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Large-scale continuous-flow centrifuges for the K-series previously
deseribed (1-3} have been employed for commereial vaceine purifica-
tion (4-6) and for the isolation of viral inclusion bodies for insect con-
trol (7). The K-II centrifuge combines particle coneentration by con-
tinuous-flow centrifugation with purification by isopyenic bhanding, a
technique previously developed with smaller rotors of the Oak Ridge
B-series (8-12). A suspension is fed continuously into one end of the
rotor, flows as a thin layer centripetal to a liquid density gradient, and
leaves the rotor at the opposite end. Particles which sediment from the
stream within the residence interval remain in the rotor and are banded.

The K-IT core previously described (2, 3) had a 4-degree taper which
was useful for dvnamic gradient recovery and also served to define the
taper volume which has been considercd to be cqual to the rotor stream
holdup volume. This eore employed six radial channels at each end face
to carry liquid into and out of the rotor during gradient loading, con-
tinuous-flow, and gradient recovery. These grooves are equally spaced,
with one groove at each end for each of the six sectors.

In vaccine purification it is important to develop as efficient a
process as possible. The most useful definition of eapture or cleanout
cfficiencey is:

fraction cleanout = (C; — C,)/C,

where (C; is the particle concentration in the inflowing stream and C,
is the concentration in the cffluent. In practice, the centrifuge is usually
operated at the maximum safe speed, and the flow rate is kept at the
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highest rate giving aceeptable recovery. In previous studies it has been
difficult to measure and compare cleanout cfficiencies between experi-
ments beeause (@) the viruses commonly used, such as influenza, cannot
he counted with high preeision, (b} there oecur hath-to-bateh variations
i the physieal properties of suspending media, such as chorioallantoic
fluid; and (¢) the temperature of the rotor and its contents was only
approximately known and partially controlled. With the development, of
& temperature measurement and control system for the K-1I eentrifuge
(13), the problem of rotor temperature measurement amd control is
largely solved.

Beeause the eleanout efficieney of the K-II hasx been signifieantly
below that predicted from theory (3), we wished to explore design modi-
fications which might improve efficieney. Polystyrene heads of viral
dimensions have been found to he a useful substitute for virus as a test
material in these studies.

EXPERIMENTAL

Two modifications were made in an experimental rotor and eompared
with the 145%-taper K-1T rotor previously deseribed. First, the taper was
eliminated and the rotor core walls were made parallel. Second, up to
60 radial grooves were cut in the core end caps to produce better distribu-
tion and lower stream veloeity at the entrance where the liquid flowing
stream begins to flow across the gradient. These modifications are desig-
nated K-I1 (0760 and K-IT (07,60). The influent and effluent concen-
trations of 0.109 1 polystyrene beads® were measured at 244 nm using
a bem path cell. The abrorbance at 244 nim was Iinearly proportional to
the particle concentration up to 0.05 gmliter with a proportionality
constant of 40 abrorbaney wunits ‘gm.liter. The per cent cleanout (9%
CL) was ealeulated from the formula:

€)= (1.00 - i“‘—“‘i“‘) X 100
<Linfluent

Operating Procedure. The rotors were loaded at rest with 1500 ml
of 29 w/w sucrose, followed by sufficient 553%. sueroxe to fill the rotor.
The total internal volume of the K-IT (1471 at rest iz 3600 ml. (Expan-
sion due to wall deformation at 30,000 rpm inereases the fluid capacity
to about 3760 ml.) The straight core |[K-IT (0"1] wax made with the
core radius equal to the radius of the larger end of the K-II (157) core,
thus eliminating 700 ml of “taper volume™ and reducing the eapaeity at
rest to 2900 ml.

"Obtained from Dow Chenneal Company, Midland, Miehigan
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The rotor was accclerated to 2100 rpm using an automatic electronic
control device (14) to give an acceleration rate of 2 rpm/sec from rest
to 500 rpm, and 4 rpm/sec from 500 to 2100 rpm. Flow of water at room
temperature (24°C = 1°) was established at 2100 rpm and was adjusted
to a rate of 10 liters/hr, as measured by a calibrated flow meter on the
effluent stream. After flow of water was established, the chosen flow rate
was maintained while the centrifuge rotor was accelerated to 30,000 rpm
using 45 psig air to the turbine. This results in an acceleration rate of
approximately 50 rpmi/sce. The experimental system is shown diagram-
matically in Figure 1.
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Fic. 1. Diagram of experimental apparatus for cleanout efficiency measurements
with continuous flow centrifugation.

