
PHYSICS OF FLUIDS VOLUME 14, NUMBER 1 JANUARY 2002
Nonlinear development of flow patterns in an annulus with decelerating
inner cylinder
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Decelerating Taylor vortex flow between two concentric cylinders is investigated by using the
time-dependent numerical method. The lengths of the rotating inner cylinder and the stationary outer
cylinder are finite. We focus on the mode transitions from well-developed flows during the gradual
decrease in the angular velocity of the inner cylinder. In the range of the Reynolds number from 50
to 1000 and the range of the aspect ratioG from 2.6 to 7.2, the exchanges of flow pattern from
normal secondary modes to primary modes are clarified, and the Reynolds numbers at which the
flow modes exchange are determined. The reduction of the number of cells in the flow of the normal
mode begins with the weakening of a pair of counter-rotating cells with an inward radial flow at
their boundary. An anomalous cell has two extra cells at corners of the end wall and the cylinder
walls. In the transient process from the flow of the anomalous mode, extra cells grow and merge into
a normal cell, and a saddle point appears in the working fluid. As the merged cell enlarges, the
saddle point vanishes and the global normal flow mode appears. The result shows good agreement
with experimental observations. ©2002 American Institute of Physics.
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I. INTRODUCTION

Although Taylor vortex flow developing between tw
concentric rotating cylinders is a classical flow, it has
tracted great attention as a typical problem in nonlinear
namics. In the case of high Reynolds numbers, the onse
wavy Taylor vortex flows and the transition to chaotic flow
have been examined.1–3 When the Reynolds number is low
and the lengths of cylinders are finite, various flow patte
appear.4,5

In the seminal studies of Benjamin4 and Benjamin and
Mullin,6 Taylor vortex flows between two cylinders with fi
nite length are classified into some modes as shown in
1.7 At a constant aspect ratio, the flow is classified as a
mary mode and secondary modes. The primary mode flo
formed smoothly from Couette flow by a gradual increase
the Reynolds number. The secondary mode appears whe
Reynolds number is increased abruptly until around a cer
value. The number of vortices in the secondary mode is
ferent from one in the primary mode. The primary mode a
secondary mode are distinguished into a normal mode an
anomalous mode. On each end wall, the flow in the nor
mode has a normal cell which gives an inward flow in t
region adjacent to the end wall. The flow of the anomalo

a!Electronic mail: watanabe@info.human.nagoya-u.ac.jp
b!Electronic mail: hiroyuki@info.human.nagoya-u.ac.jp
c!Electronic mail: inakamu@meijo-u.ac.jp
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mode has an anomalous cell which gives an outward fl
near the end wall. Now, this mode classification is ade facto
standard, and many numerical investigations have been
ried out on the mode formation. Cliffeet al.8 and Anson and
Cliffe9 introduced Schaeffer’s homotopy parameter in ord
to estimate the influence of the end walls of the cylinde
Their numerical and experimental results showed an ano
lous mode with an outward flow near the end wall. Bolst
and Keller10 also adopted Schaeffer’s model and obtain
five distinct solutions at a fixed Reynolds number, asp
ratio and radius ratio. The Reynolds number Re is based
the rotation speed of the inner cylinder and the aspect ratG
is the ratio of the cylinder length to the gap width betwe
cylinders. The radius ratioh is the ratio of the radius of the
inner cylinder to the one of the outer cylinder. They claim
that, even in the flow of an anomalous mode, a hidden vo
which was not observed by a usual visualization appea
and the flow was not at all outward in the region adjacen
the end wall. In contrast to their conclusion, the experim
of Nakamura and Toya7 clearly showed the outward flow o
the end wall.

