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Cross-axis synchronous flow-through coil planet centrifuge
(Type XLL)

I1°. Speculation on the hydrodynamic mechanism in
stationary phase retention
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Laboratory of Biophysical Chemistry, The National Heart, Lung, and Blood Institute, Building 10, Room
7N-322, National Institutes of Health, Bethesda, MD 20892 (U.S.A.)

ABSTRACT

The hydrodynamic mechanism involved in the retention of stationary phase in the present x -axis
coil planet centrifuge system is discussed. A statistical treatment of the retention data disclosed important
clues such as the effect of the inward-outward elution mode, the close correlation between the planetary
motion and the head-tail elution mode, and the superior retention capacity of the left-handed coils. The
combined effects of the radial and lateral centrifugal force field derived from the mathematical analysis of
acceleration acting on the coil provide an explanation for the phenomena.

INTRODUCTION

As described in Part I, a series of experiments has been performed to measure the
retention of the stationary phase with various two-phase solvent systems using the
present cross-axis (X-axis) coil planet centrifuge (CPC). The results obtained from
these studies may be summarized as follows:

(1) The phase retention is affected by three major factors, i.e., the direction of the
planetary motion, the head-tail and inward—outward elution modes.

(2) With a few exceptions, two particular combinations of these factors yield
high percentage retention for each choice of the mobile phase.

(3) The optimum combinations occur almost exclusively with left-handed coils.

In Part II, efforts are made to explain the above hydrodynamic phenomena.
A simple statistical method was devised to isolate the hydrodynamic effects produced
by each factor, and a set of force distribution diagrams derived for the planetary
motion. These results were combined and used to discuss the hydrodynamic
mechanism involved in the present X-axis CPC system.

“ For Part I, see ref. 8.
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ANALYSIS OF PHASE RETENTION DATA

A set phase retention data obtained from the coil mounted on the two different
holders at 800 rpm are listed in Table I (7.6 cm diameter holder) and II (24 cm diameter
holder). Each table shows percentage retention of the stationary phase for ten pairs of
two-phase solvent systems with both upper and lower phases used as the mobile phase.
Each column contains eight retention data obtained from the indicated solvent system
under the experimental conditions expressed by combinations of three factors, i.e., the
direction of planetary motion (Py and Py) (see Table I bottom for definitions), the
head-tail elution mode (H: head to tail and T: tail to head), and the direction of elution
along the column axis (I: inward and O: outward). These data are arranged from top to
bottom in decreasing order of phase retention. The results obtained from the
left-handed coils are shaded.

The overall results indicate that all eight experimental conditions yield
somewhat different levels of retention in each solvent system and that the data from the
left-handed coils (shaded) dominate in both tables. However, the interrelation of these
factors is quite complex and difficult to rationalize without additional statistical
treatment.

In order to elucidate the hydrodynamic mechanism involved in the present
system, it is highly desirable to isolate the effects produced by each individual factor on
the retention of the stationary phase. This can be done by considering the three sets of
diagrams shown in Figs. 1-3. Each diagram shows the retention with one combination
of the three factors plotted on the horizontal axis against another combination with
only one factor different on the vertical axis. This is done for each of the three factors,
namely, the planetary motions Py vs Py (Fig. 1); the head-to-tail elution vs. tail-to-head
elution (Fig. 2); and the inward elution vs. outward elution (Fig. 3). Each set of these
figures includes a total of four graphs showing the phase retention in both 7.6 cm (A)
and 24 cm (B) helical diameter coils each with the upper (left) and the lower (right)
phases used as the mobile phase.

Fig. 1A shows a pair of diagrams obtained by plotting the percentage phase
retention of Py vs. Py for the lower (left) and the upper (right) phases. For convenience
each diagram is divided by three lines; thin horizontal and vertical lines divide the
whole area into four equal squares where the upper right square indicates satisfactory
retention from both planetary motions; the right lower and upper squares indicate
satisfatory retention from P; and Py, respectively; and the left lower square,
unsatisfactory retention regardless of the applied mode of planetary motion. Each
diagram is also divided into two equal triangles by a thick diagonal line, which
provides the most important information in the present analysis: The data points
located on or near the diagonal line indicate that the planetary motion produces no
significant effect on the retention. The deviation of the point above the line indicates
a positive effect from Py, or negative effect from P;, or the combination on the phase
retention, and vice versa if the point is below the diagonal line. The distance of the
points from the diagonal line indicates the relative magnitude of the effect.

