-centrifuge runs of this period 
were attempts to isolate a suspected viral particle 
associated with the ORNL myeloid leukemia of 
RF/UP mice. Although a viral particle has been 
observed in infected tissue,l its' morphology in 
free suspension is unknown. Several virus-like 
particles were observed after four days of examina
tion, and one or two such particles were observed 
after several more days of examination of samples 
from laboratory preparations of tissue. This num
ber of observations is insufficient for any conclu
sion to be made about the viral agent. The tailed 

. particle observed was seen in the fraction just 

lD. F. Parsons et al" Cancer Res. 22, 728 (1962). 

70 

preceding the mitochondria peak and resembles a 
Rauscher particle. 2 

The sharpness of separations expected of the 
zonal centrifuge systems makes consideration of 
detailed microscopy of entire peaks with the pos
sibility of detecting heretofore unobserved morpho
logical differences necessary. There are many 
examples in the literature of discrepancies in virus 
sizes as measured from tissue cross sections and 
partially separated particles. These discrepancies 
have been attributed to alterations of the particles 
by differences in environment. 

The negative staining method of Brenner and 
Horne 3 and the manipulative techniques of the 
Laboratory of Viral Oncology of the National Can
cer Institute 4 were used throughout this period. 
The limit of detection was 10 4 to 10 5 particles per 
ml. By centrifuging the entire sample received 
from the zonal centrifuge onto a microscope speci
men grid, a gain in sensitivity of several orders 
of magnitude is expected ,using' a Sharp rotor and 
a Spinco centrifuge. 

Al though specimen techniques used for this 
period have been adequate for identification and 
morphological examination, separate study of en
v'ironmental factors such as pH, ion types, and 
tonicities will be made for each new zonal bio
physical separation. For viral systems such as 
RS and polio, additional morphological examina
tions requiring treatment with detergents and/o'r 
enzymes to establish the structure of the particle 
core will be undertaken. By use of more quantita
tive methods, comparisons between particle counts 
and infectivity will be made for some of the respi
ratory viruses under study. 

2R. F. Zeigel and F. J. Rauscher, J. Natl. Cancer 
Inst. 30 (1963) . 

3S• Brenner and R. W. Home, Biochim. Biophys. Acta 
34, 103 (1959). 

4Visit to NIH by T. W. Bartlett and W. W. Harris; oral 
communication, A. J. Dalton, Mar. 28, 1962, 

'. 
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Fig_ XVI·A.l. Electro" MicrogrGph of RoulclM, Virus Port icl ... Iso,ooax . 
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XVII. Ancillary Studies 

A. STUDIES ON SYNCHRONIZED CELL 
DIVISION 

G. M. Padilla T. W. James R. H. Stevens 

Cell components have generally been isolated 
from tissues which contain more than one cell 
type. In addition, cells of the same type may be 
in quite different physiological states in different 
parts of the tissue. It would be desirable to begin 
all fractionation with homogeneous cell popula
tions with all cells in the same stage of the 
cell cycle. This approach has the advantage of 
also providing means for studying changes which 
may occur during certain portions of the cell 
cycle. The problem of synchronizing cell division 
and growth in large populations of cells is there
fore a central one in the present program. While 
many formidable technical obstacles remain, the 
most difficult single problem, that of continuous 
cell counting under sterile conditions, has now 
been solved. 

The engineering design of a fully automated 
pilot-plant-size system to synchronize the growth 
of large numbers of cells is shown in Fig. XVII
A-'I. The functional requirements for this system 
have been described. I 

The cell synchronizer in use was described in 
a more recent report. 2 This unit consists of a 
S-liter water-jacketed culture vessel programed 
with a repetitive temperature cycle (17.5 hr at 
14.soC and 6.5 hr at 28.s°C), which induces 
cell-division synchrony in the colorless flagellate 

IT. W. James and R. H. Stevens, Joint NIH-AEC 
Zonal Centrifuge Development Program Semi ann. 
Rept. Dec. 31, 1962, ORNL-3415, p 86. 

2T • W. James, BioI. Div. Semi ann. Progr. Rept. Feb. 
15, 1963, ORNL-3427, p 104. 
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Astasia Zanga. 3,4 A cell-density monitor has been 
developed which together with potentiometric 
electrodes (e. g., Oxygen Electrode, Beckman) 
permits one to determine continuously the pattern 
of cell-division synchrony and changes in the 
respiratory activity of the cells. The results of 
these investigations are presented in this report. 
In addition, alternate techniques for continuous 
cell counting and biochemical assays are being 
developed and shall be reported later. 

1. Respiratory Activity of Synchronized Cells 

The implementation of cell-division synchrony 
and design of culture apparatus, probes, in-line 
assays, and other continuous monitoring devices, 
is based on the proposition that a synchronized 
culture is an entity whose attributes and physio
logical functions must be examined concomitantly 
with the occurring process of cell, division. This 
approach will allow the initial determination of 
the existence of an' event that may be uniquely 
placed in the schedule that is called the cell 
cycle. If the culture vessel is designed large 
enough, ample quantities, of synchronized cells 
are readily available for further studies by use 
of routine biochemical and biophysical techniques. 