Cliffe11 adopted the steady equations and determined
bifurcation loci between the two-cell primary mode and fou
cell secondary mode and the loci between the four-cell
mary mode and six-cell secondary mode in the~Re,G! plane.
They found that, for a certain range of the aspect ratio,
six-cell secondary mode loses its stability to asymmetric d
© 2002 American Institute of Physics
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turbances. Pfisteret al.12 used the unsteady equations a
found a symmetric two-cell mode and a single-cell mo
They determined boundaries separating regions where fl
of these modes appear. The unsteady flow calculation ca
out by Ball and Farouk13 showed the regions of the two-cel
four-cell, and six-cell modes. Hirshfeld and Rapaport14 as-
sumed the axial periodicity and obtained a flow develop
from rest, via intermediate five-cell mode, to the norm
four-cell mode. In these studies, the main focus was
modes of the fully developed flow, and the mode transit
process was not discussed.

Even when the Reynolds number is less than the crit
value at which steady Taylor cells arise, Ekman vortices
velop on stationary end walls of an annulus with fin
length.15 Lücke et al.16 studied the time-dependent case
which the rotation speed of the inner cylinder was sudde
increased from zero and examined the propagation of
end-wall effect into the entire region. Neitzel17 assumed tha
the end walls started to rotate impulsively together with
inner cylinder. He found that Taylor cells were generated a
merged with each other during the developing process,
the final mode appeared after a reduction of the numbe
cells. Flows with a gradual increase in the Reynolds num
were computed by Kuo and Ball,15 and an evolution of serie
of vortices from end walls was clarified. Takedaet al.18 in-
vestigated these unsteady phenomena experimentally,
showed no evidence that Taylor cells were induced by
man vortices on end walls.

When the Reynolds number gradually decreases, the
ondary mode flow is attracted to the primary mode flo
Benjamin and Mullin,6 for example, examined these ph
nomena experimentally and discriminated the range of
Reynolds number in which the mode changes. Nakam
et al.19 carried out experimental investigations and show
bifurcation processes from the secondary modes, occas
ally via other secondary modes, to the primary mod
Bieleck and Koschmieder20 counted the number of vortice
which emerged after sudden starts of the inner cylinder w
moderate aspect ratios. They observed the increase an
crease of the number of vortices when the Reynolds num
is decreased.

There are only a few studies on numerical studies
decelerating Taylor flows. Alziary de Roquefort an
Grillaud21 investigated the stepwise decelerating flows, a
Hirshfeld and Rapaport22 used a molecular dynamics metho
and calculated flows with a sudden start or stop. Howe
these results did not reveal any mode exchanges. Hill23 pre-

FIG. 1. Classification of Taylor vortex flow. Cylinder length is finite an
both end walls are stationary.
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dicted the mode transition which was found by Benjamin a
Mullin,6 but the case was limited only to the exchange b
tween the four-cell mode and six-cell mode. Barenghi24 and
Streett and Hussaini25 presented the mode exchange from t
normal secondary two-cell mode to the primary four-c
mode with a gradual increase in the Reynolds number. T
described, however, few comments about the detail of
collapse of vortices.

Today, the transient dynamics is one of hot topics of
nonlinear dynamics,26 where the research target is not on
the asymptotic state of the phenomena but also the ti
developing behaviors of the solution in the global spa
domain. The result of the flow visualization19 has clarified
that the onset processes of Taylor vortex flow show tran
tions of entire flow patterns, and the pattern exchanges
interesting to be regarded as transient dynamics. Howe
no numerical study known to the authors aims at the pat
transition.

In this study, we conduct a numerical investigation
the mode exchange processes of flows between a rota
inner cylinder and a stationary outer cylinder, and unveil
mode formation processes which are difficult to be obser
in experiments. For the range of the Reynolds number fr
50 to 1000 and the range of the aspect ratio from 2.6 to
the unsteady mode transitions from the secondary mode
the primary modes are examined, and the numerical res
are compared with experimental results.

In the rest of the paper, Sec. II contains a description
the numerical method used in this study and Sec. III prese
the numerical results and discussions. Finally, Sec. IV c
cludes this paper.