Each diagram contains 40 data points with specific symbols assigned to four
combinations between the remaining two factors, i.e., open circles for the head-to-tail
elution and solid circles for the tail-to-head elution each with arrows directing toward
the left to indicate outward elution and toward the right to indicate inward elution. All



Y. ITO

10

‘1 3T8VL Vi uoded 998 e 3 &

I'H'd 1'pl s8 g '€ o A

J 5 <ot OL-d 66 O-L'd L9
L m 98 EERAA e
Q:. 06z
g svp
IFH'd T16
SHAA 046

O-.r.t i'ze
I-H-d ven

O-H-"d 0
% 102

O._..t omm

L'v6 1m07
;_-z-c v0g
o&mvs
; O-L'd L8
oH'd 86r -t s, PR soddpy
%  UOMpuO) %  UOHIpUOD %  UOHIPUOD %  WONIpUOD UONIpUOD % UONIDUOD %  UONIDUOD U 4 4HOUIPUOD
10°H
SO'H 10°H 1 HOW
O'H { HOOV O'H ZHOWV o'H 1vo0ig HUW o'H
Hong-2s » Hong-u Hong-u 2 10HD ol [ auvxapy auvxagy aupxap
or 6 8 Y ¥ £ z 1
asoyd

KMIISKS 1INOS GO

TI0D YALAWVYIA TYIITEH W $Z NI 3SVHd AYVNOLLV.LS 40 (%) NOLLNTLAY

nangvi



X-AXIS CPC (TYPE XLL). II. 71

A. 7.6 em HELICAL DIAMETER COIL

00 UPPER PHASE MOBILE LOWER PHASE MOBILE
1
[ ! 2
z . 3
2 5 a4 lé =]
&3 4 . < 5 cw
=< by 39
g2 & 4 A 34
sl ’i ) 2 7 X
2 "5 - i 23
w 9 3 2«0 m 2
o 50 e =7 H [
% o se- 86 g/ (1 EE
2 : L 27
E a b{g bt o 7" g >
[reg- 4 ]
o z<
w - ¥4
wO 2 8 <o
8 a L .9 &~ 3
= 4 3 10, 3
3 T . R - z
w L ] iy
- 0 . =
h 3 2
0557 50 100 0 50 100
LOWER PHASE RETENTION (%) UPPER PHASE RETENTION (%}
RELATIVE EFFECT OF PLANETARY MOTION P, RELATIVE EFFECT OF PLANETARY MOTION P,
B. 24 cm HELICAL DIAMETER COIL
100 UPPER PHASE MOBILE LOWER PHASE MOBILE
2
% 4 4
[ b P S e ]
2 4 3
g 2 o= -8 . é
= 2
2 | 4 : o 5o
k4 O om
z0 P
-4
IE 5 8
-2 -0 ] ]
Wi 10 e d >
Z- h 3 0 3 nQ
{2 o - LT - mT
&w g o g U 1007, T 5. s o ER
82 0.3 - ; - Y| o g
W 1 s of -8 ; 3 8 46 a3
GE & 8. - N - | 2 ;
w9 10 8. .8 1 23
> k] od 3 -
E - , = - 5 S
3 - - <8 z
& . ~
0 9 1 542 7 4 381 5 4 2 5
0 50 2 100 0 50 100
LOWER PHASE RETENTION (%) UPPER PHASE RETENTION (%}
RELATIVE EFFECT OF PLANETARY MOTION P, RELATIVE EFFECT OF PLANETARY MOTION P,
HEAD TO TAIL  TAIL TO HEAD
INWARD O [ od
OUTWARD -0 -0

Fig. 1. Effects of planetary motion Py and P, on the retention of the stationary phase. (A) 7.6 cm helical
diameter coil; (B) 24 cm helical diameter coil; left: upper phase mobile; right: lower phase mobile.

these points are also numbered from 1 to 10 to indicate the applied two-phase solvent
systems (see Table I for identification of the solvent systems).