The cellular function that is being initially 
examined in relation to the synchronized cell 
cycle is the respiratory activity. The continuous 
measurement of oxygen tensions has become 
possible since the development of oxygen elec
trodes that retain their potentiometric function 
for considerable periods of time. Such an elec
trode has been incorporated in the design of the 

3G• M. Padilla and T. W. James, ExptI. CeIl Res. 20 
401 (1960). ' 

4J • J. Blum and G. M. Padilla, Exptl. CeIl Res. 28, 
512 (1962). 

.' 
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cell synchronizer. Figure XVII-A-2 illustrates a 
typical experiment in which changes in the oxygen 
tension in the medium of synchronously dividing 
Astasia have been recorded. 

During the cold period (14.5°C) the oxygen 
tension decreases very slowly from approximately 
95 to 65 mm Hg. During this interval the cell 
density remains virtually constant at about 
120,000 cellslml. As soon as the warm period 
begins (28.5°C), there is a rapid decrease in 
the level of dissolved oxygen to a partial pressure 
of 7 mm Hg. This rapid decrease occurs in the 
predivision period, which is coincident with the 
initial phases of mitosis 4 and reflects increased 
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oxygen consumption by the cells. A slight de
crease occurs throughout the burst of division, 
but at this analyzer setting it is hardly noticeable. 

The formulation 

dC dD dO _=_+ __ 2 

dt dt dt 

relates the rate of oxygen utilization by the entire 
culture (dCI dt) to the rate of diffusion of oxygen 
(dDldt) into a culture of a given volume, stirring 
rate, and at a given temperature, oxygen tension, 
etc. The rate of oxygen utilization (dO / dt) by 
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the cells at any time may be derived by this rela
tion. In essence, the entire culture is treated as 
a large-scale respirometer, differing from the 
conventional type in that the cells respire ad 
libitum and are permitted to grow. Figure XVII
A-3 shows the data derived in this manner. It is 
clear that the maximum rate of oxygen utilization 
occurs at the predivision period with a constant 
rate through the burst of cytokinesis (there is 
an apparent decrease by virtue of the doubling 
in cell number). The figure also shows that cell 
division occurs at low oxygen tensions and that 
after it is completed (from the 21st to the 23d hr 
of the cycle) the rate of respiration is reduced 
to a level comparable with that of cells in the 
cold period. This rate is, in fact, considerably 
lower than that found for exponentially dividing 
cells at 28.5°C (i.e., QO 2 of 60).5 

These results indicate that with temperature
induced synchrony, where a repetitive temperature 
cycle of this kind is used, there are periods of 
maximum and minimum respiratory activity, re
flecting or possibly contributing to the synchro
nization process. They also emphasize the need 
to examine further the energetics of cell division. 

2. Other Investigations 

The relation that exists between the nature of 
the medium and cell-division synchrony are being 
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examined. In particular, the effects of varying 
the concentration of reduced sulfur compounds 
on the pattern of synchrony are now under scru

tiny. This work rests on an earlier demonstration 
that compounds such as mercaptoacetic acid 
(thioglycolic acid) are required for continued 
cell-division synchrony in Astasia grown on a 
chemically defined medium. 6 It is hoped that by 
using labeled intermediates seen in the synthetic 
pathways of the sulfur amino acids, an insight 
will be gained into the exact biochemical role 
that these compounds have in cell division. 

B. AUTOMATIC CARBOHYDRATE ANALYZER 

J. G. Green N. G. Anderson 

1. General Considerations 

A device for the separation and evaluation of 
saccharidic components is being developed to 
assist in the evaluation of materials obtained 
from the zonal ultracentrifuge and to facilitate 
the examination of naturally occurring carbo
hydra"tes. 

Although sugars do not exist normally as charged 
species, it is known that they interact with cer
tain ions, such as borate, to yield negatively 
charged complexes. Khym and Zil1 7 utilized this 
principle to separate several sugars by ion ex
change using an anionic exchange resin in the 
borate form and eluting with potassium tetraborate 
solutions. Subsequently, similar separations have 
been performed by Hallen 8 using manual effluent 
evaluation a~d by Syamananda et al. 9 employing 
a Technicon 1 0 autoanalyzer system to evaluate 
the effluent. " Jones et al. 11 effected separation 

5B . W. Wilson and T. W. James, Exptl. Cell Res., in 
press. 

6G • M. Padilla and T. W. James, "Continuous Syn
chronous Cultures of Protozoa" in Methods in CelI 
Physiology (ed. by D. M. Prescott), vol I, Academic 
Press, New York, in press. 

7J . X. Khym and L. P. Zill, J. Arn. Chern. Soc. 74, 
2090 (1952). 

8 A. Hallen, Acta Chern. Scand. 14, 2249 (1960). 

9R • Syamananda, R. C. Staples, and R. J. Block, in 
press. 

10Technicon Controls, Inc., Chauncey, N.Y. 

IIJ . K. N. Jones, R. A. Wall, and A. V. Pittet, Can. 
J. Chern. 38, 2285, 2290 (1960). 



of mono- and oligosaccharides on cationic ex
change resins in neutral salt forms, and numerous 
separations of sugars by adsorption chromatog
raphy have appeared in the literature. 