II. NUMERICAL METHOD

Flows between two concentric cylinders are consider
The lengths of the cylinders are finite, and the end walls
the cylinders are stationary solid walls. The outer cylinde
fixed and the inner cylinder rotates. All physical paramet
are scaled by the characteristic length which is the gap w
between the radii of cylinders, the characteristic veloc
which is the maximum circumferential velocity attained du
ing each calculation run and the characteristic time defi
as the ratio of the characteristic length to the characteri
velocity. Dimensionless radii of the inner and outer cylinde
are r i and r 0 , respectively, and the length of cylinders isl.
The gap between cylinders is indicated byd(51), and the
aspect ratioG is given by l /d. The Reynolds number base
on the characteristic velocity is denoted by Re0, and the Rey-
nolds number based on an instantaneous rotation velocit
the inner cylinder is Re. The governing equations are
unsteady axisymmetric Navier–Stokes equations and
equation of continuity expressed in the cylindrical coordin
system (r ,u,z) which is suitable for the present calculatio

r :
]u

]t
1u

]u

]r
1w

]u

]z
2

v2

r

52
]p

]r
1

1

Re0
S ]2u

]r 2
1

1

r

]u

]r
2

u

r 2
1

]2u

]z2 D , ~1!
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50, ~4!

where t is time, (u,v,w) is the velocity components in th
directions of (r ,u,z) andp is the pressure. The radial rate
strain on the inner and outer cylinder walls, and the circu
ferential rate of strain on the lower and upper cylinder e
walls are

r
]~v/r !

]r U
r 5r i ,r 0

, ~5!

]u

]z U
z5zl ,zu

, ~6!

wherezl andzu denote the axial positions of the lower an
upper end walls, respectively. Equations~5! and ~6! corre-
spond to wall shear stresses, which can be parameters s
tive to the vortex structure. The Stokes’ stream functionc is
given by

u52
1

r

]c

]z
, w5

1

r

]c

]r
. ~7!

The basic solution procedure is the marker-and-c
method. The time integration is the Euler explicit metho
and the spatial differentiation is the QUICK method for t
convection terms and the second-order central differe
method for other terms.27 The Poisson equation for the pre
sure is

]2p

]r 2
1

1

r

]p

]r
1
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]r

]u

]r
1

]w

]z
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]w

]r

12
1

r

]v
]z

22
v
r

]v
]r

1
u2

r 2 D 2
]D

]t
,

~8!

whereD is the divergence of the velocity vector. A hybr
method of SOR and ILUCGS is used to solve the Pois
equation.

The boundary conditions for the velocity componen
are

inner cylinder: u5w50, v5r iv,

outer cylinder, end walls: u5v5w50, ~9!

wherev is the angular velocity of the inner cylinder. Th
boundary condition for the pressure is a Neumann condi
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estimated from the momentum equations. The initial con
tions are evaluated by assuming Couette flow, although
assumption is not valid near the end walls of cylinders.

The staggered grid is adopted and the grid interva
uniform in each direction. Although the corner between t
inner cylinder wall and end wall of the cylinder is a singul
point, the staggered grid eliminates the difficulty in locati
the velocity and pressure components on the singular po
The number of grid points in the radial direction is 41, a
the number of grid points in the axial direction is determin
by the proportionality to the cylinder length with 42 poin
for a unit aspect ratio. Even though the grids were refined
halving the spacing in each direction or the fourth-ord
Runge–Kutta method was adopted for the time integral,
observable difference was found in the result. This ensu
that the number of grid points used in the present calcula
is large enough not to exert observable influence on res
The time stepDt is specified by the relationshipDt/Re0

51.231025 by which the Courant condition for stability i
ensured. The convergence criterion of the iterative met
for the pressure Poisson equation iseres,1028, whereeres is
the relative residual sum of squares.