Observation on Fig. 1 clearly reveals that the data points are divided into two
groups by the diagonal line. With a few exceptions, the open circles are distributed
above the diagonal line and the solid circles below the line if the upper phase is mobile
(left), this relationship is reversed if the lower phase is mobile (right). This indicates
that the retention of the lower phase is enhanced by the combination of either
planetary motion Py and the head-to-tail elution (Py-H) or planetary motion Py and the
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Fig. 2. Effects of the head-tail elution mode on the retention of the stationary phase. (A) 7.6 cm helical
diameter coil; (B) 24 cm helical diameter coil; left: upper phase mobile; right: lower phase mobile.

tail-to-head elution (P-T) whereas the retention of the upper phase is similarly
enhanced by the combination of either planetary motion P;and the head-to-tail elution
(P1-H) or planetary motion Py and the tail-to-head elution (Py-T). In either case, the
retention tends to increase in the larger diameter coil as evidenced by the greater
deviation of each point from the diagonal line in the 24 cm helical diameter coil. These
results indicate a close correlation between the planetary motion and the head-tail
elution mode in the stationary phase retention while no significant correlation is
observed between the planetary motion and the inward-outward elution mode.
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Fig. 3. Effects of the inward—outward elution mode on the retention of the stationary phase. (A) 7.6 cm
helical diameter coil; (B) 24 cm helical diameter coil; left: upper phase mobile; right: lower phase mobile.

However, there are some exceptions; the correlation between the planetary motion and
the head-tail elution mode is relatively weak among the viscous low interfacial tension
butanol solvent systems (9 and 10) as indicated by location of these points near the
diagonal line in the 24 cm helical diameter coil. Also, the high interfacial tension
hexane-water system (1) shows an aberrant retention pattern in 7.6 cm helical
diameter coil.

Figs. 2A and B similarly illustrate the effects of the head-tail elution mode on the
stationary phase retention where the 40 data points are plotted with symbols assigned
to four different combinations of the planetary motion and the inward-outward
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elution mode as indicated at the bottom of the diagrams. These points are also
numbered to facilitate identification of the applied two-phase solvent systems (see
Table I).

In both 7.6 and 24 cm helical diameter coils combinations Py-I (open circles with
arrows directing toward the right) are mostly located in the left upper squares for the
lower phase retention (left) while combinations P,-O (open circles with arrows
directing toward the left) dominate the right lower square for the upper phase retention
(right). Here again the close correlation between the planetary motion and the
head-tail elution mode is confirmed. The deviation of the points from the diagonal is
also enhanced in the large helical diameter coils. In the 24 cm helical diameter coil (Fig.
2B right), combinations Py;-O (open triangles with arrows directing toward the left)
also dominate in the left upper square indicating that the retention of the upper phase is
remarkably improved by the combination of Py and the outward elution in the large
helical diameter coil.

Finally, Figs. 3A and Billustrate the effects of the inward—outward elution mode
on the stationary phase retention where the 40 data points are similarly plotted with
symbols corresponding to the four different combinations as specified at the bottom of
the diagrams. As in other diagrams, all points are numbered to facilitate identification
of the two-phase solvent systems used.

In contrast with other diagrams (Figs. 1 and 2), all the present diagrams show
unilateral distribution of the data points with respect to the diagonal line. Except for
a single data point, all points are located below the diagonal line if the upper phase is
mobile (left) and above the diagonal line if the lower phase is mobile (right), indicating
that eluting either the upper phase inward or the lower phase outward enhances the
stationary phase retention under any combination with other factors in both 7.6 and 24
cm helical diameter coils. The deviation of each data point from the diagonal line is
much greater in the 7.6 cm helical diameter coil, suggesting that this tendency is
enhanced in the small helical diameter coils.

The overall results of the above analyses indicate that all three factors play
important roles in the retention of the stationary phase in the present X-axis CPC. The
hydrodynamic effects of the planetary motion and the head-tail elution mode are
closely interrelated in such a way that the high retention levels are obtained by
choosing the particular combinations of these two factors, i.e., P-T or Py-H for the
upper phase mobile and the Py-T or P,-H for the lower phase mobile. On the other
hand, the third factor of the inward—outward elution mode is rather independent of the
above two factors and exclusively related to the choice of the mobile phase: the high
percentage retention was achieved by eluting either the upper phase inward or the
lower phase outward through the coil.