Continuous flow of water or particle suspension at 10 liters/hr was
maintained for 3 hr and 20 min from the time at which the operating
speed was reached. Ten minutes after operating speed was reached, the
influent stream was switehed from water to the particle suspension for
10 min. A 100 ml sample of effluent was colleeted during the last minute
of particle suspension flow, after which the flow of water was resumed.

Intermittent sampling of the effluent during longer (20 min) periods
of particle flow showed there was no significant increase in cleanout
efficiency after the first 10 min of suspension flow. The reported values
are therefore very close to the highest attainable under steady-state
conditions, The 10 min partiele suspension flow periods with effluent
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sampling were vepeated three thnes at 1 he intervals. This method was
used to see i flow conditions in the rotor change appreciably during
operation.

Continuous monitoring of effluent absorbance gave a trace of effluent
responge to a step function increase in particle coneentration in the in-
put stream. This is a common experimental method of fow analysis (15).
However, most of the particles are removed during passage through the
rotor, giving o low absorbance reading, when rvead against a baseline
which rose slowly beeause a small number of polystyrene particles ad-
hered to the quartz flow cell walls. The recording potentiometer curves
were therefore not suitable for the usual analysis for mean vesidence time
and dispersion values. However, the delay time and general shape of the
curves allowed qualitative comparison of flow conditions at intervuls
during the cexperiment. Definitive measurements were made on the col-
leeted samples using a Gilford model 220 speetrophotometer and 1 em
path cells.

In each experiment, flow was terminated after the fourth effluent
sample was taken. Centrifugation was continued for 1 hr at 30,000 rpm
to band the trapped particles at their opvenie position, after which
reverse air-flow braking was used to deeelerate the rotor to 2000 rpm.
This was followed by controlled deceleration at 4 rpmssee to 500 vpm,
and 2 rpmy/sec to rest. The rotor was unloaded statically from the bottom
at a rate of 656 =5 ml/min. A continuous UV absorbance trace was
made of the rotor contents during unloading and the peak width at half-
height measured for use in resolution studies.

RESULTS

Cleanout Efficiency. Per cent eleanout as o funetion of operating time
is shown in Figure 2. The values reported were measured on 100 ml sam-
ples collected during the last minute of cach 10 min bead suspension flow
interval.

Cleanout measurements made at 5 min intervals during longer head-
flow periods in the tapered core rotor are given in Figure 3. Figure 4
gives similar data for the straight core rotor. The data show that clean-
out efficiency approaches its steady-state value within 5 to 10 min and
that sampling at later times would not produce significautly different
values,

Residence Time. After feed into the centrifuge is switched from water
to the particle suspension, there is a delay of approximately a minute
(at fecd flow rate of 10 liters/hr) before particles begin to appear in the
effluent. The absorbance traces from a continuous effluent monitor allow
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F1a. 2. Cleanout efficiency as a funetion of operating time for all experiments.
Conditions: I centrifuge rotors at 30,000 rpm; influent partice suspension was
0.025 gm/liter of 0109 diameicr. Dow polystyrene latex spheres, sw .« (calcu-
lated) == 320; influent temperature 24°C'; effluent temperature 33°C + 2.
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Fic. 3. Cleanout cfficiency as function of time during 20 min intervals beginning
when flow 1s switched from water to particle suspension. Tapered core K-II rotor
with 6-groove core caps. Speed = 30,000 rpm. (A) For first suspension flow period
beginning 10 min after operating speed was atiained; (B) at 1 hr 10 min; (C) at
2 hr 10 min; (D) at 3 hr 10 min.
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I'ie. 4. Cleanout, officieney as function of time for straight (nontapered) vore
rotor. Other conditions ax in Figure 3.

measurement of the delay time for cach suspension flow interval, and
these times are compiled in Table 1, along with other temperature and
eleanout data for cach run.