In the present calculation, a fully developed flow at
certain Reynolds number is established for a fixed value
the aspect ratio, and then the Reynolds number is gradu
decreased in order to investigate the transitions from the
ondary modes to the primary modes. The mode transition
decelerating Taylor flow is investigated experimentally
Nakamuraet al.19 The experimental apparatus used by the
had an inner cylinder with radius 20 mm and an outer cyl
der with radius 30 mm~for details, see Ref. 19!. For the
comparison with their experimental result, the radius ra
h5r i /r 0 is fixed at 0.667. Fully developed flow is assum
to be attained when the relative variation of the torque act
on the inner cylinder remains less than 1024. For the numeri-
cal prediction of decelerating flows, fully developed flow
are established by a dimensionless timet1, and then the Rey-
nolds number decreases linearly during a dimensionless
t2. The dimensionless timest1 and t2 correspond to 50 sec
onds in dimensional form when they are evaluated by
physical dimensions of the cylinders and the kinematic v
cosity of aqueous solution of glycerol (631026 m2/s) used
in the Nakamuraet al. experiment.19 In the following, for a
better intuitive understanding of readers, thez coordinate is
normalized not by the characteristic lengthd but by the
length of cylindersl.

III. RESULTS AND DISCUSSIONS

A. Transition from the normal mode

As observed in the previous work,4 the primary mode
appears at low Reynolds numbers. The cell numberN of the
primary mode is uniquely determined by the aspect ra
When the Reynolds number is increased abruptly, the nor
secondary mode withN12 cells appears. Let Re1 be the
Reynolds number at which the secondary mode withN12
cells appears, and Re2 be the one at which the primary mod
with N cells arises. During the reduction of the Reynol
number from Re1 to Re2, mode transitions from the norma
license or copyright, see http://pof.aip.org/pof/copyright.jsp
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secondary mode to the primary mode occur. Figure 2 sh
the bifurcation set in the (G,Re) plane. In this figure, the
difference between Re1 and Re2 is narrowed to about 10 an
the deceleration is slowed. The results of the quasiste
experiment by Nakamuraet al.19 are also presented. Th
transitions from the four-cell mode to the two-cell mode
2.8<G<3.6, from the six-cell mode to the four-cell mode
4.0<G<5.4 and from the eight-cell mode to the six-ce
mode at 5.4<G<7.2 are predicted, and they show go
agreement with the experimental results. The transition fr
the ten-cell mode to the eight-cell mode at 6.6<G<7.4 is
not confirmed by the Nakamuraet al. experiment.19 Mullin28

determined the critical loci where the flows change from
ten-cell mode to the eight-cell mode. In his work, the ran
of the aspect ratio where the mode exchanges occur is a
8.8<G<9.5, which is beyond the scope of our calculation
The critical Reynolds number for the onset of Taylor vortic
in an infinite annulus ath50.667 is about 75.29 Because the
critical Reynolds number is not sensitive to the aspect rati30

well-developed Taylor vortex flow is expected to be est
lished at the Reynolds number immediately above the crit
value. At Re575, the primary mode appeared throughout
entire range of the aspect ratios covered in the present s
This result coincides with the experimental observation:
two-cell primary mode at 2.6<G<3.6, four-cell mode at
3.8<G<5.4, and six-cell mode at 5.6<G<7.2. The agree-
ment demonstrates the validity of the present numer
scheme.

In the range of the aspect ratio from 6.6 to 7.2, tw
different mode transitions appear during the deceleration
the Reynolds numbers. AtG57.0, for example, one is the
transition from the eight-cell mode to the six-cell mode wh
the Reynolds number is reduced from 105 to 87.5, and
other is the transition from the ten-cell mode to the eight-c
mode observed during the decrease of the Reynolds num
from 250 to 240. As the Reynolds number is reduced linea
from 250 to 80, these two mode transitions are observe
succession, and the transition from the normal ten-cell mo
via the normal eight-cell mode, to the normal six-cell mo
is confirmed.