Consequently, the highest retention levels are generally provided from two
combinations (among the eight possible combinations) for each choice of the mobile
phase: P,-T-1 and Py-H-I for the upper mobile phase and Py-T-O and P-H-O for the
lower mobile phase. As shown in Table I, these four combinations are exclusively
provided by the use of left-handed coils.

FORCE DISTRIBUTION DIAGRAMS

Fig. 4 shows the orientation and motion of the coil holder in the present X-axis
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Fig. 4. Planctary motion of the coil holder in the present X-axis CPC.
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CPC system. Analysis of acceleration acting on an arbitrary point, P, on the holder was
previously performed by the aid of a three-dimensional coordinate system [1,2]. The
acceleration acting on the holder was finally transferred to the xy—y,—z, body
coordinate system and expressed in the following equations:

o = —Rw? (1 — 2B cos §) 4))
#p = —Rw? fsin @ Q)
o = —Rw? 2B sin 6 + Lw? 3)

where o.,, o, and a«, are acceleration components acting along the indicated
coordinates; R is the radius of revolution; w is the angular velocity (8 = wt); § = r/R
where r is the distance from the holder axis to the coil; and L is the lateral disposition of
the coil expressed by the distance from the center of the holder shaft to the coil holder.

Using these equations, the centrifugal force vectors (same magnitude as the
acceleration but acting in the opposite direction) at various locations on the holder
were computed for three types to planetary motions, i.e., type X (L = 0), type XL
(—L=R),and type XLL (— L=2R) and diagrammatically illustrated in Fig. 5A-C. In
these force distribution diagrams, the three-dimensional distribution of the centrifugal
force vectors are expressed on a two-dimensional diagram by combining the two force
vectors, —a,, and —a,,,, into a single arrow forming various angles from the x,-axis,
whereas the third force vector, — o, which acts perpendicularly to the xy~y;, plane, is
drawn as a vertical column along the y,-axis. The ascending column indicates the force
acting upward (z, > 0) and the descending column, the force acting downward (z,
< 0). Several concentric circles around point Oy, (the axis of the holder) indicate
locations on the holder corresponding to parameter f indicated in the diagram. The
distribution of the centrifugal force vectors in each diagram is fixed to the xp—yp—2s
body coordinate system and every point on the holder rotates around point O,
(zp-axis) in either clockwise or counterclockwise direction as determined by the
planetary motion of the holder.

In these diagrams, the radially directed centrifugal force vectors (expressed by
arrows) display an asymmetrical distribution pattern along the x,-axis which is
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unaltered by the change of the L values. The vertically acting centrifugal force vectors
(expressed by columns), on the other hand, show a symmetrical distribution pattern at
L = 0 (Fig. 5A), but the pattern changes according to the L values. At — L= R (Fig.
5B), the force vectors acting upward on the upper half of the holder gain their
magnitude whereas those acting downward at the lower half of the holder lose their
strength, resulting in an asymmetrical distribution of the force vector along the z,-axis.
The degree of the asymmetry becomes greater at — L=2R(Fig. 5C) representing the
present XLL system.

These force distribution diagrams may serve as a useful guide for discussion of
the hydrodynamic effects occurring in the present X-axis CPC system.

SPECULATION OF HYDRODYNAMIC MECHANISM

The analysis of acceleration described above indicated that the centrifugal force
field acting on the rotating holder is divided into two groups; the radial force field
expressed by arrows and the lateral (tangential) force field expresed by vertical
columns. For convenience, the following discussion may be divided into two parts, i.e.,
the effects of the individual force fields and the combined effects of the two on the
retention of the stationary phase.

The effects of the radial force field on the retention of the stationary phase have
been extensively studied with the type J synchronous coil planet centrifuge which
produces a similar asymmetric radial centrifugal force field without lateral com-
ponents [3-7]. A series of studies has shown that two immiscible solvent phases are
unilaterally distributed in the coil according to the physical properties of the solvent
system. Hydrophobic binary solvent systems such as #-hexane-water and chloro-
form-water always distribute the upper phase toward the head side of the coil whereas
the hydrophilic low-interfacial-tension solvent systems such as n-butanol-acetic
acid-water (4:1:5) and sec.-butanol-water show the opposite hydrodynamic trend,
distributing the lower phase toward the head side of the coil. In other solvent systems
with intermediate physical properties, the head phase is determined by the § values of
the coil; at large B values the upper phase is distributed to the head side while in small
B values the lower phase is distributed on the head side. In the X-axis CPC, the
strength of the radial force field is reduced by separation of the Coriolis force which is
directed laterally along the axis of the holder.