(radient Profiles. The resulting suerose gradient profiles for tapered
and nontapered cores are shown in Figure 5. Neither the number of core

(K N

T'1a. 5. Sucrose gradient profiles for tapered and nontapered core. Open circeles
apply to tapered K-IT with 3600 ml fluid volume. Closed circles for nontapered
core rotor with 2800 ml fluid volume, Dashed line shows step gradient loaded into
rotor. Point. A shows izopvenic banding position of polvstyrene beads in suerose
gradient of nontapered rotor; B3 shows banding position in tapered rotor.
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TABLE 1
Compilation of Delay Times, Temperature, and Cleanout Data
Rotor type (T = tapered, T T T N N
N = nontapered)
Number of grooves in core cap 18 6 60 6 60
Cleanout efficiency (%)t 55 70 80 93 97
Rotor temperature (°C)® 34.8 33.8 34.5 34.5 34.5
Effluent temperature (°C)? 34.3 33.5 32.0 32.7 31.3
Feed delay times (min)e first suspension 0.56 0.68 0.85 0.68 0.70
flow period
second 0.25 0.67 0.94 0.60 d
third 0.20 0.75 0.70 0.60 ¢
fourth 0.18 0.61 0.60 0.50 ¢

¢ Reverse flow operation with influent at large end of core.

¥ Average of three values taken at 1 hr intervals during the tenth minute of the last
three suspension flow periods.

¢ Elapsed time between entrance of bead suspension into the rotor and first appearance
of beads in the effluent.

4 Not measurable because of high cleanout.

grooves nor flow direction affeeted the resulting sucrose coneentration
values by more than 1% sucrose. The concentration values, measured
by refractometry, show that solute concentration near the core wall (at
the left side of the graph) is higher for the nontapered core. The two
curves converge at the upper end of the density gradient.

DISCUSSION

Cleanout Efficiency. Highest cleanout was attained with a nontapered
core with 60 grooves in cach core cap. Lowest cleanout ocecurred with
tho tapered core with feed entering at the large end of the core. The
tapered core fed from the narrow end produced intermediate values. The
apparent superiority of the nontapered core is due primarily to differ-
ence in radius. The tapered K-II core has a radii of 4.29 em at the small
end and 4.94 cm at the large end. The mean radius is thus smaller than
that of the nontapered core whose radius is 4.94 cm at both ends. Clean-
out efficieney is proportional to the square of the radius because a larger
radius produces a higher centrifugal field and also deereases the sedi-
mentation distance for escape.* The escape distance is less because a
larger radius produces a greater core perimeter and thinner feed film

“In previous theoretical studies using narrow-gap rotors, such as the B-V (16),
change in the stream thickness in the rotor with radius was small and was neglected.
It was noted that as the stream thickness was decreased, residence time decreases
proportionally, cancelling out the advantage of a shorter sedimentation path. Here
the change in average stream radius is sufficient to be considered.
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layer at any given flow rate. The ratio of the larger radius to the arith-
metic mean of the tapered core radii is 1.07, and the ratio of the squares
15 1.15.

A tapered ecore with mean radius equal to 4.94 em would be expected,
therefore, to show a eleanout efficieney of 1.15 times that attained in the
rotor of 4.615 mean corce radius. The actual values, radius-correeted
values, and straight core values are compiled in Table 2. The eleanout
efficiencies with straight cores retain a slight superiority over the radius-
corrected tapered core values; thus, it seems safe to conclude that clean-
out performance of nontapered-core rotors ix equal to or somewhat better
than that of tapered-core rotors.

The cleanout efficiency in cach experiment did not vary greatly as the
run progressed. Measured cleanout values were somewhat lower during
the first minutes, but this is probably due to the lower rotor temperatures
prevalling at the time. As the rotor warmed from room temperature 124°)
to 34.5°C during the first hour of operation, the cleanout efficiencey in-
ereased due to lower density and viscosity of the feed stream flowing
through the rotor. The eleanout remained fairly constant until the experi-
ment was terminated 3 hr later,

Theoretical Cleanout. The theoretical cleanout values were caleulated
for the two cores used m these experiments. The Berman (161 equations
were used with the assumptions and results shown in Table 3. For the
tapered core, the equations predicted 100% cleanout at 17.3 liters/hr and
80% cleanout at 19.5 liters‘hir. The experimental value was 79% at 10
liters ‘hr. 1009% cleanout was predieted at 20 liters hr with the non-
tapered core, but the highest experimental value was only 95% at 10
liters/hr. Thus, attainment, of the given cleanout levels required that the
flow rate be lowered to about one-half the theoretical value.