The development of flow field from the normal secon
ary six-cell mode to the primary four-cell mode is shown

FIG. 2. Bifurcation from normal secondary modes to primary modes.
lower limit of secondary mode (Re1). ---: upper limit of primary mode
(Re2). • • • : experimental result~Ref. 19!.
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Figs. 3 and 4. Each figure shows a profile in the meridio
section, and the rotating inner cylinder is on the left-ha
side and the stationary outer cylinder is on the right-ha
side. The aspect ratio is 4.6, and the flow of the second
mode at Re5150 is fully established att5450. In the fol-
lowing, the calculation conditions which give representat
mode transitions are adopted. The reduction of the Reyn
number starts att5450 and ends att5900. Aftert5900, the
Reynolds number is kept at a constant value of 140. T

:

FIG. 3. Development of flow field from normal secondary mode to prima
mode. The aspect ratio is 4.6 and the Reynolds number is reduced from
to 140. Deceleration starts att5450 and ends att5900.
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337Phys. Fluids, Vol. 14, No. 1, January 2002 Nonlinear development of flow patterns in an annulus
mode transition occurs after the deceleration ends att5900.
The velocity vector att51260 and 1440 in Fig. 3~a! are
accompanied by plus symbols% which indicate that the ro-
tating direction is clockwise and minus symbols* which
indicate that the rotating direction is counterclockwise. B
fore t5900, no appreciable change was observed. The ve
ity vectors and the contours of the stream functionc show
that a pair of counter-rotating cells, which is around the ax
position z50.35, gradually weakens, and the pair is ov
lapped by the neighboring cells and disappears. The flow
the boundary between the two cells of the pair is inward a
the slower fluid flows from the outer cylinder towards t
inner cylinder. These results agree with Fig. 4 in the pape

FIG. 4. For caption see Fig. 3.
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Neitzel17 who investigated the flow with large aspect ratio.
Fig. 3~c!, it is difficult to count the number of cells and t
observe the disappearing cells. The contours of the valueu
in Fig. 4~a! show that the extrema appear above and be
the centers of the cells. The normal six-cell mode has se
extrema of the value ofu, and the number of extrema doe
not correspond with the number of cells. As the flo
changes, the third extremum from the lower end wall dis
pears, and the second extremum and the fourth extrem
merge with each other. Finally, five extrema remain ev
though the flow has four cells. The contours ofv in Fig. 4~b!
show that the retarded flow propagates to the inner regio
the annulus around the axial position where the inward fl
occurs. In Fig. 4~c!, the pattern ofw contours change asym
metrically in the axial direction. As can be seen from th
case, the transition phenomenon from a secondary mode
an even number of cells to another mode may not be s
metric with respect to the midplane. Theu, v, w, and p
contours of fully developed flow are similar to those o
tained by Liaoet al.2 Bolstad and Keller10 reported that the
flow in an asymmetric steady mode also has a mode wh
pattern has a mirror symmetry with respect to the axial
rection. In the present study, when the scanning sequenc
variables to solve the pressure Poisson equation is reve
the mirror-imaged flow pattern is obtained.

Components of wall shearing stresses exhibit quant
tive aspects of mode exchanges most clearly. The varia
of the circumferential rates of strain on cylinder walls
shown in Fig. 5. As the transition proceeds, the absol
value on the inner cylinder wall decreases at aboutz50.35
where there exists a boundary of disappearing cells and
radial inward flow is observed. The absolute value of t
extremum on the outer cylinder, on the other hand, beco
smaller around the midplane where the radial flow is o

FIG. 5. Variation of circumferential rate of strain on cylinder walls. Th
aspect ratio is 4.6 and the Reynolds number is reduced from 150 to
Deceleration starts att5450 and ends att5900. —:r 5r i . ---:r 5r 0 .
license or copyright, see http://pof.aip.org/pof/copyright.jsp
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ward. After the extremum disappears, the flow mode chan
to the primary four-cell mode.

Figure 6 shows the development of the flow field in t
case where the aspect ratio is 5.4 and the Reynolds num
decreases from 380 to 80. The secondary mode at Re5380
has eight cells. As the Reynolds number decreases, a pa
cells around the midplane collapses and the flow m
changes to the six-cell mode. The pair of disappearing c
has an inward flow at the cells’ boundary. Although the s
cell mode remains for a while, it is an intermediate mo
After the termination of the reduction in the Reynolds nu
ber, another pair of cells around the midplane decays. C
on both sides of the pair grow and the flow mode change
the four-cell mode. The transitions shown in Fig. 6 are
most symmetric in the axial direction.