On the other hand, the individual hydrodynamic effects produced by the lateral
force field have not been well investigated. However, it is apparent that with the lateral
coil position such as in the present X-axis CPC system the centrifugal force gradient
formed along the holder axis may facilitate the retention of the stationary phase if the
heavier phase is eluted outward (toward the left) or the lighter phase inward (toward
the right) as observed in the present studies (see Fig. 3A and B). Consequently, in the
conventional multilayer coil configuration, every other layer can hold a greater volume
of the stationary phase in a given elution mode. However, in order to understand the
superior retention capacity of the left-handed coil to the right-handed coil (see Tables
I and II), one must consider the complex hydrodynamic interaction between the radial
and lateral centrifugal force fields.

Fig. 6 schematically illustrates the hydrodynamic interaction between the radial
and lateral force fields acting on the coils undergoing planetary motions P; (left) and
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Fig. 6. Hydrodynamic effect of the radial and lateral centrifugal force fields in the present X-axis CPC.
UP = Upper phase; LP = lower phase.

Py (right) [2]. Because the directions of rotation and revolution are simultaneously
reversed, these two planetary motions produce the identical centrifugal force field
whereas reversed rotation of the coil holder causes reversal of the head-tail orientation
of the coil. Under the main centrifugal force field directing radially toward the right as
indicated by a large arrow, the upper (lighter) phase is driven toward the left and the
lower (heavier) phase toward the right in major portions of the coil.

In Fig. 6 (left), planetary motion P; determines the coil rotation, hence the
head-tail orientation of the coil as indicated by a pair of curved arrows at the top and
the bottom of the diagram. Owing to the asymmetric lateral force field between the
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Fig. 7. Relationship between the planetary motion, handedness and head—tail orientation of the coil.
H = Head; T = tail; UP = upper phase; LP = lower phase. I = inward elution; O = outward elution;
x = the center of the rotary shaft.
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upper and lower halves of the coil, the counter-current movement of the two solvent
phases is accelerated in the upper portion of the coil owing to suppressed
emulsification while the movement is decelerated in the lower portion of the coil owing
to enhanced emulsification. Consequently, in this situation the tail-to-head elution
(P-T) of the upper phase and the head-to-tail elution (P-H) of the lower phase results
in enhanced retention of the stationary phase.

In Fig. 6 (right), planetary motion Py reverses both the rotation and the head-tail
orientation of the coil as illustrated. Owing to the asymmetric lateral force field left
unaltered, the counter-current movement of the two solvent phases is similarly
accelerated on the upper portion of the coil and decelerated in the lower portion of the
coil. Therefore, in this case the head-to-tail elution (Py-H) of the upper phase and the
tail-to-head elution (Py-T) of the lower phase result in enhanced retention of the
stationary phase.

The above hydrodynamic mechanism provides reasonable explanation for the
close correlation between the planetary motion and the head-tail elution mode
observed in the present studies (Figs. 1 and 2). The radial force field may also play an
additional role in stationary phase retention. For example, in the 7.6 cm helical
diameter coil, the best retention of the lower phase is obtained by P-T-1, probably due
to the effect of the radial force field which distributes the upper phase toward the head
of the coil. An atypical retention pattern of hexane—water in the 7.6 cm helical diameter
coil may indicate a possible inhibitory effect of the lateral force field on the
counter-current flow of particular two-phase solvent systems with extremely high
interfacial tension.

Fig. 7 shows the relationship between the planetary motion, handedness and
head-tail orientation of the coils undergoing the XLL planetary motion as indicated
by curved arrows. As illustrated by four different diagrams, the head-tail orientation of
the coil is determined by the combination of handedness and planetary motion. Since
the stationary phase retention is enhanced by eluting either the upper phase inward or
the lower phase outward through the coil as indicated by straight arrows, the desirable
combinations of Pi-T-I and P;-H-I for the lower phase retention and those of P;-H-O
and P;-T-O for the upper phase retention are all available only from the left-handed
coils.
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