Preliminary reports concerning development of 
the present instrument have appeared. 12 The 
essential components of the apparatus are de
picted schematically in Fig. XVII-B-l, and a 
photograph of the machine is shown in Fig. XVII
B-2. A mixture of sugars as borate complexes 
is separated on Dowex 1-X8 anion exchange 
resin in the borate form by elution with a linear 
sodium tetraborate gradient. The column effluent 
is processed to yield a colored stream, which 
is monitored by a spectrophotometer, and the ab
sorbance of the stream is recorded to give a 
permanent record of the analysis. 

12J . G. Green and N. G. Anderson, BioI. Div. Semi
ann. Progr. Rept. Aug. 14, 1962, ORNL.3352, p 128; 
BioI. Div. Semiann. Progr. Rept. Feb. 15, 1963, ORNL-
3427, p 118. 
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Fig. XVII-B-l. Diagrammatic Representation of Corbo

hydrote Anolyzer. 

2. Materials and Design 

Standard Solutions. - Standard solutions of the 
individual sugars and of a mixture of all the 
sugars at the same concentration are used. These 
solutions contain arabinose, cellobiose, fruc
tose, galactose, glucose, lactose, maltose, raf
finose, rhamnose, ribose, sorbose, sucrose, and 
xylose in a concentration of 5 f1M per ml. Mannose 
was added later; lactose was chosen as an in
ternal standard. 

Column •. - Initially, jacketed glass columns 
measuring 0.9 x 150 cm and 0.9 x 60 cm fitted 
with ball-and-socket joints were used. These 
columns were not suitable for pressures in excess 
of 80 psi. To evaluate the performance of very 
fine resins, jacketed columns employing heavy
walled borosilicate glass tubing were fabricated. 
The fitting used at the base of the column has 
been modified to support the resin and to mini
mize dead space by using a 5-f1 porosity-sintered, 
stainless steel disk in the snubber fitting. These 
columns have been operated at 160 psi and tested 
to 200 psi with no evidence of failure. 

In the present experimentation, Dowex 1-X8 
(ref 13) has been used; however, 10% cross-linked 
resin has yielded essentially similar resolution. 
Somewhat higher resolution has been obtained 
with a 4% cross-linked resin, but the behavior 
of the resin under pressures in excess of 20 psi 
has not been evaluated. Trials with Dowex 2-X10 
yielded unsatisfactory resolution, for nearly all 
the sample placed on the column eluted early as 
a single skewed peak. 

The size of the resin particles greatly influ
ences the resolution obtained. Finer resins yield 
decreased eluted bandwidth but require increased 
pressure to maintain a specific flow rate. Fol
lowing the development of the 200-psi columns, 
experimentation is under way to evaluate more 
exactly the influence of resin particle size on 
column resolution in this system. 

Resolving capability of the resin is affected by 
the temperature at which the elution is performed. 
In this system, the width of an eluted band de
creases with temperature increase in the range 
from. ambient to 55°C. Little improvement in 
resolution is obtained with further temperature 

13Bio_Rad Laboratories, 32nd and Griffin, Richmond, 
Calif. 

. 
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F ig. XVII-B-2. Photograph of Assembled Carbohydrate "noly1lll •• 



increase, and at temperatures in excess of 65°C 
some sugars, notably fructose, appear to be 
partia11y degraded during passage through the 
column. Routinely, separations are performed 
at 50°C or, for increased resolution, at 55°C 
where resolution is nearly optimal and degradative 
losses are inconsequential. 

The resin is prepared for use by washing in 
sequence with 1 N hydrochloric acid, 1 N sodium 
hydroxide, water, and the borate eluting solution. 
Satisfactory results have been obtained by wash
ing the hydroxide form of the resin with 0.5 M 
boric acid and suspending the resin in the borate 
eluting solution. The resin in a 30% slurry is 
packed in the column under air pressure and 
equilibrated several hours with the starting eluting 
medium prior to use. 

Elution System. - An elution system using a 
borate salt was chosen to permit reuse of a packed 
column following a simpl~ equilibration with the 
initial eluting solution. Sodium tetraborate has 
been used in the present system, and boric acid 
has been employed to reduce the pH of the solu
tion to the range of 8.65 to 8.80, which yields 
the best separations. In practice, a linear con
centration gradient with a starting concentration 
of 11. 7 g of sodium tetraborate and 2.1 g of boric 
acid per liter grading to a final concentration 
of 38.9 g of the salt and 7.0 g of the acid per 
liter has given excellent separation. The total 
volume of solution used may be varied over a 
wide range to yield any desired degree of separa
tion or to fit a specific problem. 

To prevent the formation of air bubbles in the 
lower part of a column, especially at elevated 
pressure and temperature, it has been necessary 
to de aerate the eluting solution before passage 
to the column. Deaeration is accomplished by 
warming the eluting medium in the terminal 
gradien t cylinder through jacketing of the cylinder. 
Water from the 50°C circulating bath is passed 
through the water jacket of the column to the water 
jacket of the final cylinder and back to the bath. 

. The eluting solution is delivered from the terminal 
gradient cylinder to the column by a Milton Roy 
Minipump.14 The pressure at the top of the 
column can be read from a pressure gage inserted 
in the line between the pump and the column. 