B. Transition from the anomalous mode

In this section, transformations from anomalous seco
ary modes to primary modes will be presented, which oc

FIG. 6. Development of flow field from normal secondary mode to prim
mode. The aspect ratio is 5.4 and the Reynolds number is reduced from
to 80. Deceleration starts att51140 and ends att52280.
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during or after the deceleration of the inner cylinder. T
anomalous secondary mode has even or odd number of c

Figure 7 shows the variation of velocity vectors atG
55.4. The Reynolds number is decreased from 700 to
The primary mode at this aspect ratio has four cells. Wh
the Reynolds number is 700, an anomalous secondary m
with six cells appears. The anomalous mode has two e
cells on the end wall7 and each has its own extremum valu
of the stream function: one is on the inner cylinder side, a
the other is on the outer cylinder side. The developmen
extra cells is shown in Fig. 8. Att53003, the extra cells
appear on the upper and lower end walls. The bounda
between the anomalous cells and the extra cells reach the
walls. As the Reynolds number decreases, two attac
points on the end wall approach each other. They m
around at r 50.5 (t53255) and part from the end wa
(t53339). Then, a saddle point emerges in the work
fluid, and the inner and outer extra cells merge into o
vortex (t53486). The saddle point and the outer extremu
disappear (t53612) and the merged vortex becomes a n
mal cell (t53696). After the flow becomes normal, the ne
normal cell grows as large as other cells, and a pair of c

80

FIG. 7. Development of flow field from secondary anomalous mode
primary mode. The aspect ratio is 5.4 and the Reynolds number is red
from 700 to 80. Deceleration starts att52100 and ends att54200.
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which is adjacent to the merged cell becomes weak.
weakening cells have a boundary with an inward flow b
tween them. The mode transition is almost symmetric in
axial direction, and there are two pairs of weakening ce
Finally these pairs vanish, and the flow becomes the prim
four-cell mode.

In order to confirm that the saddle point appears in
flow region, the spacial variation of the velocity compone
near the saddle point att53486 in Fig. 8 is examined. Whe
the values of the velocity componentw are scanned from the
inner cylinder to the outer cylinder, they change from ne
tive to positive near the saddle point. Being swept from
lower end wall to the upper end wall, the values of the v
locity componentu change from negative to positive. Th
ensures the existence of the saddle point.

An anomalous cell which is originally attached to th
end wall is detached from the wall by the growth of ex
cells. In order to indicate this evidence more clearly, p
lines of the flow in Figs. 7 and 8 are shown in Fig. 9. In
tially, the passive particles are captured by the extra cells
the outer cell extends in the radial direction and covers
inner cell, the particles leave from walls.

In Fig. 10, profiles of the radial component of strain ra
on the end walls are presented. Att52940, the positive or
negative sign of the strain rate reveals that the flow direc

FIG. 8. Variation of contours of stream functionc around an anomalous ce
near the end wall. The aspect ratio is 5.4 and the Reynolds num
is reduced from 700 to 80. Deceleration starts att52100 and ends att
54200.1: saddle point.
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is outward on the middle part of the end wall, while the flo
direction is inward in regions near the inner and the ou
cylinders. As the extra cells grow, the anomalous cell is
tached from the end wall and the flow direction becom
inward over the entire region.

Cliffe and Mullin31 confirmed the anomalous three
four- and five-cell mode experimentally and numerical
The flow of the anomalous mode has an anomalous
which gives an outward flow near the end wall. Bolstad a
Keller,10 on the other hand, argued that the flow of t
anomalous mode contained a hidden vortex between
anomalous cell and the end wall, and the flow was not at
outward on the end wall. The hidden vortex is thin and
extends from the inner cylinder wall to the outer cylind
wall. In the present study, the existence of an anomalous
and extra cells in Fig. 8 and the profile of the strain rate
Fig. 10 show that there is a region where the anomalous
reaches the end wall and the anomalous cell has an outw
flow on the end wall. This evidence suggests that the ano
lous mode has no hidden vortex whose existence is predi
by Bolstad and Keller. The recent experiments of Nakam
and Toya7 also confirmed that the anomalous cell has o
ward flow along the fixed end wall.