Residence Tune. The only trend evident in delay time hehavior, us
shown in Table 1, 1x the deerease in delay times with a tapered core fed

TABLE 2

Comparison of Cleanout Efficiencies with Tapered and Nontapered Rotors

Cleanout eflicieneies (77

Tapered core

Number of Tapered radius Nontapered
grooves core corrected: core
6 T4 01 W3
60 %0 Y2 97

* Rading correction factor ix 1.15 = (4.94/4.615)2,
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TABLE 3
Physical Property Values and Results of Theoretical Cleanout Caleulation

Particles: Dow uniform polystyrene latex spheres.
Particle diameter = 0,0000109 em.
Particle density = 1.050 gm/cmé?.
Suspending medium: Water (at 30°C in the rotor).
Density = 0.966 gm/cm3,
Viscosity = 0.0080 poise.
Centrifuge speed: 30,000 rpm.
Feed zone dimensions (cm):

Core Inner radius  Quter radius
Tapered 4,61 4.94
Nontapered 4.94 5.14b

Results:

Predicted 1009, clean-
out at flow rate of

Tapered core 17.3 liters/hr
Nontapered core 20 liters/hr

@ Arithmetic mean of the radii at large and small ends of the core,
b Thickness of the flowing feed layer assumed to be 0.20 em. The value is not eritical
and has little effect, on results as long as it is small compared to the radius of the core,

from the larger end. Since the cleanout efficieney did not change appre-
ciably during the experiment, the thickness of the flowing filin must have
decreased in proportion to the residence time. The lower, over-all per-
formance of the reverse-fed tapered ecore may be attributed to shorter
average residence time for the feed suspension.

Delay time sequences in the other experiments do not show any clear
trend. This indicates that the gradient concentration near the flowing
feed stream was about the same under starting conditions and under later
flow conditions. The starting concentration at the light end of the density
gradient was 29 suerose, with a density (1.0038 ¢gm/cm®) higher than
the water entering as feed suspension. The heavy end of the step gradient
was 5% =ucrosc,

The delay times with tapered and nontapered cores are not very dii-
ferent, and, assuming comparable angular feed distribution, it appears
that the thickness of the flowing feed stream is about the same in the
two cases. The difference in gradient profiles seen in Figure 5, however,
implies that the flow area is further outhoard from the core in the
tapered rotor. If the thickness of the flowing layer is about the same with
tapered and nontapered ecores, one must conclude that the taper volume
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ix partially or largely nonfunectional during continuous flow operation.
The taper volume may actually contain light, particle-free fluid during
operation, with the feed suspension flowing between it and the gradient,
thus partially mimieking a zero taper cove.

Cleanout efficiencies of tapered and nontapered rotors are upproxi-
mately equal when mean radius correetions are included in the compari-
son. The nontapered core performed somewhat better in the experiments
reported here, but both were only about half ax efficient ax the available
model predicts they should be. Three possible explanations have been
offered: (a0} hack diffusion of the sedimenting particles, thy channeling
of feed fluid through the rotor, and (¢) turbulence, including end effeets,
in the rotor.

Appreciable back diffusion of the sedimenting particles 1= not consid-
ered possible beeause of the brief time intervals involved. Channeling or
uneven feed distribution over the core may aceount for part of the in-
efficiency, but an attempt to Improve the distribution with 60-groove core
eaps produced only slight tmiprovement, not approaching the faetor of
two dizerepancy which wax observed. Also, the high centrifugal foree
flelld at operating speeds would tend to smooth the flow patterns and
eliminate angular density variations. The poessibihity of turbulenee re-
maing, but no evaluation of its effeets ean he attempted without derailed
knowledee of the flow patterns in the rotor.

SUMMARY
The taper in the K-IT core was designed to aid 1n maintaining resolu-
tion during dynamic unloading, Statie unloading has proved to be supe-
rior in practice however, thereby eliminating the requirement for a taper.
Ninee, ax shown here, =uperior recovery ix obtained with a nontapered
core, the latter design hax bheen adopted for the K-T1T titanium continu-
ous-rample-flow-with-hunding rotor (17).
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