14Milton Roy Co., 1300 East Mermaid Lane, Phila
delphia, Pa. 
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Stream Processing System. - Since carbohy
drates do not possess characteristic uniform 
spectral absorption bands and because current 
automatic polarimetric, and refractometric' instru
ments lack sufficient sensitivity to monitor dilute 
column effluents, a colorimetric procedure was 
chosen to monitor the column eluate. The phenol
sulfuric acid method 1 5 has been adapted to the 
present process. It is suitable for a11 carbo
hydrates and yields maximal absorption at 485 
to 490 mil for hexoses and di- and oligosac
chari des, at 480 mil for pentoses and at a lower 
wavelength for glycerol. 

Eighty-percent phenol and concentrated sulfuric 
acid are dispensed by solution metering pumps. 
To render the pump suitable for metering the 
·acid, it was necessary to use Teflon-coated valve 
diaphragms supplied in kit form by the manufac
turer and to replace the valve and cylinder re
tainers with parts fabricated from iron-filled 
Teflon. As shown in Fig. XVII-B-3, pulsation
free flow from the piston pump is obtained by 
having the pump deliver through a glass check 
valve to an air dome. The latter delivers the 
fluid through a capillary of suitable bore and 
length to the mixer. Thus, pulsation-free flow 
is obtained, and the check valve isolates back 
pressure of the system from the pump except 
during the delivery portion of the piston stroke. 

In the automated system employed here, the 
phenol and acid are mixed before addition of the 
column effluent to preserve resolution obtained 
from the column. The mixing module, shown in 
Fig. XVII-B-4, consists of a stream isolating 
chamber, a mixing chamber, a reservoir and air 
trap, and a stream segmenting manifold. The 
reagents are stirred by a Teflon-coated, mag
netically driven stirring bar. The isolation 
chamber interposes an air gap between the phenol 
and acid streams, preventing line plugging by 
dehydration of the phenol fo11owing accidental 
contact of the reagents. Some air is liberated 
during mixing of the reagents but is trapped 
within the reservoir dome. The mixed reagent 
stream is segmented with air at a three-way 
Teflon stopcock. The air is reduced from line 
pressure to 5 psi by an acetylene regulator and 
metered by an integral metering valve in the lower 

15M. Dubois et aI., Anal. Chern. 28, 350 (1956). 
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stopcock in Fig . XVlI-B-4. The size of the seg
menting ai r bubble is determined by the size of 
the bore of the Teflon plug in the three-way 
stopcock. 

The uniformly segmented reagent stream is 
conducted to a heat exchanger where the heat 

of mixing of the aqueous column effluent and the 
reagent stream causes color development to occur. 
The heat exchanger shown in Fig. XVlI-B-S con
sists of four borosi licate glass coils contained 
in a box fabricated of aluminum and methyl meth
acrylate plastic. 

It is possible to selectively air purge the stream
processing system from the reservoir dome at 
each pump to the flow cell, a procedure which 
would he difficult and perhaps hazardous to per
form with water. 

BUTTERFLY 
Vb-LVE 
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Flow Rates. - Suitable elution flow rates vary 
with the diameter of the column employed, but, 
in general, flow rates of 0.65, 1.26, and 1.76 
ml/min have been used with the \.in., 7

2
· in., and 

O.9-cm colu mns respectively. In most applica. 
tions , t he acid is dispensed at 4.20 ml/min and 
the 80% phenol at 1.0 ml/min. Color intensity 
of the monitored stream appears to be independent 
of the effluent flow rate at these volumes . In the 
proportions dispensed, the mixed reagent yields 
maximal immediate color development for 35 min 
after mixing; therefore, the 8· ml holdup volume 
of the mixer does not result in a reduction of the 
color intensity. 

Str~am Mo ni toring ond Readout. - The stream 
from the heat exchanger is conducted to a lO·mm 

Technicon flow cell mounted in a Beckman DU 
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spectrophotometer adapted for continuous re
cording. The cell is spring-mounted in a cell 
compartment fabricated in two halves from poly
vinyl chloride, is adjustable vertically and later
ally, and is isolated from the spectrophotometer 
by cemented glass windows. The stream is 
drained vertically downward to a waste vessel 
from the cell. The spectrophotometer output is 
recorded on semilog paper by a IO-mv potentio
metric single-pen recorder. Gaussian curves are 
obtained, and preliminary investigation indicates 
that the quantity of an eluted sugar is propor
tional to the area of the recorded curve. 

3. Performance 

The data in Fig. XVII-B-6 and XVII-B-7 indicate 
that in its present form the analyzer is a service
able research tool. However, technical refine-
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ments in the stream-processing and monitoring 
systems are contemplated, and investigation of 
the effects of resin size and column dimensions 
on resolution is being conducted. In addition, 
experimental studies' on separation of phosphor
ylated intermediates by ion exchange and of 
carbohydrate polymers by molecular sieving' are 
planned. 

No well-established procedures comparable with 
nucleotide fractionation techniques have been 
deri ved for the naturally occurring carbohydrates; 
therefore, sample preparation techniques such as 
alcohol extraction and precipitation, acid and 
alkaline extraction, and hydrolytic procedures 
require further study, which will be facilitated by 
the analyzer. 