Figure 11 shows the transition from the anomalous s
ondary mode with an odd number of cells. The aspect rati
4.4 and the Reynolds number decreases from 600 to
Two extra cells are formed on the upper end wall where
anomalous cell appears. The anomalous cell originally
taches to the end wall. As the rotation speed decreases

er

FIG. 9. Path lines of particles released att53234 and traced untilt
53648. The aspect ratio is 5.4 and the Reynolds number is reduced
700 to 80. Deceleration starts att52100 and ends att54200.d: position
where a particle released.

FIG. 10. Variation of radial rate of strain on cylinder end walls. The asp
ratio is 5.4 and the Reynolds number is reduced from 700 to 80. Dece
tion starts att52100 and ends att54200. —:z5zl . ---: z5zu .
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FIG. 11. Development of flow field from secondar
anomalous mode to primary mode. The aspect ra
is 4.4 and the Reynolds number is reduced from 6
to 100. Deceleration starts att51800 and ends att
53600.
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extra cells merge into a normal cell, and the flow becom
the normal six-cell mode. While the merged cell grows
pair of cells adjacent to the merged cell disappears, and
flow changes to the primary four-cell mode.

In the range of the Reynolds number Re from 50 to 10
and the range of the aspect ratioG from 2.6 to 7.2, the
various modes with even and odd numbers of cells from 2
10 appear. Figure 12 shows the confirmed structures of
partial orders which represent the transition processes in
sense of algebra. The arrows represent the directions of m
exchanges. While a greater number of transitions were fo
in experiments,19 the structures shown in Fig. 12 are n
inconsistent with the experimental observations. Since th
may not be any rational reasons why the corresponde
between the computational prediction and the experime
result is not complete, it cannot be denied that the precis
of the calculation is not sufficient or that the observed tr
sitions result from small imperfections of the fabricated e
perimental apparatus.6

The radius ratioh is one of the significant parameters
determine the mode of Taylor vortex flow. It is fixed at 0.6
in the present study, and the bifurcation processes from
anomalous mode is presented. Cliffeet al.8 reported that the

FIG. 12. Partial order structures representing transition processes to pri
modes with two cells, four cells, and six cells.C: Couette flow,Nn: Normal
n-cell mode;An: Anomalousn-cell mode.
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anomalous mode loses its stability when the radius ratio
more than 0.83 and the gap is narrow. One of the extens
of the current work is the investigation of the time-depend
flows at large radius ratio.

IV. CONCLUSIONS

Taylor vortex flow between two concentric cylinde
with moderate aspect ratios is investigated numerically. T
mode formation processes are analyzed in detail. The
walls of the cylinders are stationary solid walls. The e
changes of flow pattern from the secondary modes to
primary modes are clarified qualitatively, and the Reyno
number at which the flow mode exchanges is determined
is a novel evidence in this paper that a pair of count
rotating cells disappears in the bifurcation processes from
normal secondary modes to the primary modes with
gradual decrease in the Reynolds number. The flow at
boundary between the two cells of the pair is inward. T
present study showed the bifurcations asymmetric to
midplane in the axial direction, the bifurcations from th
anomalous mode and the bifurcations which have an in
mediate mode.

In the transient process from the flow in the anomalo
mode, extra cells grow and merge into one vortex, an
saddle point appears in the working fluid. The merged c
has a flow from the outer to the inner cylinders near the e
wall, and the flow mode becomes normal. As the merg
vortex enlarges, the saddle point vanishes. Then, a pa
cells, which is adjacent to the merged cell and has a bou
ary with an inward radial flow between cells, disappears.
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