The analyzer will be a valuable complement to 
research activity in investigation of cell con
stituents, food and drug monitoring, quality con
trol, and other areas. 
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C. FLAME IONIZATION ANAL YZER FOR 
DETERMINING TOTAL CARBON IN 

LIQUID STREAMS OR SOLID 
SAMPLES 

N. G. Anderson R. H. Stevens 
I 

1. General Considerations 

A general method for determining total carbon at 
the picogram (10- 12 g) level in liquid streams or 
in solid samples would find numerous applica
tions. Cells and large sub~ellular particles could 
be individually analyzed and counted if replicate 
determinations could be made. Ion exchange 
columns could be monitored and miniaturized to 
the point where very tiny samples could be 
analyzed. In addition, the difficulties associated 
with wet chemistry systems for analyzing column 
effluents would be eliminated. With these con
siderations in mind, the possibility of introducing 
solid samples into a hydrogen-flame ionization 
detector have been investigated. To analyze 
liquid streams, methods for evaporating solutes 
onto the transport wire have been investigated. 

2. Experimental Prototype 

Duplicate samples of 8 x 10- 13 g of carbon (pal
mitic acid) were deposited on a O.OOS-in.-diam plat

·inum-rhodium wire, by evaporation of a O.l-Jll drop
let of acid in ethanol, and transported through the 
detector flame (Figs. XVII-Col and -2). Nearly 
identical pulses were recorded. Larger samples 
of 10, 100, and 1000 picograms of palmitic acid 
were also detected, but the response of the system 
was not linear. The cause of the nonlinearity 
has not yet been determined. Samples of discrete 

. particulate matter, namely, the protozoan Astasia 

longa and ragweed pollen, were also detected 
as individual particles with satisfactory separa
tion of pulses. The deposition of samples onto 
the wire is the area of greatest immediate concern 
since consistent samples of known weight are 
required to optimize the detector operation. At 
present, the placement of solutes on the wire 
is accomplished by hanging a drop of solution 
of known volume from the wire and allowing it 
to evaporate. A 2-0 drop of ethanol is about 
the largest volume that can be suspended in 
this manner. Solutions of particulate matter, for 
example, pollen or Astasia, can be sampled con
tinuously by passing the wire through a larger 



Fig. XVII.C .. l. General View of Prototype Flame Ionization Analyze,. Hydrogen generator system, left i !'ood containing flame io n i z.otion chamber, 

cent.r; ampl ifie r and recorder, rig ht. 
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fig. XVII_C·2. Flame Ionization Defector for Solid Orgonic: Samples, 

drop which is fed from a syringe to overcome 
evaporation losses. The particles adhere to the 
wire in an apparently random manner. Initial tests 
have indicated that this latter technique does 
not result in solute pickup for materials in true 
solution. The use of inorganic coatings on the 
wire to present a more hydrophilic surface for 
better adherence of the solution is planned. A 
continuous sample deposition method is highly 
desirable for applications that involve the anal· 
ysis of discharges from continuous microproc. 
esses. 

The effects of size, material, placement in the 
name, speed of the wire, and the influence of 
the wire in the ionization chamber are to be in
vestigated. 

D. HIGH·PRESSURE ION EXCHANGE 
CHROMATOGRAPHY 

C. L. Burger H. P. Barringer 

The theory of chromatography on ion exchange 
beads suggests that the resolution obtainable with 
a given mixtu re of solutes and a particular ion 
exchange material is a function of the diameter 
of the resin beads, the cross section of the 
column, and the flow rate. The limiting facto r 
is the rate of diffusion of the so lute into and 
out o f the resin bead. As bead size is di min· 
ished, the p ressu res required to pump fluid 
through a column of given length increase sharply. 
This effect can be partially offset by increasing 



the temperature, providing no deleterious effects 
are produced on the materials to be separated. 

To obtain maximum resolution the behavior of 
ion exchange columns is examined when they 
are operated at very high pressure, with very 
small (about 1 to 5 /1) resin particles, in columns 
with a very small diameter. The diameter will 

. be limited by the capacity of the resin and the 
sensitivity of the detection system used to mon
itor the column. As is discussed in the preceding 
section, preliminary studies on a system for de
termining total carbon in streams at the picogram 
level are now under way. 

Where maximum resolution is not required it is 
evident that high-pressure chromatographic sys
·tems can be used to minimize the time required 
for analysis. It should be noted that labile com
pounds such as ATP can be chromatographed 
successfully at temperatures as high as 60° pro
vided the separation is carried out in a few min
utes. 16 

Pumps, valves, and supporting equipment are 
being procured to build a continuous-flow, 60,000-
psi pressure system. The pump shown in Fig. 
XVII-D-1 will deliver. a sodium acetate gradient 
through a resin column reinforced by a sintered 
metal filter on the bottom end. Since the sodium 
acetate is pumped directly onto the resin, the 
air-driven piston-pump rod seal will have a 
shortened life, which the vendor estimates will 
be approximately 100 hr at 60,000 psi, with 
successively longer life at reduced pressures. 

The column is to be designed so that the sample 
can be added directly to the column surface for 
effecti ve processing. The column will be formed 

. . 
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from a section of \-in.-OD by 732-in.-1D stainless 
steel tubing approximately 2 ft long. Packing 
the column to remove all voids may require the 
fabrication of special equipment. 

E. ANALYSIS OF PARTICULATE MATERIAL 
FROM NATURAL WATER 

W. T. Laminers 

The problems involved in fractionating and 
analyzing the contents of natural water are similar 
in theory to those used for fractionating and 
analyzing subcellular components. Many of the 
centrifuge systems developed under this program 
are applicable to the problem of separating organic 
from inorganic material in river water, and to the 
further separation of organic particles on the 
basis of sedimentation rate or density. Since 
the advent of the use of organic pesticides, 
especially chlorinated hydrocarbons, and radio-

. nuclides in research and industry, the incidence 
of such contaminants in the human environment 
has increased manyfold. It is of vital interest 
that methods be developed to elucidate contam
inant uptake by, and distribution among, the 
various fractions that are found in natural water. 
At present an investigation of radionuclide dis
tribution among the various fractions of natural 
water from the Clinch River is being conducted, 17 

and the theories and methods already devised 
may now be applied to investigations of organic
pesticide distributions in waters that will be used 
ultimately for human consumption. 18 

Proportional-flow water samples are collected 
on a statistically planned schedule from selected 
sites along the Clinch River so that samples, 
representing water masses of known history, are 
available with differing times of contact with 
radionuclides. An initial continuous-flow centrif
ugation is used to separate noncolloidal par
ticulate material from colloids and solutes. The 

16 A. A. Barber et al., Federation Proc. 20, 354 
(1961). 

17W. T. Lammers, Limnology and Oceanography 7, 
224 (1962); Science 139, 1298 (1963); paper to be pub· 
lished in Proceedings of the XV International Congress 
of Limnology, Madison, Wis., Aug. 19-25, 1962. 

18W• T. Lammers, p 78 in Status Report No. 3 on 
Clinch River Study (ed. by R. J. Morton), ORNL·3370 
(1962). 
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noncolloida1 particulate material, containing both 
organic and inorganic material, is resuspended 
and separated into organic and inorganic fractions 
by density gradient centrifugation, isolated, and 
prepared for radionuclide analysis. Aliquots of 
the original raw-water sample and of the super
natant water (colloids and solutes) from the 
continuous-flow centrifugation, were reduced to 
a 10-m1 volume under vacuum at 35°C and also 
prepared for a radionuclide analysis. 17 

Since the river discharge (dilution factor) as 
well as the time of travel (time of contact) of 
the sampled water mass is known, the radio
nuclide analysis results can be expressed as 
the total amounts of the various radionuclides 
moving past the sampling sites at the time of 
sampling as well as the distribution of the various 
radionuclides among the isolated fractions. When 
the field studies are completed, the results will 
be subjected to statistical analysis to help in 
determining the ultimate fate of radionuclides dis
charged at ORNL into the Clinch River so that 
an estimate of the actual and potential hazard may 
be made. 18 

Samples of natural water may be quantitatively 
separated and isolated into four fractions: (1) non
colloidal organic, (2) noncolloida1 inorganic, 
(3) colloids and solutes, and (4) pure water. 
These methods have been standardized, and in
vestigation has begun of means of isolating the 
various homogeneous groups in the colloidal range 
found in the supernatant water from the contin
uous-flow centrifugation. Such a quantitatively 
reproducible system of fractionation and analysis 
of natural water will permit the determination of 
any contaminant's uptake by, and distribution 
among, the various fractions of natural water 
by modification of the end analytical methods 
(radioactivity determination or pesticide analysis) 
to suit the contaminant under investigation. 

F. RATE-ZONAL SEPARATION OF LARGE 
PARTICULATES FROM BACTERIAL 

PROTOPLASTS 

G. B. Cline W. D. Fisher 

Rate-zonal separation in sucrose gradients in 
the B-Il or B-IV rotor systems 19,2 ° of water 
1ysates of E. coli protop1asts reveals a component 
in the leading heavy peak which contains par-
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ticles of ribosomal dimensions. Since aggregated 
ribosomes have been found to be the site of 
protein synthesis in rabbit reticulocytes,21 it 

seemed of interest to analyze the components 
of the leading peak more critically to determine 
whether or not aggregated ribosomal clumps were 
present in E. coli which could be shown to be 
acti ve in protein synthesis. 

The results of several experiments using the 
analytical ultracentrifuge show that there are 
particulates in the water lysate of protoplasts 
which have sedimentation coefficients ranging 
from lS0-S to 1200-S and have a 280: 260 mil 

ratio of 0.6. Lysates of protop1asts induced 
for ,a-galactosidase show that the enzyme distri
bution is coincident with both the soluble as 
well as the leading peak (Fig. XVU-F -1). 

Low-resolution electron micrographs of the 
leading peak show particles containing organized 
ribosomes as well as protoplast ghosts and so
called "lipid granules." 2 2 

The relation between the ordering of the ribo
somes on the surface of membranes and protein 
synthesis deserves careful attention since the 
organization of ribosomes into polysomes has 
been shown to be important in other systems. 
In the E. coli materials prepared by methods 
involving high shearing fields, DNA molecules 
are broken and complex ordered macromolecular 
structures would be disrupted. It is essential, 
therefore, to develop extremely gentle methods 
for disassembling cell structures which would 
preserve as many of the relations existing in 
the intact cell as possible. E. coli infected with 
T2 bacteriophage has also been studied to de
termine whether the ordering of ribosomes on 
the cell membrane is characteristic only of 
,a-galactosidase-induced protoplasts. After lysis 
the phage and large particulate material were 
separated from the free ribosomes and soluble 
substances by zonal centrifugation under condi
tions identical to those shown in Fig. XVII
F -1. An electron micrograph showing organized 

19N. G. Anderson and C. L. Burger, Science 136, 
646-48 (1962). 

20N. G.- Anderson, J. Phys. Chern. 66, 1984-89 
(1962). 

21p. A. Marks, E. R. Burks, and D. Schlessinger, 
Proc. Natl. Acad. Sci. U.S. 48, 2163 (1962). 

22C. Weibull, J. Bacteriol. 66, 696 (1953). 



ribosomes in gradient fraction 33 is shown in 
Fig. XVII-F-2. These structures are therefore 
not characteristic only of {3-galactosidase-induced 
cells. Since the higher levels of cell organization 
may be important in the control of synthetic ac
tivities, it is important to attempt the isolation 
of the fragments showing the organized ribosomal 
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arrays. Fractionation of both the leading heavy 
fraction and the leading edge of the soluble peak 
observed from protoplast lysates is being ex
plored by rate-zonal centrifugation and isopycnic 
banding in CsCI using the new methods for CsCl 
centrifugation previously discussed in this report. 
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Fig_ XVll_F_2. Particles Contoining Organized Ribo. 

somes in Lysates of T2 In fected E. eo/i. Negal;v"ly 

stained with phosphotungstate, aO,OOQx. 

c. PROTEIN SYNTHESIS ON RIBOSOMES 

G. B. Cline A. W. Prestayko W. D. Fisher 

1. Problems of Ribosome Isolation 

The B-II and B-IV rotor systems, when operated 
at their maximum speed of 40,000 rpm, are de 
signed to separate quantities of ribosomes and 
ribosomal subunits from cell extracts in 1 'l2 to 
2 hr of centrifugation. In a previous report 23 

the separation of ribosomes which had been 
previously separated from the majority of soluble 
materials of the cell by preparative ultracentrif
ugation was demonstrated. Prepacking of ribo

somes lengthens the time interval between initial 
cell disruption and final separation of the parti· 
c1es in a density gradient and is known to alter 
the physical properties of the particles. 
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It is essential to know whether or not rapidly 
prepared, broken cell suspensions may be intr(? 
duced directly into the B-.JI or B-V rotors and 
whether or not the amount of material which may 
be introduced in a narrow starting zone will be 
sufficient to observe on a uv run monitor and for 
subsequent biochemical analysis. If rapid sepa-
ration of ribosomal particulates from the original 
homogenate can be achieved, the artifacts as· 
sociated with presedimentation and prolonged 
incubation may be minimized. More important, 
pulse·labeling experiments to follow protein 
synthesis on these subcellular particles may be 
initiated. The experiments reported here were 
perfonned before the new B-n and B·IV upper 
bearing systems, which make possible operation 
to 40,000 rpm, became available. 

2. Separation of Ribosomes 

The work described here is part of a program to 
investigate the role of ribosomal particles isolated 
by zonal ultracentrifugation in protein synthesis. 
Ribosomes from log phase cultures of E_ coli and 
from isolated rat thymus nuclei have been sepa· 
rated in sucrose density gradients, as shown in 
Figs. XVII-G .. l and XVn-G·2. The E_ coli cells 
were induced for ,B-d-galactosidase, disrupted in 
a constant·pressure French press at 14,000 pSi, 
and loaded into the B-V rotor at SoC. Figure 
XVII·G .. 1 shows the absorbance of the effluent 
gradient stream at 260, 280, and 41S mil and 
the distribution of ,B-galactosidase. This demon· 
strates the feasibility of such direct separations. 
Pulse-labeling studies of induced enzyme syn
thesis are in progress. Figure XVIl-G-2 shows 
the uv run monitor chart {or the rat thymus nuclear 
ribosomes. The S20 values were extrapolated 
from comparable analytical ultracentrifuge runs 
since the computer program for the determination 
of sedimentation coefficients with the B-V rotor 
is not complete. Results of in vitro studies on 
the composition and enzyme complement of nuclear 
ribosomes and their protein-synthesizing capa
bilities will be included in a subsequent report. 

2JN. G. Anderson, Joint NIH·AEC Zonll! Centrilulle 
Development Program Semiann. Rept. Dec. 31, 1962, 
ORNl,.· 3415, p 48. 
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Fig. XVII-G-2. Separation of Nuclear Ribosomes from 5 g of Isolated Rat Thymus Nuclei in the B-V Rotor in a 

10 to 30% Sucrose Grodient. Plots ot 260, 280, and 415 mJ1 show absorbance of rotor effluent stream. Refractive 

index was automatically recorded. 



H. AUTOMATED NUCLEOTIDE ANALYZER 

C. L. Burger 

An automated system has been developed to 
determine quantitatively nucleotides, nucleosides, 
and bases in tissue extracts. The system de
scribed here was designed and built at ORNL. 

Details of construction, including flow cells, 
have been described. 24 A reference cell has been 
added to prevent the rising shift in baseline which 
normally occurs as the analysis proceeds. It has 
larger tubing than normally used and is inserted 
in the system between the gradient cylinders and 
pump. 

The classical approach to the problem of column 
chromatography was pH elution. The system in 
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GRAD. 
CYLINDERS 

use here employs a gradient of increasing molarity 
of sodium acetate (0.15 to 3.0 M) at pH 4.4. A 
diagrammatic representation of the system is 
shown in Fig. XVII-H-I. A typical gradient for 
a tissue analysis is 700 ml of 3.0 M sodium 
acetate (NaOAc) grading linearly into 700 ml of 
0.15 M NaOAc, with 3.0 M acetate following to 
complete the run. 

The water-jacketed columns are about 160 cm 
long and 0.9 cm wide. Temperatures are normally 
400 C and are maintained by a circulating water 
bath. 

24N. G. Anderson et. aI., "Analytical Techniques for 
Cell Fractions. III. Nuc1eotides and Related Com
pounds," to be published in Anal. Biochern.; N. G. 
Anderson, Anal. Biochern. 4, 269-83 (1962); N. G. 
Anderson, Anal. Chern. 33, 970-71 (1961). 
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Samples ranging from a fraction of 1 ml up to 5 
ml have been used without appreciabl e skewing of 
the peaks obtained. The resolution of the system 
(as measured by width at half-height) is excellent. 
To place a sample on the co lumn , the buffer above 
the resin bed is removed and the sample is care
fully pi petted to the top of the resin and fo rced 
into the column bed by compressed air. A small 
portion of the lowe r-molarity buffer is similarly 
added, and the column is then filled with the 
same starting buffer, at which time the pump 
and gradient are started. 

Nonnally, a Milton Roy Minipump is set at 33.3% 
stroke fo r the first 3.25 hr, at which time it is 
changed automatically by a solenoid to 50% stroke 
for the remainder of the run. 

The column effluent passes through a I-em path 
ceIl (or a 0.2 em jf required) and absorbancy is 
measured automatically at 260 mil and 280 mp. 
using a Beckman double-beam spectrophotometer 
provided with a wave-shifting mechanism devel
oped for this purpose. A 12-point Honeywell re
corder provides a continuous record of the peaks 
thus obtained. 

The column effluent then passes through an 
automatic siphon. Each time a given volume 
(4 .065 ml) passes through the siphon, a pulse 
js sent through a relay, which triggers a pipping 
pen on the recorder so that a continuous record 
of volume is also available (see Fig. XVlI-H-2). 

The elution of all components from the column 
when tissue extracts are run requires about 31 
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hr. Since the chart speed is constant, the amount 
of material (in millimoies) represe nted by each 
peak on the chromatogram can be calculated. 

The system thus provides both quantitative and 
qualitative information. A substance is recog
nized by its 280: 260 ratio and quantity is meas
ured by area beneath the peaks. The above rela
tion is originally determined by comparison with 
known amounts of standards used in other runs. 

A chromatogram of a rat liver extract is shown 
in Fig. XVII ·H-3. Excellent results also have 
been obtained with acid-soluble nucleotides from 
rat thymus and gut and from Astasia longa, a 
colorless flagellate, in different stages of syn
chronous growth. 

A cationic exchange resin (Dowex l -X8) is used 
in this system. Differences between batches of 
resin have been traced to water and divinylbenzene 
content, the latter used to cross-link the copoly
mer beads of polystyrene. After testing all 
batches of the Dowex l-X8 manufactured by Dow 
during a six-month period, the requisite charac
teristics of the resin were determined, and a 
pilot.plant batch of several hundred pounds was 
obtained . 

Regeneration of the resin in the column is 
normally performed after a tissue analysis by 
pumping 3 .0 M acetate through the resin bed for 
1 hr, followed by O.IS M acetate for 3 hr. 

If the system is kept in continuous operation, 
shorter times a re required for regeneration. After 
a period of disuse, the column may require several 
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Fig. XVII_ H_3. Chroma togram of P •• chlo, ic Acld· Extrocted Fract ion of Rat Uve.. Ruin, Dow •• I.X8; ,em_ 

p.fOlur., 40° C; $amp le, 404 opt ical density units 01 260 mil. I. em light pgth. Absorboncy meo lured 01 260 and 280 

mp.. Gradient, 700 ml of 3.0 M NgOAc groding linearly inlo 0.1 5 M NoOA.:; finish run with 3.0 M NoOA.:. DB 
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hours to reach equilibrium. Whether this is due 
to leaching of the res in is not known. 

On the assumption that narrower columns and 

higher pressures would permit more rapid anal yses 
wi th equally good resolution, a narrower glass 
column capable of withstanding 200 psi was 
used. Here, gradients of 250 ml of each buffer 
proved sufficient , and total analysis time for 
a tissue was reduced from 31 to 10 hr. Another 
test system involved the use of a stainless steel 
column of 716 in. lD and 3 ft in le ngth attached 
to a French pressure cell and packed with res in 

using 3000 psi. Preliminary studies at this 
pressure showed that a length of 2 ft was suf£i~ 
cient. When tested with a sample of five com
pounds, the results show the feasibility of using 
such narrow columns with higher pressures. A 
report of the progress of this study is found in 
Sec XVII-D. With such a system total analysis 
time may he reduced to extremely short time 
intervals, perhaps minutes rather than hours, 
with little loss in resolution. Development of 
this system will be noted in futUre reports. 
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